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The Barricade Coil System is intended for the endovascular embolization of intracranial aneurysms and other neurovascular abnormalities such as 
arteriovenous malformations and arteriovenous � stulae. The System is also intended for vascular occlusion of blood vessels within the neurovascular 
system to permanently obstruct blood � ow to an aneurysm or other vascular malformation and for arterial and venous embolizations in the peripheral 
vasculature. Refer to the instructions for use for complete product information.
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* Estimated savings in this case, data on � le.

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

POST TREATMENTPRE-TREATMENT

Images courtesy of Gary R. Duckwiler, M.D.

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

-Gary R. Duckwiler, M.D.
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Smooth and Stable
Whether you are framing, filling or finishing, Target Detachable Coils deliver  
consistently smooth deployment and exceptional microcatheter stability.  
Focused on design, Target Coils feature a host of advantages to ensure the  
high-powered performance you demand.

For more information, please visit www.strykerneurovascular.com/Target
or contact your local Stryker Neurovascular sales representative.



The Foundation of the 
ASNR Symposium 2016: 
Emergency Neuroradiology
Symposium 2016:
• Features world-renowned speakers providing a 

comprehensive review of Emergency Neuroradiology 
and neuroimaging issues in critical care. 

• Features topics Neuroimaging as an indispensable 
tool for triage and management of both adults and 
children in emergency settings. 

• Review of e� cient and appropriate use of CT and MRI 
that are critical to the urgent management of brain, 
spine, head & neck, and neurovascular emergencies, 
all of which will be highlighted by expert faculty.

• Review best practices for traumatic and 
non-traumatic emergencies, including methods to 
ensure optimal work� ow, image post-processing, 
PACS integration, telemedicine, safety, and quality. 

• Includes discussions of challenges and solutions for 
providing 24/7 coverage will be presented and debated.

ASNR 54th Annual Meeting: 
• Focused programming on the latest products and 

services to deliver the highest quality care in the 
realm of Neuroradiology and allied professions.

• Informative updates on general Neuroradiology 
and showcase specialty programming from the 
ASFNR, ASHNR, ASPNR, ASSR, and SNIS.

• Concurrent lectures, original presentations, scienti� c 
posters and educational exhibits throughout the week.

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

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

The Foundation of the 
ASNR Symposium 2016: 
Emergency Neuroradiology 
May 21-22

ASNR 54th Annual Meeting 
May 23-26

ASNR 54th 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
www.asnr.org/2016

Scan Now 
to visit 

our website

SAVE THE DATE... MAY 21-26, 2016
Washington Marriott Wardman Park • Washington, DC





Which savings would benefit you the most? Discounts on  
pharmaceuticals, medical supplies and equipment? Or on  
travel, practice financing, and financial and insurance services? 
Now physicians can save in all of these professional and  
personal categories and more through the AMA MVP Program. 

Please activate your 2016 AMA membership by calling  
(800) 262-3211 or visit ama-assn.org/go/join.

American Medical Association MVP Program

The AMA MVP Program: 

Special offers that fit you and 
your practice’s needs.

* Subsidiary of the American Medical Association.

*

© 2016 American Medical Asslocaition. All rights reserved. 



Copyright © 2014 Stryker
NV00006677.AA

Target® Detachable Coil  

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

INTENDED USE / INDICATIONS FOR USE
Target Detachable Coils are intended to endovascularly obstruct or occlude 
blood flow in vascular abnormalities of the neurovascular and peripheral 
vessels.
Target Detachable Coils are indicated for endovascular embolization of:
• Intracranial aneurysms
• Other neurovascular abnormalities such as arteriovenous malformations 

and arteriovenous fistulae
• Arterial and venous embolizations in the peripheral vasculature

CONTRAINDICATIONS
None known.

POTENTIAL ADVERSE EVENTS
Potential complications include, but are not limited to: allergic reaction, 
aneurysm perforation and rupture, arrhythmia, death, edema, embolus, 
headache, hemorrhage, infection, ischemia, neurological/intracranial 
sequelae, post-embolization syndrome (fever, increased white blood cell 
count, discomfort), TIA/stroke, vasospasm, vessel occlusion or closure, 
vessel perforation, dissection, trauma or damage, vessel rupture, vessel 
thrombosis.  Other procedural complications including but not limited to: 
anesthetic and contrast media risks, hypotension, hypertension, access 
site complications.

WARNINGS
• Contents supplied STERILE using an ethylene oxide (EO) process. Do not 

use if sterile barrier is damaged. If damage is found, call your Stryker 
Neurovascular representative.

• For single use only. Do not reuse, reprocess or resterilize. Reuse, 
reprocessing or resterilization may compromise the structural integrity 
of the device and/or lead to device failure which, in turn, may result in 
patient injury, illness or death. Reuse, reprocessing or resterilization 
may also create a risk of contamination of the device and/or cause 
patient infection or cross-infection, including, but not limited to, the 
transmission of infectious disease(s) from one patient to another. 
Contamination of the device may lead to injury, illness or death of the 
patient.

• After use, dispose of product and packaging in accordance with hospital, 
administrative and/or local government policy.

• This device should only be used by physicians who have 
received appropriate training in interventional neuroradiology or 
interventional radiology and preclinical training on the use of this 
device as established by Stryker Neurovascular.

• Patients with hypersensitivity to 316LVM stainless steel may suffer an 
allergic reaction to this implant.

• MR temperature testing was not conducted in peripheral vasculature, 
arteriovenous malformations or fistulae models.

• The safety and performance characteristics of the Target Detachable 
Coil System (Target Detachable Coils, InZone Detachment Systems, 

delivery systems and accessories) have not been demonstrated with 
other manufacturer’s devices (whether coils, coil delivery devices, coil 
detachment systems, catheters, guidewires, and/or other accessories). 
Due to the potential incompatibility of non Stryker Neurovascular 
devices with the Target Detachable Coil System, the use of other 
manufacturer’s device(s) with the Target Detachable Coil System is not 
recommended.

• To reduce risk of coil migration, the diameter of the first and second coil 
should never be less than the width of the ostium.

• In order to achieve optimal performance of the Target Detachable Coil 
System and to reduce the risk of thromboembolic complications, it 
is critical that a continuous infusion of appropriate flush solution be 
maintained between a) the femoral sheath and guiding catheter, b) the 
2-tip microcatheter and guiding catheters, and c) the 2-tip microcatheter 
and Stryker Neurovascular guidewire and delivery wire. Continuous flush 
also reduces the potential for thrombus formation on, and crystallization 
of infusate around, the detachment zone of the Target Detachable Coil.

• Do not use the product after the “Use By” date specified on the package.
• Reuse of the flush port/dispenser coil or use with any coil other than the 

original coil may result in contamination of, or damage to, the coil.
• Utilization of damaged coils may affect coil delivery to, and stability 

inside, the vessel or aneurysm, possibly resulting in coil migration and/
or stretching.

• The fluoro-saver marker is designed for use with a Rotating Hemostatic 
Valve (RHV). If used without an RHV, the distal end of the coil may be 
beyond the alignment marker when the fluoro-saver marker reaches the 
microcatheter hub.

• If the fluoro-saver marker is not visible, do not advance the coil without 
fluoroscopy.

• Do not rotate delivery wire during or after delivery of the coil. Rotating 
the Target Detachable Coil delivery wire may result in a stretched coil 
or premature detachment of the coil from the delivery wire, which could 
result in coil migration.

• Verify there is no coil loop protrusion into the parent vessel after coil 
placement and prior to coil detachment. Coil loop protrusion after coil 
placement may result in thromboembolic events if the coil is detached.

• Verify there is no movement of the coil after coil placement and prior to 
coil detachment. Movement of the coil after coil placement may indicate 
that the coil could migrate once it is detached.

• Failure to properly close the RHV compression fitting over the delivery 
wire before attaching the InZone® Detachment System could result in 
coil movement, aneurysm rupture or vessel perforation.

• Verify repeatedly that the distal shaft of the catheter is not under stress 
before detaching the Target Detachable Coil. Axial compression or 
tension forces could be stored in the 2-tip microcatheter causing the tip 
to move during coil delivery. Microcatheter tip movement could cause 
the aneurysm or vessel to rupture.

• Advancing the delivery wire beyond the microcatheter tip once the coil 
has been detached involves risk of aneurysm or vessel perforation.

• The long term effect of this product on extravascular tissues has not 
been established so care should be taken to retain this device in the 
intravascular space.

Damaged delivery wires may cause detachment failures, vessel injury or 
unpredictable distal tip response during coil deployment. If a delivery wire 
is damaged at any point during the procedure, do not attempt to straighten 
or otherwise repair it. Do not proceed with deployment or detachment. 
Remove the entire coil and replace with undamaged product.

• After use, dispose of product and packaging in accordance with hospital, 
administrative and/or local government policy.

CAUTIONS / PRECAUTIONS
• Federal Law (USA) restricts this device to sale by or on the order of a 

physician.
• Besides the number of InZone Detachment System units needed to 

complete the case, there must be an extra InZone Detachment System 
unit as back up.

• Removing the delivery wire without grasping the introducer sheath and 
delivery wire together may result in the detachable coil sliding out of the 
introducer sheath.

• Failure to remove the introducer sheath after inserting the delivery wire 
into the RHV of the microcatheter will interrupt normal infusion of flush 
solution and allow back flow of blood into the microcatheter.

• Some low level overhead light near or adjacent to the patient is required 
to visualize the fluoro-saver marker; monitor light alone will not allow 
sufficient visualization of the fluoro-saver marker.

• Advance and retract the Target Detachable Coil carefully and smoothly 
without excessive force. If unusual friction is noticed, slowly withdraw 
the Target Detachable Coil and examine for damage. If damage is 
present, remove and use a new Target Detachable Coil. If friction or 
resistance is still noted, carefully remove the Target Detachable Coil and 
microcatheter and examine the microcatheter for damage.

• If it is necessary to reposition the Target Detachable Coil, verify under 
fluoroscopy that the coil moves with a one-to-one motion. If the coil does 
not move with a 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.

Stryker Neurovascular
47900 Bayside Parkway
Fremont, CA 94538-6515

stryker.com/neurovascular

Date of Release: FEB/2014
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Trevo® XP ProVue Retrievers 
See package insert for complete indications, 
complications, warnings, and instructions for use.

INDICATIONS FOR USE
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
3x20 mm retrievers are compatible with Trevo® Pro 14 Microcatheters 
(REF 90231) and Trevo® Pro 18 Microcatheters (REF 90238).  4x20 mm 
retrievers are compatible with Trevo® Pro 18 Microcatheters (REF 90238). 
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. The Merci® Balloon Guide Catheters are 
recommended for use during thrombus removal procedures. Retrievers 
are compatible with the Abbott Vascular DOC® Guide Wire Extension 
(REF 22260).

WARNINGS
• 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.

• 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.

0459

Stryker Neurovascular
47900 Bayside Parkway
Fremont, CA 94538-6515

stryker.com/neurovascular
stryker.com/emea/neurovascular 
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Concentric Medical
301 East Evelyn 
Mountain View, CA 94041

EMERGO Europe
Molenstraat 15
2513 BH, The Hague
The Netherlands
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SUPPORT ZONE
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Advanced

ENHANCED CONTROL TO MAXIMIZE COIL PERFORMANCE

ThThe V-Trak® Advanced Coil System, thhe next genera ition to power 
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SUPPORTSUPPORT ZONE

microvention.com 
MICROVENTION, V-Trak, Scepter C, Scepter XC and Headway are registered trademarks of MicroVention, Inc. Scientific and clinical data related to this document are  
on file at 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. © 2015 MicroVention, Inc. 5/15
  



1  O.A. Berkhemer et al. A Randomized Trial for Intra-arterial Treatment for Acute Ischemic Stroke. N Eng J Med December 2014. 
2  MR CLEAN is the largest AIS Trial in which stent retrievers were used.

  http://www.mrclean-trial.org/

Stroke: Our Only Focus. Our Ongoing Promise.

of Patients in MR CLEAN 
Were Treated with a 
Trevo® Stent Retriever

First clinical evidence for intra-arterial 
treatment with stent retrievers

•  Largest of the randomized AIS trials2, with over 500 patients enrolled

•  The Trevo Retriever was the #1 device used in the MR CLEAN Trial

Copyright © 2015 Stryker
NV00016092.AB
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APERIO® Thrombectomy Device

FAST FLOW RESTORATION
 Proven hybrid cell design 
 Four sizes for tailored treatment 

www.acandis.com



393 PERSPECTIVES M.I. Vargas

PRACTICE GUIDELINE

394 Revised Recommendations of the Consortium of MS Centers Task
Force for a Standardized MRI Protocol and Clinical Guidelines for the
Diagnosis and Follow-Up of Multiple Sclerosis A. Traboulsee, et al.

ADULT BRAIN

PATIENT SAFETY

402 Radiation Doses in Patient Eye Lenses during Interventional
Neuroradiology Procedures R.M. Sánchez, et al.

INTERVENTIONAL

GENERAL CONTENTS

408 Diagnostic Accuracy of Transcranial Doppler for Brain Death
Confirmation: Systematic Review and Meta-Analysis J.J. Chang, et al.

ADULT BRAIN

415 Utility and Significance of Gadolinium-Based Contrast Enhancement in
Posterior Reversible Encephalopathy Syndrome S.J. Karia, et al.

ADULT BRAIN

423 Prominence of Medullary Veins on Susceptibility-Weighted Images
Provides Prognostic Information in Patients with Subacute Stroke
X. Yu, et al.

ADULT BRAIN

430 Structural Brain Alterations in Community Dwelling Individuals with
Chronic Joint Pain M. de Kruijf, et al.

ADULT BRAIN
PERIPHERAL
NERVOUS SYSTEM

439 Basal Ganglia Iron in Patients with Multiple Sclerosis Measured with 7T
Quantitative Susceptibility Mapping Correlates with Inhibitory Control
P. Schmalbrock, et al.

ADULT BRAIN

447 Detection of Normal Aging Effects on Human Brain Metabolite
Concentrations and Microstructure with Whole-Brain MR
Spectroscopic Imaging and Quantitative MR Imaging V.V. Eylers, et al.

ADULT BRAIN

455 High-Resolution 7T MR Imaging of the Motor Cortex in Amyotrophic
Lateral Sclerosis M. Cosottini, et al.

ADULT BRAIN

462 MR Elastography Demonstrates Increased Brain Stiffness in Normal
Pressure Hydrocephalus N. Fattahi, et al.

ADULT BRAIN

468 Automated Cross-Sectional Measurement Method of Intracranial Dural
Venous Sinuses S. Lublinsky, et al.

ADULT BRAIN

A JNRAMERICAN JOURNAL OF NEURORADIOLOGY
M A R C H 2 0 1 6
V O L U M E 3 7
N U M B E R 3
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Publication Preview at www.ajnr.org features articles released in advance of print.
Visit www.ajnrblog.org to comment on AJNR content and chat with colleagues
and AJNR’s News Digest at http://ajnrdigest.org to read the stories behind the
latest research in neuroimaging.

AJNR (Am J Neuroradiol ISSN 0195– 6108) is a journal published monthly, owned and published by the American Society of Neuroradiology (ASNR),
800 Enterprise Drive, Suite 205, Oak Brook, IL 60523. Annual dues for the ASNR include $170.00 for journal subscription. The journal is printed by
Cadmus Journal Services, 5457 Twin Knolls Road, Suite 200, Columbia, MD 21045; Periodicals postage paid at Oak Brook, IL and additional mailing
offices. Printed in the U.S.A. POSTMASTER: Please send address changes to American Journal of Neuroradiology, P.O. Box 3000, Denville, NJ 07834,
U.S.A. Subscription rates: nonmember $380 ($450 foreign) print and online, $305 online only; institutions $440 ($510 foreign) print and basic online,
$875 ($940 foreign) print and extended online, $365 online only (basic), extended online $790; single copies are $35 each ($40 foreign). Indexed by
PubMed/Medline, BIOSIS Previews, Current Contents (Clinical Medicine and Life Sciences), EMBASE, Google Scholar, HighWire Press, Q-Sensei,
RefSeek, Science Citation Index, and SCI Expanded. Copyright © American Society of Neuroradiology.



475 Retrospective Analysis of Delayed Intraparenchymal Hemorrhage after
Flow-Diverter Treatment: Presentation of a Retrospective Multicenter
Trial A. Benaissa, et al.

INTERVENTIONAL
ADULT BRAIN

481 Intravenous C-Arm Conebeam CT Angiography following Long-Term
Flow-Diverter Implantation: Technologic Evaluation and Preliminary
Results S.C.H. Yu, et al.

INTERVENTIONAL
ADULT BRAIN

487 Posterior Inferior Cerebellar Artery Patency after Flow-Diverting Stent
Treatment M.R. Levitt, et al.

INTERVENTIONAL

490 In Vitro Evaluation of Intra-Aneurysmal, Flow-Diverter-Induced
Thrombus Formation: A Feasibility Study K. Gester, et al.

INTERVENTIONAL

497 Preclinical Testing of a Novel Thin Film Nitinol Flow-Diversion Stent in a
Rabbit Elastase Aneurysm Model Y. Ding, et al.

INTERVENTIONAL

502 Stent-Assisted Coil Embolization of Intracranial Aneurysms:
Complications in Acutely Ruptured versus Unruptured Aneurysms
R.S. Bechan, et al.

INTERVENTIONAL

508 Safety and Efficacy of Intravenous Tirofiban as Antiplatelet
Premedication for Stent-Assisted Coiling in Acutely Ruptured
Intracranial Aneurysms S. Kim, et al.

INTERVENTIONAL

515 Applicability of the Sparse Temporal Acquisition Technique in
Resting-State Brain Network Analysis N. Yakunina, et al.

FUNCTIONAL

521 Variability of Forebrain Commissures in Callosal Agenesis: A Prenatal
MR Imaging Study C. Cesaretti, et al.

PEDIATRICS

528 Disorders of Microtubule Function in Neurons: Imaging Correlates
C.A. Mutch, et al.

PEDIATRICS
ADULT BRAIN

536 In Utero MR Imaging of Fetal Holoprosencephaly: A Structured
Approach to Diagnosis and Classification P.D. Griffiths, et al.

PEDIATRICS

544 Contrast Leakage Patterns from Dynamic Susceptibility Contrast
Perfusion MRI in the Grading of Primary Pediatric Brain Tumors
C.Y. Ho, et al.

PEDIATRICS

552 GABA and Glutamate in Children with Primary Complex Motor
Stereotypies: An 1H-MRS Study at 7T A.D. Harris, et al.

PEDIATRICS

558 Postoperative MR Imaging of Spontaneous Transdural Spinal Cord
Herniation: Expected Findings and Complications S. Gaudino, et al.

SPINE

565 Normal Venous Phase Documented during Angiography in Patients with
Spinal Vascular Malformations: Incidence and Clinical Implications
D. Eckart Sorte, et al.

SPINE
INTERVENTIONAL

572 Using Body Mass Index to Predict Needle Length in Fluoroscopy-
Guided Lumbar Punctures A.P. Nayate, et al.

SPINE
INTERVENTIONAL

579 3D T2 MR Imaging–Based Measurements of the Posterior Cervical Thecal
Sac in Flexion and Extension for Cervical Puncture M.P. Bazylewicz, et al.

SPINE
INTERVENTIONAL
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ONLINE FEATURES

LETTERS

E20 Re: The Benefits of High Relaxivity for Brain Tumor Imaging: Results of a
Multicenter Intraindividual Crossover Comparison of Gadobenate
Dimeglumine with Gadoterate Meglumine (The BENEFIT Study)
E. Lancelot, et al.

E22 Reply A. Spinazzi, et al.

E25 Cerebral Amyloid Angiopathy as an Etiology for Cortical Superficial
Siderosis: An Unproven Hypothesis H.X. Bai, et al.

E26 Reply Y. Inoue, et al.



E27 Hemorrhagic Pituitary Adenoma versus Rathke Cleft Cyst: A Frequent
Dilemma J.-F. Bonneville

E29 Reply M. Park, et al.

E30 In Reply to Antiplatelet Therapy Prior to Temporary Stent-Assisted
Coiling B. Gory, et al.

BOOK REVIEWS R.M. Quencer, Section Editor
Please visit www.ajnrblog.org to read and comment on Book Reviews.
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PRACTICE GUIDELINE

Revised Recommendations of the Consortium of MS Centers
Task Force for a Standardized MRI Protocol and Clinical

Guidelines for the Diagnosis and Follow-Up
of Multiple Sclerosis

X A. Traboulsee, J.H. Simon, L. Stone, E. Fisher, D.E. Jones, A. Malhotra, S.D. Newsome, J. Oh, X D.S. Reich, N. Richert, K. Rammohan,
O. Khan, E.-W. Radue, C. Ford, J. Halper, and X D. Li

ABSTRACT
SUMMARY: An international group of neurologists and radiologists developed revised guidelines for standardized brain and spinal cord
MR imaging for the diagnosis and follow-up of MS. A brain MR imaging with gadolinium is recommended for the diagnosis of MS. A spinal
cord MR imaging is recommended if the brain MR imaging is nondiagnostic or if the presenting symptoms are at the level of the spinal cord.
A follow-up brain MR imaging with gadolinium is recommended to demonstrate dissemination in time and ongoing clinically silent disease
activity while on treatment, to evaluate unexpected clinical worsening, to re-assess the original diagnosis, and as a new baseline before
starting or modifying therapy. A routine brain MR imaging should be considered every 6 months to 2 years for all patients with relapsing
MS. The brain MR imaging protocol includes 3D T1-weighted, 3D T2-FLAIR, 3D T2-weighted, post-single-dose gadolinium-enhanced
T1-weighted sequences, and a DWI sequence. The progressive multifocal leukoencephalopathy surveillance protocol includes FLAIR and
DWI sequences only. The spinal cord MR imaging protocol includes sagittal T1-weighted and proton attenuation, STIR or phase-sensitive
inversion recovery, axial T2- or T2*-weighted imaging through suspicious lesions, and, in some cases, postcontrast gadolinium-enhanced
T1-weighted imaging. The clinical question being addressed should be provided in the requisition for the MR imaging. The radiology report
should be descriptive, with results referenced to previous studies. MR imaging studies should be permanently retained and available. The
current revision incorporates new clinical information and imaging techniques that have become more available.

ABBREVIATIONS: CIS � clinically isolated syndrome; CMSC � Consortium of MS Centers; PML � progressive multifocal leukoencephalopathy

MR imaging of the brain and spinal cord is sensitive for de-

tecting white matter lesions typical of MS. The current di-

agnostic criteria for MS1 include specific MR imaging features

(Table 1) to provide evidence for dissemination in space and/or

time, allowing an earlier diagnosis of MS after a single clinical

syndrome consistent with demyelination (clinically isolated syn-

drome [CIS]). The newer criteria have good sensitivity and spec-

ificity2 compared with the prior clinical criteria.3 However, white

matter lesions are common in the general population with in-

creasing age, and the MR imaging criteria should be used with

caution in patients with atypical symptoms for MS or the onset of

symptoms in patients older than 40 years of age. This recommen-

dation is particularly important in the presence of factors known

to cause T2 hyperintensities, including hypertension, smoking,

diabetes, high cholesterol, and migraines.

MR imaging is also increasingly used to follow patients with a

diagnosis of definite MS to determine progression of clinically

silent disease activity and to monitor response to therapy. Gado-

linium (contrast)– enhancing lesions and/or changes in T2 (hy-

perintense) lesions are accepted MR imaging biomarkers of new

inflammation. New MR imaging activity occurs more frequently

than new clinical symptoms (relapses).4 The ability to monitor

patients with MS with MR imaging is hampered by inconsistent

protocols and image quality.

Recommendations for a standardized MR imaging protocol

and clinical guidelines in MS were previously published.5 These
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developed out of a series of meetings sponsored by the Consor-

tium of MS Centers (CMSC), including radiologists and neurol-

ogists from academic and community-based MS practices and

representatives of the American Academy of Neurology, the Ra-

diological Society of North America, and the American Society of

Neuroradiology. The goal of this article is to update the MR im-

aging protocol and clinical guidelines on the basis of advances in

imaging technology and new clinical evidence of the role of MR

imaging in the diagnosis and monitoring of MS.

Methods
Neurologists, radiologists, and imaging scientists with an exper-

tise in MS from North America and Europe, representatives of the

American Academy of Neurology, the Radiological Society of

North America, the American Society of Neuroradiology, and,

more recently, the National Institutes of Health and the North

American Imaging in Multiple Sclerosis Cooperative updated the

guidelines on the basis of new data, survey results, and expert

opinion. Four imaging protocols, routine brain, progressive mul-

tifocal leukoencephalopathy (PML) surveillance, spinal cord, and

orbits, were developed. Clinical guidelines on the recommended

frequency of imaging in diagnosing and monitoring MS were

updated.

Protocol 1: Brain MR Imaging. The brain MR imaging protocol

(Table 2 and Fig 1) provides the minimum required sequence to aid

in the diagnosis and monitoring of MS that can be performed on a

variety of clinical scanners and includes 3D T1-weighted, 3D T2-

FLAIR, 3D T2-weighted, and post-single-dose gadolinium-en-

hanced T1-weighted imaging, all with a nongapped section thickness

of �3 mm, and a DWI sequence (�5-mm section thickness). Addi-

tional sequences for non-MS pathology can be added, depending on

the individual needs of the patient and local preferences.

Scans should be of good quality with adequate SNR and spatial

resolution (in-section pixel resolution of �1 � 1 mm). Recon-

struction (interpolation) is recommended at 0.5 mm. This rec-

ommendation may be limiting for some older scanners, particu-

larly those operating at lower field strengths. One needs to be

aware of the higher lesion-detection rates at 3T compared with

1.5T.6 Lower field (ie, “open magnet”) should only be used in

extenuating circumstances.

Coverage should include the whole brain. Orientation of the axial

sequences (acquisition of 2D sequences or reformatting of 3D se-

quences) should be along the subcallosal line (Fig 1) because consis-

tent repositioning is essential for detecting changes across time.

Most scanners are capable of 3D acquisitions with �1.2-mm

FIG 1. Orientation of axial oblique sequences. Orientation of axial
oblique sequences should be along the subcallosal line as indicated by
the solid line. Axial sections should be �3 mm with no gap.

Table 1: 2010 Revised McDonald diagnostic criteria for MSa

Minimum MRI Features for DIS (2 of 4 Criteria Required)
1 Infratentorial lesion
1 Juxtacortical lesion (touching the cortex)
1 Periventricular lesion (touching the ventricles)
1 Spinal cord lesion

Note:—DIS indicates dissemination in space; DIT, dissemination in time.
a MS diagnosis requires clinical and/or MRI evidence for CNS demyelination occur-
ring in multiple locations (DIS) and with multiple events (DIT). The MRI criteria may
support the clinical diagnosis of patients with MS with typical symptoms of CNS
demyelination after the exclusion of alternative diagnoses. The DIT criterion can be
met on MRI with an asymptomatic contrast-enhancing lesion on T1WI sequences
(first or follow-up MRI) or newly active T2WI lesions on follow-up MRI. Lesions should
be at least 3-mm in diameter and asymptomatic.

Table 2: Standardized brain MRI protocol (diagnosis and routine follow-up of MS)
Parameters Description

Field strength Scans should be of good quality, with adequate SNR and resolution (in-sections, pixel resolution of �1 � 1 mm)
Scan prescription Use the subcallosal plane to prescribe or reformat axial oblique sections (Fig 1)
Coverage Whole-brain coverage
Section thickness and gap �3 mm, No gap (for 2D acquisition or 3D reconstruction)
Core sequences Anatomic 3D inversion recovery–prepared T1 gradient echo (eg, 1.0- to 1.5-mm thickness)

Gadolinium single dose, 0.1 mmol/kg given for 30 secondsa

3D sagittal T2WI FLAIRb (eg, 1.0- to 1.5-mm thickness)
3D T2WI b (eg, 1.0- to 1.5-mm thickness)
2D axial DWI (�5-mm sections, no gap)
3D FLASH (non-IR prep) postgadoliniumb (eg, 1.0- to 1.5-mm thickness)
3D series would be typically reconstructed to 3-mm thickness for display and subsequent comparison for

lesion counts
Optional sequences Axial proton attenuation

Pre- or postgadolinium axial T1 spin-echo (for chronic black holes)
SWI for identification of central vein within T2 lesions

Note:—IR indicates inversion recovery.
a Minimum 5-minute delay before obtaining postgadolinium T1. The 3D sagittal FLAIR may be acquired immediately after contrast injection before the 3D FLASH series.
b If unable to perform a 3D acquisition, then perform 2D axial and sagittal FLAIR, axial fast spin-echo proton attenuation/T2, and axial post-gadolinium T1WI spin-echo at �3-mm
section thickness.
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isotropic voxels.7 The data can be reformatted to achieve 3-mm

axial and/or sagittal sections for clinical readout. If a 2D acquisi-

tion is used, the section thickness should be �3 mm and there

should be no gap between sections. 3D FLAIR may be equivalent

or superior to T2-weighted imaging for posterior fossa lesions. It

is recommended that a 3D T2 or a 3-mm axial fast/turbo spin-

echo proton attenuation/T2 sequence be acquired for posterior

fossa lesion detection as a backup.

The brain MR imaging sequences include a sagittal FLAIR (the

3D acquisition is usually acquired in the sagittal plane) for the

detection of MS lesions in the corpus callosum. Although these

lesions can be identified on axial images, the sagittal plane pro-

vides greater ease of visualization of these, as well as juxtacortical

lesions (ie, white matter lesions touching the cortex) and the oval

perivenular configuration of lesions.

A thin-section (�1.5-mm thickness) 3D inversion recovery–

prepared, T1-weighted, spoiled gradient-echo sequence is useful

for volumetric analysis, which is likely to play an important role in

the future. The 3D inversion recovery sequence should be ac-

quired before contrast. This sequence also enables confirmation

of juxtacortical and infratentorial lesions. Chronic T1-weighted

“black hole” monitoring as a marker of severe axonal injury has

only been validated on 2D spin-echo sequences. Because nearly all

hyperintense lesions apparent on T2-weighted sequences are hy-

pointense on 3D inversion recovery T1-weighted scans, the spec-

ificity of T1 black holes is lost and clinical interpretation requires

caution.8

The protocol includes a postgadolinium contrast 3D FLASH

(non-inversion recovery prep) or axial T1-weighted spin-echo

images. Although 3D gradient echo– based T1-weighted imaging

could be used as a replacement for T1 spin-echo for identifying

postgadolinium contrast enhancement, whether such sequences

are less sensitive9 remains an open question.

Axial DWI (5 mm) is recommended for detecting non-MS

pathology, including acute ischemia/infarction and the earlier de-

tection of PML (see below).

The 3D or 2D FLAIR and/or T2-weighted images can be ac-

quired during the minimum 5-minute delay that is required be-

fore the postcontrast T1-weighted image. Phased array coils may

significantly speed up acquisition time.

Proton attenuation and precontrast 2D spin-echo T1-

weighted imaging are considered optional. Subtle lesions can be

confirmed on proton attenuation imaging, though the sensitivity

of 3D FLAIR may obviate this confirmation.10

Gadolinium contrast detects the breakdown of the blood-

brain barrier that occurs with new lesion development and re-

activation of old lesions. The average duration of enhancement

for individual brain lesions is 3 weeks,11 with most enhancing for

2– 6 weeks. Rarely, MS lesions in the brain show persistent en-

hancement for �3 months with single-dose gadolinium. A stan-

dard dose of gadolinium (0.1 mmol/kg) given for 30 seconds and

a minimum 5-minute delay before acquiring the postcontrast T1-

weighted imaging are recommended. “Triple dose” and longer

delays of up to 15 minutes for the postcontrast T1-weighted im-

aging may detect more lesions but are not necessary for routine

clinical practice. Reports of nephrogenic systemic fibrosis/neph-

rogenic fibrosing dermopathy in patients with preexisting signif-

icant renal impairment have resulted in many centers requiring a

recent laboratory assessment of renal function, such as an esti-

mated glomerular filtration rate. Macrocyclic chelates have been

recommended by several radiologic societies to minimize this

risk.12,13

Most newly enhancing lesions will leave residual T2 hyperinten-

sity after the enhancement resolves.14 Detecting new or enlarging T2

lesions compared with a previous study would also indicate new in-

flammatory activity even in the absence of gadolinium enhancement.

However, to reliably detect new lesions, a standardized MR imaging

protocol with similar orientation and other parameters is important.

Gadolinium can also be helpful for ruling out alternative diagnoses

such as tumors (persistent enhancement) or leptomeningeal disease

such as neurosarcoidosis15,16 or infection.

Protocol 2: PML Surveillance Brain MR Imaging. PML is a devas-

tating complication that is rarely seen with some disease-modify-

ing therapies (Table 3). The risk is increased in patients with de-

tectable John Cunningham virus serum antibodies. MR imaging

detection of PML in the presymptomatic phase improves out-

come and survival.17 An abbreviated PML surveillance protocol

includes 3D (or 2D) FLAIR and DWI sequences.18 Postcontrast

T1 adds little diagnostic value to PML surveillance because �50%

of early PML lesions show contrast enhancement.19 Typical PML

lesion appearance includes subcortical lesions (48% occur in the

frontal lobes) that are hyperintense on T2/FLAIR and hypoin-

tense on T1-weighted imaging, with ill-defined borders toward

the white matter and sharp borders toward the gray matter and

high signal intensity on DWI (absent in about 40% of patients

with presymptomatic PML). Lesions can involve the deep gray

matter (thalamus and dentate nuclei). Contrast enhancement can

be patchy, nodular, or speckled.18,19

Protocol 3: Spinal Cord MR Imaging. As a minimum, coverage

should include the cervical cord (Table 4) because clinically silent

MS lesions are more common and better visualized there. It may

not be necessary to examine the thoracic cord routinely unless

there are clinical symptoms and/or signs at that level. Two se-

quences are recommended for the detection of subtle lesions, in-

cluding a sagittal T2-weighted and a proton attenuation, STIR, or

Table 3: PML surveillance brain MRI protocol
Parameters Description

Field strength Scans should be of good quality, with adequate SNR and resolution (in-section pixel resolution of �1 � 1 mm)
Scan prescription Use the subcallosal plane to prescribe or reformat axial oblique sections (Fig 1)
Coverage Whole-brain coverage
Sequences 3D sagittal T2WI FLAIRa

2D axial DWI (5-mm-thick, no gap)
Section thickness and gap �3 mm, No gap (for 2D acquisition or 3D reconstruction)

a If unable to perform a 3D acquisition, then perform 2D axial FLAIR at �3-mm section thickness.

396 Traboulsee Mar 2016 www.ajnr.org



T1-weighted inversion recovery sequence with phase-sensitive re-

construction (section thickness, �3 mm).20 Axial T2 or T2* and

postcontrast axial T1 through the lesions is recommended (sec-

tion thickness of 5 mm, no gap). A sagittal T1 is of limited value

for characterizing intramedullary disease. When spinal cord im-

aging is performed at the same time as brain imaging with gado-

linium, no additional contrast is required.

Protocol 4: Orbit MR Imaging. Imaging of the orbit may be clin-

ically indicated to confirm optic neuritis and rule out compressive

lesions. Unusual enhancement patterns of the optic nerve and/or

sheath might suggest an alternate diagnosis such as sarcoidosis or

neuromyelitis optica.21 The recommended sequences include a

coronal STIR or fat-suppressed T2 and a postgadolinium fat-sup-

pressed T1 with a section thickness of �2 mm, with coverage

through the optic chiasm.

Clinical Guidelines: Diagnostic Imaging for Suspected MS
While MR imaging is not absolutely required for the clinical di-

agnosis of MS (Table 5), it provides important information.22 A

brain MR imaging with and without gadolinium is recommended

for patients suspected of having MS or with an established diag-

nosis of MS who are new to a clinical practice and do not have

recent imaging available for review. A cervical cord MR imaging at

the same time would be advantageous in the diagnostic evaluation

of patients with or without transverse myelitis and would reduce

the number of patients requiring a subsequent MR imaging ap-

pointment. Patients suspected of having MS include those with a

CIS of optic neuritis, partial transverse myelitis, or brain stem

syndromes. Patients with CIS with a brain MR imaging with �2

characteristic lesions (�3 mm in diameter) have a high risk for

MS.23 One-third of patients with CIS (not treated with cortico-

steroids) will have asymptomatic gadolinium-enhancing lesions

and will meet the 2010 McDonald diagnostic criteria for definite

MS.24 Detection of new T2 or gadolinium-enhancing lesions on a

follow-up brain MR imaging can be sufficient evidence to fulfill

dissemination in time and/or space criteria (Table 1). The recom-

mended timing of the follow-up brain MR imaging is 6 –12

months. The proportion of patients with high-risk CIS (younger

Table 4: Spinal cord MRI protocol
Parameter Description

Field strength Scans should be of good quality, with adequate SNR and resolution (in-section pixel resolution of �1 � 1 mm)
Closed magnets (large bore for patients with claustrophobia) preferred

Coverage Cervical cord coveragea

Core sequences Sagittal T2
Sagittal proton attenuation, STIR, or PST1-IR
Axial T2 through lesions

Section thickness and gap Sagittal: �3 mm, no gap
Axial: 5 mm, no gap

Optional sequences Axial T2 through complete cervical cord
Gadoliniumb and postgadolinium sagittal T1
Sagittal T1

Note:—PST1-IR indicates phase-sensitive T1 inversion recovery.
a Thoracic and conus coverage recommended if symptoms localize to this region to rule out an alternate diagnosis.
b Minimum 5-minute delay before obtaining postgadolinium T1. Additional gadolinium does not need to be given for a spinal cord MRI if it follows a contrast brain MRI study.

Table 5: Clinical guidelines for brain and spinal cord MRI in MS
Guidelines

Baseline studies for patients with a CIS and/or suspected MS
Brain MRI protocol with gadolinium at baseline and
Spinal cord MRI if transverse myelitis, insufficient features on brain MRI to support diagnosis, or age older than 40 years with

nonspecific brain MRI findings
A cervical cord MRI performed simultaneously with the brain MRI would be advantageous in the evaluation of patients with or without

transverse myelitis and would reduce the number of patients requiring a subsequent MRI appointment
Orbital MRI if severe optic neuritis with poor recovery

Timing of a follow-up brain MRI protocol for patients with a CIS and/or suspected MS to look for evidence of dissemination in time
6–12 Months for high-risk CIS (eg, �2 ovoid lesions on first MRI)
12–24 Months for low-risk CIS (ie, normal brain MRI findings) and/or uncertain clinical syndrome with suspicious brain MRI features

(eg, RIS)
Timing of brain MRI protocol with gadolinium for patients with an established diagnosis of MS

No recent prior imaging available (eg, patient with MS transferring to a new clinic)
Postpartum to establish a new baseline
Prior to starting or switching disease-modifying therapy
Approximately 6 months after switching disease-modifying therapy to establish a new baseline on the new therapy
Every 1–2 years while on disease-modifying therapy to assess subclinical disease activity
Unexpected clinical deterioration or reassessment of original diagnosisa

Timing of PML surveillance brain MRI protocol
Every 12 months for patients negative for serum JC virus antibody
Every 3–6 months for patients positive for serum JC virus antibody and �18 months on natalizumabb

Note:—JC indicates John Cunningham; RIS, radiologic isolated syndrome.
a Routine spinal cord follow-up not required unless syndrome is predominately recurrent transverse myelitis.
b The brain MRI protocol for monitoring patients on disease modifying therapies includes the PML surveillance sequences.
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than 50 years of age) who develop new lesions by 3, 6, and 12

months is 22%, 51%, and 74%, respectively.25 By 12–18 months,

most patients with high-risk CIS will meet the diagnostic criteria

for MS by developing new MR imaging lesions and/or new clinical

symptoms.26 Additional MRIs can be performed according to

clinical judgment. Some experts recommend an annual brain MR

imaging in patients with CIS with normal brain MR imaging find-

ings for 1–2 years or at the time of development of new symptoms

consistent with demyelination.23,27,28

Patients suspected of having MS also include those with milder

or atypical symptoms or incidental abnormalities on MR imaging

that are strongly suspicious for MS (radiologic isolated syn-

drome).29 The presence of a spinal cord lesion on MR imaging

may be helpful in estimating the risk of conversion to definite

multiple sclerosis.30 A 5-year prospective study of 451 patients

with radiologic isolated syndrome demonstrated that the risk of

conversion to MS was 34%.31 In addition to other paraclinical

tests such as evoked potentials and CSF analysis, a follow-up MR

imaging may support the diagnosis of MS by demonstrating new

lesion development in patients suspected of having MS.

In patients with equivocal brain MR imaging findings (ie, not

meeting dissemination in space criteria), the detection of lesions

on spinal cord imaging can provide additional evidence for dis-

ease dissemination in space. Spinal cord lesions have greater spec-

ificity for demyelinating disease.31,32 Nonspecific white matter

lesions are extremely uncommon in the spinal cord, in contrast to

their frequent occurrence in the brain.33 Patients may present

with a more severe demyelinating or inflammatory syndrome,

including tumefactive lesions or acute complete transverse myeli-

tis. A follow-up MR imaging would provide evidence of lesion

improvement or resolution supporting an inflammatory process

and/or the detection of new lesions that could aid in the differen-

tial diagnosis.15,34

Spinal cord imaging, in addition to brain imaging, is recom-

mended if the symptoms involve the spinal cord such as partial

transverse myelitis, complete transverse myelitis, or a progressive

myelopathy suspicious for primary-progressive MS. Patients with

progressive MS may have a chronic, diffuse, extensive abnormal

spinal cord signal, though most do not. The detection of a longi-

tudinally extensive spinal cord lesion (�3 segments) with central

cord predominance and mass effect in a patient with acute trans-

verse myelitis is suggestive of neuromyelitis optica.21 The longi-

tudinally extensive involvement of these distinctive lesions is of-

ten transient.

Clinical Guidelines: Follow-Up of Established MS
The 4 common scenarios for requesting a brain MR imaging for

patients with an established diagnosis of MS are the following:

new baseline evaluation (previous MR imaging unavailable, un-

acceptable quality, or a long interval since the last MR imaging),

routine follow-up for clinically silent disease activity while mon-

itoring treatment response, PML surveillance, and unexpected

clinical deterioration or re-evaluation of the diagnosis of MS (Ta-

ble 6). A baseline spinal cord MR imaging may also be useful,

depending on the clinical symptoms.

MR imaging is recommended before the initiation or modifi-

cation of disease-modifying therapy and approximately 6 months

after a treatment switch to allow sufficient time for the new ther-

apy to reach its therapeutic potential. Determining ongoing ra-

diologic stability is based on the presence or absence of new le-

sions (T2 or contrast-enhancing T1) relative to a posttreatment

MR imaging.35

Table 6: Recommendations for communication
Recommendations

The clinical requisition for brain MRI should include
Requesting the CMSC or standardized brain MRI protocol
Indicating the purpose of the study

Diagnostic study for CIS or MS (indicate date of symptom onset)
Treatment-monitoring study (indicate if on disease-modifying therapy)
PML surveillance study (indicate if high- or low-risk)
Unexpected clinical decline or reassessment of diagnosis

Date and location of most recent MRI study (encourage patient to bring a copy of outside images on portable media at the time of MRI
appointment)

The radiology report should include
For a diagnostic MS study

Number of gadolinium-enhancing T1 lesions (eg, 0, 1, 2, 3, 4, �5)
Comparison with previous studies for the number of new T2 lesions (eg, 0, 1, 2, 3, 4, �5)
The presence of juxtacortical (touching the cortex), periventricular (touching the ventricles), infratentorial, or spinal cord lesions
The report should avoid a summary statement like “McDonald diagnostic criteria met”
The interpretation should indicate whether findings are typical, atypical, or not consistent with MS and should provide a differential

diagnosis if appropriate
For a follow-up MS study

Number of gadolinium-enhancing T1 lesions (eg, 0, 1, 2, 3, 4, �5)
Comparison with previous studies for the number of new T2 lesions (eg, 0, 1, 2, 3, 4, �5)
Qualitative assessment of

Overall T2 lesion-burden severity (eg, mild, moderate, severe)
Comparison with previous studies for overall worsening of T2 lesion burden and atrophy

For a PML surveillance study
Comparison with previous studies for new T2 lesions, hyperintense lesions on DWI
Presence of PML suspicious features
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MR imaging is the most sensitive tool currently available for

monitoring inflammatory disease activity in MS. Clinical assess-

ments far underestimate disease activity and burden compared

with MR imaging. A follow-up MR imaging is useful for patients

on a disease-modifying therapy to determine the response of sub-

clinical disease activity to treatment. Continued or worsening of

MR imaging disease activity while on a disease-modifying therapy

may prompt a change in therapy. There is evolving evidence that

ongoing MR imaging activity can be indicative of a suboptimal

therapeutic response.36-41

Many new lesions may be clinically silent, particularly when

they occur outside the more functionally eloquent regions of the

CNS (spinal cord, optic nerve). However, as more lesions accu-

mulate in the CNS, studies demonstrate a clear relationship be-

tween the severity of cognitive dysfunction and lesion burden,

even in patients with good mobility. CNS damage also occurs in

brain tissue that appears normal on standard conventional imag-

ing (normal appearing brain tissue). This slow, evolving damage

can be monitored by nonconventional advanced MR imaging

techniques that are mainly restricted to the research realm. New

T2 or gadolinium-enhancing lesions are associated with progres-

sive changes in normal appearing brain tissue and global brain

atrophy.42

The frequency of periodic MR imaging to assess subclinical dis-

ease activity will vary depending on the patient’s clinical course and

other clinical features. For relapsing forms of MS, a follow-up MR

imaging should be considered annually for at least the first 2 or 3

years after starting therapy or switching disease-modifying therapy.

More frequent surveillance may be indicated in clinically aggressive

cases or unusual patterns of MR imaging lesions (eg, tumefactive

MS). Clinical judgment and experience may be critical in these set-

tings. While guidelines on a tolerable threshold for new lesion activity

that warrants a change in therapy have been proposed,43,44 individ-

ual factors will impact the clinician’s decision on the frequency of MR

imaging monitoring. The frequency of MR imaging may be higher

during the early years for patients with CIS and early relapsing-remit-

ting MS, particularly when patients are on treatment. Fewer MR im-

aging scans are required in later stages of the disease (secondary-

progressive MS) or in primary-progressive MS in which MR imaging

activity is low and no effective treatments are as of yet available.45

Nonetheless, multiple new T2 or contrast-enhancing lesions on sur-

veillance scans in conjunction with the clinical picture, even in pri-

mary-progressive MS,45 should alert the clinician to re-evaluate

treatment strategies.

The PML surveillance recommendations by using a shorter pro-

tocol depend on John Cunningham virus serum antibody status,

length of exposure to natalizumab, and the use of prior immunosup-

pressive therapy.46 Higher risk patients (positive for John Cunning-

ham virus serum antibodies) with �18 months of natalizumab ex-

posure should have the PML surveillance MR imaging protocol

performed every 3–6 months.18 Any clinical change suspicious for

PML should prompt an urgent MR imaging.

Indications for an unplanned follow-up brain MR imaging in

patients with an established diagnosis of MS include the re-assess-

ment of the original diagnosis or to clarify the cause of clinical

deterioration that is not otherwise evident by clinical assessment

(eg, stroke or tumor).

A spinal cord MR imaging may be indicated when there is

significant clinical worsening with few changes on brain MR im-

aging or to rule out an alternative cause for progressive myelopa-

thy, such as cervical spondylosis or a tumor. Routine follow-up

with spinal cord imaging may be useful in rare cases of recurrent

transverse myelitis to assess response to therapy or new disease

activity.

Recommendations for Communication and Storage
The requisition should ask for standardized brain and/or spinal

cord imaging and indicate the clinical question being addressed

and include relevant clinical history (eg, CIS localization and

symptom duration), current MS disease-modifying therapy, re-

cent high-dose corticosteroids, and date and place of any previous

MR imaging (Table 6).

The radiology report should use standardized terminology

and include a description of salient findings. These include new

T2 or contrast-enhancing T1 lesion numbers and the presence/

absence of juxtacortical, periventricular, infratentorial, and spinal

cord lesions. The report should avoid a summary statement like

“McDonald diagnostic criteria met,” because this requires clinical

details that may not be available at the time of the radiologic

review. The interpretation should indicate whether the findings

are typical, atypical, or not consistent with MS, and the radiologist

should provide a differential diagnosis, if appropriate. In patients

with definite MS, a qualitative assessment of brain volume (atro-

phy) and overall T2 lesion burden and a comparison with previ-

ous studies for new lesion activity and atrophy are useful (Table

6). MR imaging studies should be stored in a standard readable

format (DICOM), retained permanently, and available. Patients

are encouraged to keep copies of their own studies and have these

available if a follow-up MR imaging is performed at a different

imaging center.

CONCLUSIONS
The goal of the original guidelines was to provide clinicians with a

standardized MR imaging protocol that would be suitable for the

initial diagnosis and monitoring of changes with time. The pro-

tocol was designed to provide the optimum amount of informa-

tion that could be acquired within a routine clinical MR imaging

setting. The current revision incorporates feedback from centers

using the previous protocol and input from radiologists with ex-

pertise in MS. 3D FLAIR and 3D T2-weighted imaging are already

being introduced into clinical practice. These techniques can pro-

vide potentially higher quality data (higher resolution, seamless

reformatting) and should be comparable with the core 2D ap-

proaches. The methodologies for quantification of advanced im-

aging techniques, such as magnetization transfer imaging, MR

spectroscopy, diffusion tensor imaging, and myelin water fraction

imaging, require further standardization before their routine clin-

ical use can be recommended. Methods sensitive to gray matter

pathology (double inversion recovery and phase-sensitive T1 in-

version recovery sequences) are being developed but are still cur-

rently investigational. An imaging challenge for the next decade is

the continued translation of research methodologies into useful

and reliable clinical tools for lesion identification, quantification

of T2 lesion burden, and brain and spinal cord atrophy measures.
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The revised guidelines provide consensus recommendations

for the use of brain and spinal cord MR imaging and the use of

gadolinium in the diagnosis of patients with MS. The challenge

during the past decade was in reaching a consensus on the fre-

quency of routine imaging to monitor patients with MS. The ev-

idence supporting this role remains incomplete. However, there is

consensus that MR imaging provides useful information about

subclinical inflammatory activity in the early phase of the disease.

It is reasonable for physicians to take these arguments for and

against routine MR imaging into consideration when they indi-

vidualize patient care.

During the past 3 decades, the clinical application of MR im-

aging in MS and the advances in imaging quality and speed have

been remarkable. We anticipate that these guidelines will require

future revision as MR imaging technology and our knowledge of

MS continue to improve.
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ORIGINAL RESEARCH
PATIENT SAFETY

Radiation Doses in Patient Eye Lenses during Interventional
Neuroradiology Procedures

X R.M. Sánchez, X E. Vañó, X J.M. Fernández, X S. Rosati, and X L. López-Ibor

ABSTRACT

BACKGROUND AND PURPOSE: Eye lenses are among the most sensitive organs to x-ray radiation and may be considered at risk during
neurointerventional radiology procedures. The threshold dose to produce eye lens opacities has been recently reduced to 500 mGy by the
International Commission on Radiologic Protection. In this article, the authors investigated the radiation doses delivered to patients’ eyes
during interventional neuroradiology procedures at a university hospital.

MATERIALS AND METHODS: Small optically stimulated luminescence dosimeters were located over patients’ eyes during 5 diagnostic
and 31 therapeutic procedures performed in a biplane x-ray system. Phantom measurements were also made to determine the level of
radiation to the eye during imaging runs with conebeam CT.

RESULTS: The left eye (located toward the lateral C-arm x-ray source) received a 4.5 times greater dose than the right one. The average
dose during embolization in the left eye was 300 mGy, with a maximum of 2000 mGy in a single procedure. The patient who received this
maximum eye dose needed 6 embolization procedures to treat his high-volume AVM. If one took into account those 6 embolizations, the
eye dose could be 2-fold. Sixteen percent of the embolizations resulted in eye doses of �500 mGy.

CONCLUSIONS: A relevant fraction of patients received eye doses exceeding the threshold of 500 mGy. A careful optimization of the
procedures and follow-up of these patients to evaluate potential lens opacities should be considered.

ABBREVIATIONS: CBCT � conebeam CT; DAP � dose-area product; ICRP � International Commission on Radiological Protection; INR � interventional neuro-
radiology; OSLD � optically stimulated luminescence dosimeter

Interventional neuroradiology (INR) activity has increased in

recent years, providing important benefits to patients, but the

use of ionizing radiation adds risks that must be evaluated and

minimized. Concerning eye lens irradiation during INR proce-

dures particularly, little research has been conducted, yet it is im-

portant for physicians to know the level of risk for this organ in

these kinds of procedures. The International Commission on Ra-

diological Protection (ICRP) has recently published a report on

the effects of radiation in tissues and organs, in which it recognizes

that eye lenses may be more sensitive to ionizing radiation than

previously thought.1 Until recently, the dose threshold suggested

for the formation of lens opacities was 5 Gy in case of acute irra-

diation of the eye lens.2 However, as a result of new epidemiologic

evidence,3,4 this threshold value has been reduced to 0.5 Gy,1 the

legislation on radiation protection of workers has been amended,

and the dose limits for the lens of the eye reduced in the Interna-

tional Basic Safety Standards5 and in the new European regula-

tion.6 In the case of patients, to optimize procedures and reduce

radiation doses, the new European legislation6 requires that the

information relative to patient exposure be included in the med-

ical report. In addition, radiation doses averaged from patient

samples have to be compared with national diagnostic reference

levels, and if relevant deviations are detected, optimization ac-

tions should be taken. As in the case of the authors’ country, there

may be no formal national diagnostic reference levels available. In

such a case, other regional or local diagnostic reference levels

could be used until the national diagnostic reference levels are

established.

There is little information in the literature regarding the eye

lens dose received by patients during INR procedures. Moritake

et al7 reported average doses in patients’ eyes of 380 mGy, with a

maximum of 2079 mGy during cerebral embolizations, 4 times

the threshold level of 500 mGy recommended by the ICRP. Sand-

borg et al8 reported mean and maximum doses in the eye of 71
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and 515 mSv, respectively, also during cerebral embolizations.

The variability of doses found then underlines the need for

further investigations into the risks associated with these med-

ical practices. Practitioners also need to know the order of

magnitude of the radiation doses delivered to patients’ eyes

during INR procedures. These data will allow physicians to opti-

mize radiation protection during clinical procedures, to better

manage the information about the risks of radiation-induced lens

opacities, and to give patients the appropriate counseling on the

follow-up.

This article presents the measurement of patient eye lens

doses, by using optically stimulated luminescence dosimeters

(OSLDs). Eye doses were measured in a sample of diagnostic and

therapeutic procedures performed in an interventional neurora-

diology laboratory at a university hospital. The contribution of

conebeam CT (CBCT) to eye lens doses was also investigated.

MATERIALS AND METHODS
Cases of cerebral angiography (n � 5) and therapeutic (n � 31)

procedures were randomly selected for this study. The thera-

peutic procedures consisted of embolizations of AVMs (n �

13) mainly with grades IV and V (Spetzler-Martin9); fistulas

(n � 2); and aneurysm coiling (n � 16). All procedures were

performed in the neuroradiology room equipped with an Al-

lura FD 10/20 (Philips Healthcare, Best, the Netherlands) bi-

plane x-ray unit at the Hospital Clinico San Carlos in Madrid,

Spain. The diagonals of the flat detectors were 40 cm for the

frontal C-arm and 25 cm for the lateral one. The lateral C-arm

has its x-ray focus at the patient’s left side (supine). When the

patient’s head is located at isocenter with the image detectors

10 cm from the patient’s head and no collimation, the frontal

detector covers the patient’s surface area of approximately

27 � 27 cm2, and the lateral detector, 14 � 14 cm2. Both

C-arms have transmission ionization chambers installed at the

x-ray tube exit to monitor the radiation dose delivered to pa-

tients; the dose is included in the patient’s dose reports. In

most procedures, the digital subtraction angiography series

was obtained at 2 images per second in the first 10 seconds and

at 1 image per second in the remaining time.

The system, by using the conebeam CT technique, has the

ability to acquire volumetric images. Depending on the CBCT

mode selected, low dose or high resolution, 313 or 622 images

can be acquired over a 240° arc rotation for volumetric recon-

struction. The CBCT is performed by rotating the arc around

the posterior side of the patient (in a supine position), with a

rotation angle from �120° to 120°, minimizing irradiation to

the patient’s face. During CBCT acquisitions, the generator

settings are as follows: 120 kV, 250 mA, 5 ms, 0.4-mm copper

(Cu) �1-mm aluminum (Al) of added filtration. The maxi-

mum field size of 27 � 27 cm2 is set at the isocenter. At least 1

CBCT series was acquired during the therapeutic procedures.

The x-ray system was submitted to regular quality control and

calibration programs by the medical physics service, as recom-

mended by the national guidelines. The neuroradiologists in

charge have received training in radiation protection as re-

quired by national regulation.

The radiation dose at the eye lens was estimated by measur-

ing the entrance surface air kerma with small OSLDs. For sim-

plicity, from now on, the word “dose” will refer to the entrance

surface air kerma at the eye lens. For each patient, 2 OSLDs

were located over the eyelids as shown in Fig 1. The OSLDs

used were the nanoDot model (Landauer, Glenwood, Illinois).

They are composed of a small disk of 4-mm diameter of opti-

cally stimulated luminescent material (Al2O3:C), which forms

the active area, encased in a light-tight plastic protector of 10 �

10 � 2 mm3. Their small size makes them suitable for use near

patients’ eyes. OSLDs have been previously used to measure

patient doses in different clinical situations,10-12 but when

used with diagnostic energies, special attention must be paid to

limitations such as energy and angular dependence.

In neuroradiology procedures, the x-ray beam quality may

change with kilovolt settings and filtration. Kilovolt settings

are adjusted by automatic dose control of the flat detector,

depending on patient thickness. For the neuroradiology pro-

tocols programmed in Allura, the beam kilovolt is nearly con-

stant around 70 – 80 kV. However, filtration may change de-

pending on the operation mode selected by the user and may

range from 0.1 mm of copper plus 1 mm of aluminum with the

digital subtraction angiography mode to 0.9 mm of Cu plus 1

mm of Al with the fluoroscopic low-dose mode. The OSLDs

have been calibrated “in house” by using typical clinical beam

qualities from our interventional x-ray unit and verified by the

Centro Nacional de Dosimetría in Valencia, Spain, a standard

calibration laboratory. With these user x-ray beams, a differ-

ence of 6% in the calibration factor for 70 and 80 kV was

observed for the same filtration, while a difference of 16% was

measured for different filtrations. The uncertainty resulting

from the response of OSLDs to kilovolt variation (6%) was

assumed acceptable, but the effect of different filtration in the

OSLD response had to be corrected. To reduce the influence of

the different added filtration of the x-ray beams in the OSLD

response, we used the information included in the patient dose

report about the air kerma area product.13

The air kerma area product, commonly called dose-area

product (DAP), is one of the standard magnitudes used to

monitor patient doses in some x-ray modalities. Modern inter-

ventional x-ray equipment provides the DAP in both DICOM

FIG 1. Position of the dosimeters on patient eyes.
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headers and patient dose reports and can be used as a patient

dose indicator, provided it is duly calibrated. In this case, the

DAP meter had a deviation of �10%, and all DAP values had

been duly corrected. Our x-ray unit produces patient dose re-

ports that provide the fraction of the DAP delivered with flu-

oroscopy (high added filtration) and with DSA (low added

filtration). This information was used to calculate a corrected

calibration factor for each procedure, by combining the cali-

bration factors for fluoroscopic and DSA beams proportion-

ally to the fraction of fluoroscopic and DSA DAP included in

the dosimetric report. Once the calibration factor had been

derived for each procedure, the OSLD reading was then trans-

lated into dose. Regarding angular dependence and for the

beam qualities used in this study, angular dependence has been

measured and resulted in a difference in response of �15% in

the worst case (beam incidence of �90° in the lower energetic

beam) and �3% for high-filtered beams. Besides the eye dose,

other relevant parameters were recorded, such as the dose at

the patient entrance reference point,14 the fluoroscopy time,

the number of DSA and CBCT series, and the number of images.

To measure the dose contribution to the eyes during CBCT

runs, we performed a phantom simulation. We laid down an

anthropomorphic phantom model, Rando (The Phantom Lab-

oratory, Salem, New York), over the examining couch, center-

ing the phantom head at the isocenter. Optically stimulated

luminescence dosimeters were attached over the phantom eyes

(Fig 2). Doses at the phantom eyes were measured with the

2 modes of operation available in this x-ray system: low dose

and high resolution. Both modes of operation have been de-

scribed previously in this section. The specific calibration fac-

tor for the CBCT beam quality was measured for the OSLDs.

Regression analysis between the eye dose and DAP was per-

formed with the statistical package SPSS, Version 12 (IBM, Ar-

monk, New York).

An independent local ethics committee approved this study

under the title “Radiologic Risks in Fluoroscopy Guided Pro-

cedures” (code B-09/20). Patients agreed to allow anonymous

dosimetric information to the investigation.

RESULTS
Of 36 procedures measured, 5 were diagnostic and 31 were

therapeutic. Table 1 summarizes the main results of patient

doses. The maximum doses delivered to the left eye, liable to

receive direct radiation from the lateral C-arm, resulted in 81

mGy for diagnostic procedures and 2080 mGy for therapeutic

ones. Five of the 31 embolizations (16%) resulted in doses in

the left eye greater than the threshold of 500 mGy. Table 2

shows the main dosimetric parameters of those procedures.

The linear regression between the DAP (in grays � squareFIG 2. Anthropomorphic phantom with OSLDs over the eyes.

Table 1: Main statistics for parameters related to patient dose for diagnostic and therapeutic procedures
DAP (Gy × cm2) Fluoroscopy Time (sec) No. of DSA Images Right Eye K (mGy) Left Eye K (mGy)

Diagnostic (n � 5)
Min 36 169 87 17 24
Max 86 1581 958 28 81
Mean � SD 56 � 21 657 � 560 484 � 421 20 � 11 67 � 32
Median 44 407 293 23 67
1stQ 44 362 165 21 52
3rdQ 72 768 920 24 77

Therapeutic (n � 31)
Min 63 680 112 9 32
Max 479 5250 2410 173 2084
Mean � SD 203 � 120 1680 � 900 1030 � 460 62 � 37 303 � 409
Median 164 1400 1000 57 172
1stQ 115 1120 750 42 77
3rdQ 248 2200 1180 76 315

Note:—1stQ indicates first quartile; 3rdQ, third quartile; K, air kerma; Min, minimum; Max, maximum.

Table 2: The dosimetric data for the 5 therapeutic procedures with left eye doses >500 mGy

Procedure
DAP

(Gy × cm2)
Fluoroscopy

Time (sec)
No. of
Images

AKR Frontal
(mGy)

AKR Lateral
(mGy)

Right Eye
Dose (mGy)

Left Eye
Dose (mGy)

AVM 227 1407 1283 2388 599 – 671
Aneurysm 271 2412 1020 1978 880 58 614
Aneurysm 214 1956 2412 2314 714 118 936
AVM 466 5254 979 3801 1711 129 2080
AVM 423 1801 1801 2220 724 173 911

Note:—AKR indicates the air kerma in the patient entrance reference point for the frontal and lateral C-arms.
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centimeters) and the dose at the left eye (in milligrays) resulted

in an expression Dose at Eye � 2.1 � DAP, with a correlation

coefficient of r2 � 0.63 (P � .001). Figure 3 shows the left and

right eye dose histogram for cerebral embolizations.

During a CBCT irradiation, the doses at the patient en-

trance reference point were 32 and 64 mGy for the low dose

and high resolution, respectively. On the anthropomorphic

phantom’s eyes, the doses were 10 mGy in the CBCT low-dose

mode and 20 mGy for the high resolution.

DISCUSSION
The dose values at the phantom’s eyes of 10 and 20 mGy measured

for this x-ray unit during the CBCT acquisitions correspond to

3%– 6% of the average left eye dose for a therapeutic procedure

and 15%–30% for a cerebral angiography. Compared with the

dose at the patient entrance reference point reported by the x-ray

system during a CBCT run, the eye dose resulted in a fraction of

30%. The values in our x-ray system are of the same order of

magnitude as the ones reported by Koyama et al,15 who measured

20 mGy in eye lenses using diodes.

In diagnostic cases, patient DAPs were lower than those in

therapeutic cases: 56 � 21 Gy � cm2 versus 203 � 120 Gy �

cm2 (mean � SD). These values of DAP are even lower than the

ones reported by several authors16-18 who showed average

DAPs from 68 to 158 Gy � cm2 for angiography and from 215

to 382 Gy � cm2 for embolization. Sandborg et al,8 who also

included eye doses, reported 55 and 190 Gy � cm2 for angiog-

raphies and embolizations, respectively (ie, doses similar to

those found in this investigation). The maximum eye dose re-

corded during a cerebral angiography was 81 mGy, much lower

than the threshold of 500 mGy.

The OSLD located at the left eye (in

front of the lateral C-arm x-ray tube)

read an average dose 4.8 times greater

than the one located at the right eye. The

average dose of 300 mGy measured at

the left eye can be considered important

compared with the threshold recom-

mended by ICRP (500 mGy). This mean

value is of the same order of magnitude

as the one reported by Moritake et al7

(380 mGy) but much higher than the

one reported by Sandborg et al8 (71

mGy). The sample of Sandborg et al had

a mean DAP similar to ours (190 versus

203 Gy � cm2) for embolizations, but in

comparison, the eye doses were drasti-

cally lower (71 mGy versus our 300

mGy). In our sample, 5 cases (16%) of

the 31 therapeutic procedures measured

resulted in doses of �500 mGy at the left

eye. With such a level of radiation, the

possibility of producing opacities or cat-

aracts in patients’ eyes should be consid-

ered, especially in patients requiring sev-

eral procedures to be treated properly.

At the right eye, the dose measured was

below 200 mGy, a value unlikely to pro-

duce opacities.

The maximum radiation dose mea-

sured at the left eye was 2080 mGy dur-

ing an AVM located in the anterior

fossa, with a DAP of 466 Gy � cm2 (88

fluoroscopy minutes and 979 images).

FIG 3. Left and right eye doses measured with OSLDs during cerebral
embolizations.

FIG 4. A and B, Nonoptimal lateral projection without and with subtraction where the left eye is
irradiated. C and D, The proposed collimation to avoid eye irradiation. The arrow in B indicates
some contrast in colloids via the ophthalmic artery that may be chosen as the edge to collimate
the lateral beam.
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In such a case, opacities in this eye are likely to occur; 4.4 mGy

in the left eye per Gy � cm2 is an extreme case well above the

average tendency of 2.1 mGy/(Gy � cm2). This uncommonly

high dose may certainly result from the patient’s pathology

being located in the anterior fossa, close to the eye. This par-

ticular patient, with a high-volume AVM, needed 6 INR pro-

cedures within 18 months, with a total cumulative DAP of 800

Gy � cm2. It was not possible to measure the eye dose with

OSLDs in the course of the 6 procedures, but if we assume that

no additional measures could be taken to protect the eyes, this

patient might have received almost 4000 mGy. This patient and

his relatives were informed of the risks of developing cataracts

and of how to proceed should this happen.

Another case of interest, with a high DAP of 480 mGy � cm2

but with a very low eye dose of 94 mGy, was an embolization

located at the posterior side of the head, during which the neuro-

radiologist had taken precautions to protect the patient’s eye

lenses from the lateral beam in most DSA series. This example

shows that even during complex procedures with a large DAP, it is

still possible to reduce the eye dose when clinically compatible,

provided proper collimation in the lateral beam is used to protect

the eye. After further analysis of the sample of procedures, we

concluded that in some cases, collimation could be optimized.

Figure 4A, -B shows a nonoptimal lateral projection from an

AVM embolization in which the left eye was irradiated. Figure 4C,

-D shows the optimal proposal based on a retrospective analy-

sis during a joint optimization session by neuroradiologists

and medical physicists. This collimation provides eye protec-

tion while keeping enough FOV to monitor and prevent pos-

sible iatrogenic embolizations.

The correlation between DAP, probably the most frequently

used dose indicator, and the dose at the left eye was small (r2 �

0.6), certainly limited by the influence of other factors like the

collimation of the lateral beam and the lesion location (close or

distant from the eyes). The combination of these 3 variables

should, therefore, be taken into account to evaluate the risk of

producing lens opacities.

So far the radiation dose has been analyzed during 1 single

INR procedure, but it is, however, common for a patient to

undergo �1 procedure. This hospital is a reference center for

the treatment of AVMs of grades IV and V (Spetzler-Martin):

95% of the AVMs performed here are grades 4 and 5 and all of

them require several procedures. In fact, only 6 (17%) of the 36

patients in this sample had undergone only 1 INR procedure at

the time; 11 patients (30%) had undergone 3 or 4 procedures;

10 patients (28%), 5 or 6 procedures; and 9 patients (25%), �6

procedures. It was not possible to measure the eye doses in all

these cases, but all the DAPs were recorded, giving an average

of 566 Gy � cm2, with 17 patients (47%) with �300 Gy � cm2.

This value of 300 Gy � cm2 is the DAP obtained from the linear

regression equation that may produce eye lens doses over the

threshold of 500 mGy. The average age of this patient sample

was 59 years, with 9 patients (25%) younger than 50 years of

age, therefore with a long life expectancy.

Finally, the difference of 10% in calibration factors used for

the various procedures indicates that uncertainties due to the

response of OSLDs to beam quality have been reduced. Never-

theless and despite the corrections made, other factors arose

from the calibration process and the angular dependence of the

dosimeters, which could increase the uncertainty to 20%.

CONCLUSIONS
During INR therapeutic procedures in a biplane x-ray system,

it is possible to deliver relevant doses to the eye lens. For the

sample presented in this article, 16% of the therapeutic proce-

dures measured resulted in eye doses higher than the threshold

of 500 mGy for lens opacities. The factors that could modify

the eye doses are the DAP delivered, the lesion localization,

and the possibility of collimating the lateral x-ray beam to

protect the eye. Given that most patients in this sample had

undergone several INR procedures, the fraction of patients

with a DAP that potentially may result in lens doses over the

recommended threshold (�300 Gy � cm2) was 47%. When

optimizing the collimation in the lateral beam to prevent direct

eye irradiation, the risk of eye lens opacities is reduced to neg-

ligible levels. A follow-up of patients receiving high doses in

the eyes should be considered to evaluate potential lens opac-

ities and to decide whether the possibility of producing in-

duced opacities should be included in the informed consent.

The most effective actions to minimize eye doses are to colli-

mate to the necessary surgical field, especially in the lateral

beam; to avoid unnecessary acquisition series; and to use, when

possible, fluoroscopy runs instead of acquisitions.
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ORIGINAL RESEARCH
ADULT BRAIN

Diagnostic Accuracy of Transcranial Doppler for Brain Death
Confirmation: Systematic Review and Meta-Analysis

X J.J. Chang, X G. Tsivgoulis, X A.H. Katsanos, X M.D. Malkoff, and X A.V. Alexandrov

ABSTRACT

BACKGROUND AND PURPOSE: Transcranial Doppler is a useful ancillary test for brain death confirmation because it is safe, noninvasive,
and done at the bedside. Transcranial Doppler confirms brain death by evaluating cerebral circulatory arrest. Case series studies have
generally reported good correlations between transcranial Doppler confirmation of cerebral circulatory arrest and clinical confirmation of
brain death. The purpose of this study is to evaluate the utility of transcranial Doppler as an ancillary test in brain death confirmation.

MATERIALS AND METHODS: We conducted a systematic review of the literature and a diagnostic test accuracy meta-analysis to
compare the sensitivity and specificity of transcranial Doppler confirmation of cerebral circulatory arrest, by using clinical confirmation of
brain death as the criterion standard.

RESULTS: We identified 22 eligible studies (1671 patients total), dating from 1987 to 2014. Pooled sensitivity and specificity estimates from
12 study protocols that reported data for the calculation of both values were 0.90 (95% CI, 0.87– 0.92) and 0.98 (95% CI, 0.96 – 0.99),
respectively. Between-study differences in the diagnostic performance of transcranial Doppler were found for both sensitivity (I2 � 76%;
P � .001) and specificity (I2 � 74.3%; P � .001). The threshold effect was not significant (Spearman r � �0.173; P � .612). The area under the
curve with the corresponding standard error (SE) was 0.964 � 0.018, while index Q test � SE was estimated at 0.910 � 0.028.

CONCLUSIONS: The results of this meta-analysis suggest that transcranial Doppler is a highly accurate ancillary test for brain death
confirmation. However, transcranial Doppler evaluates cerebral circulatory arrest rather than brain stem function, and this limitation needs
to be taken into account when interpreting the results of this meta-analysis.

ABBREVIATIONS: CCA � cerebral circulatory arrest; Q* � index Q test; QUADAS � Quality Assessment of Diagnostic Accuracy Studies; sROC � summary receiver
operating curve; TCD � transcranial Doppler; SE � standard error

The concept and irreversibility of brain death have evolved in

the past 50 years, further differentiating it from “irreversible

coma” as initially described in 1968.1 Today, the clinical exami-

nation, apnea test, etiology, and ascertainment of irreversibility;

radiologic confirmation of a structural lesion; and elimination of

confounding laboratory tests remain the criterion standard for

brain death diagnosis.2

Ancillary testing for brain death confirmation remains contro-

versial. The latest guidelines from the American Academy of Neu-

rology and American Academy of Pediatrics report insufficient

evidence for determining brain death with ancillary tests.3,4 How-

ever, ancillary tests remain essential in brain death confirmation

when clinical instability prevents safe use of an apnea test5,6 or

barbiturate therapy or hypothermia precludes proper brain death

confirmation.7 In such circumstances, ancillary testing may com-

plement criterion standard testing and confirm brain death.

Transcranial Doppler (TCD) is useful for ancillary brain death

confirmation because it is safe and noninvasive. TCD confirms

brain death by evaluating cerebral circulatory arrest (CCA),

which has distinctive flow patterns: oscillatory flow representing

reversal of diastolic flow and systolic spikes representing lack of

net forward flow.

Case reports and case series have generally reported good cor-

relations between TCD confirmation of CCA and clinical confir-
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mation of brain death, with sensitivities ranging from 70.5% to

100%. Most recently, a meta-analysis of 10 studies demonstrated

TCD having a sensitivity of 89% and specificity of 99% compared

with the criterion standard clinical confirmation of brain death.8

However, this review omitted key methodologies, including esti-

mation of publication bias and the relative strength of each study,

and did not adopt Quality Assessment of Diagnostic Accuracy

Studies (QUADAS) methodology that standardizes quality assess-

ment and diagnostic accuracy of individual studies in systematic

reviews.9

In view of these former considerations, we conducted a sys-

tematic review of the literature and a meta-analysis adopting the

Preferred Reporting Items for Systematic Reviews and Meta-

Analyses guidelines10 and by using QUADAS methodology9 for

quality assessment of included studies. The aim of this meta-anal-

ysis was to compare the sensitivity and specificity of TCD confir-

mation of CCA with clinical confirmation of brain death.

MATERIALS AND METHODS
Data Sources and Study Selection
We searched PubMed, Scopus, and the Cochrane Central data

bases for all published studies by using the terms “transcranial

Doppler,” “cerebral circulatory arrest,” and “brain death.” Three

reviewers (J.J.C., G.T., and A.H.K.) examined the references in-

dependently to exclude duplicates. The last literature search was

conducted on October 16, 2014. Relevant review articles were

examined to identify those that might have been missed in the

data base search. We imposed no language limitations on the

literature search. Case reports, studies not offering a comparison

criterion standard clinical examination, and studies consisting of

an exclusively pediatric population or primarily focusing on TCD

analysis in populations with structural defects of the cranium

were excluded.

Study Eligibility
All retrieved studies were independently examined by 3 reviewers

(J.J.C., G.T., and A.H.K.) to determine overall eligibility. Prospec-

tively collected, retrospective, and case series were included. In-

clusion criteria for studies were as follows: 1) clinical confirma-

tion of brain death serving as a criterion standard; 2) insonation

window that included a transtemporal, suboccipital, or transor-

bital approach; 3) studies in which quantitative numbers could be

extrapolated to calculate sensitivities and specificities; and 4) ages

ranging from neonate to 100 years of age while excluding studies

focused solely on pediatric populations.

Data Extraction
The following information from each study was extracted by the 3

investigators independently: true-positives, false-negatives, true-

negatives, false-positives, etiology of neurologic injury, and win-

dow used for insonation. When identifying the accuracy of TCD

waveforms for sensitivity and specificity analysis, we used the fol-

lowing rules: First, waveforms that could not be obtained through

the necessary bone windows on TCD were marked as a false-

negative result, ultimately lowering the sensitivity for the study

and, in some cases, resulting in a lower sensitivity than that re-

ported by the article. Second, for serial TCD examinations, sensi-

tivity was calculated by using the last TCD examination com-

pleted because this would have been closest to CCA and would

yield the highest sensitivity.

As recommended by the Cochrane Collaboration (http://

www.cochrane.org/), the QUADAS-2 tool (http://www.bris.ac.uk/

quadas/quadas-2/) was used to assess the risk of bias of each primary

study that reported both sensitivity and specificity measures.9,11 The

3 reviewers independently evaluated QUADAS-2 items, and conflicts

were resolved by consensus.

Data Synthesis and Statistical Analysis
Details regarding data synthesis and statistical analyses are pro-

vided in the On-line Appendix. In brief, sensitivity and specificity

were calculated for individual studies, and a random-effects anal-

ysis model (DerSimonian and Laird) was used for the estimation

of both pooled sensitivity and specificity.

Heterogeneity between studies was assessed by the Cochran Q

test and I2 statistic. Summary receiver operating curves were also

constructed by using the random-effects model. The area under

the curve and point of the curve where sensitivity equals specific-

ity index Q test were used to assess and summarize the discrimi-

nating ability of the summary receiver operating curve (sROC).

RESULTS
Study Selection and Study Characteristics
We searched PubMed and Scopus data bases, initially identifying

310 and 376 studies, respectively, that dated from 1987 to 2014.

After removing duplicates, we screened the titles and abstracts

from the remaining 455 studies, yielding 36 potentially eligible

studies for the meta-analysis. The Cochrane Central data base

search retrieved no additional studies. Full-text versions of these 36

studies were obtained, and 14 studies were excluded for the following

reasons: 1) They did not offer a comparison criterion standard clin-

ical examination,12-14 2) the exact number of patients could not be

extrapolated from the methodology or results for analysis,15,16 3) the

study consisted of an exclusively pediatric population,17-20 4) the

article was a single-patient case report,21-23 or 5) the study primarily

focused on TCD analysis in populations with structural defects of the

cranium (ie, patients with external ventricular devices or postdecom-

pressive hemicraniectomy).24,25

In the final presentation of the literature search results, there

was no conflict or disagreement between 2 reviewers (J.J.C. and

G.T.), and the 22 studies that met the protocol inclusion criteria of

the study were included in the present systematic review (Fig 1).

The characteristics of the included studies,26-47 comprising 1596

total patients, are shown in the On-line Table.

Quality Assessment
The quality assessment of included studies by using QUADAS-2 is

presented in the Table. High bias was introduced in all 22 studies

when using the risk of bias/index test asking the question “could

the conduct or interpretation of the index test have introduced

bias?” because TCDs were always performed after confirmation of

clinical brain death. Risk of bias/patient selection was introduced

in 4 studies because patients were excluded due to either TCD

windows being unobtainable27 or, by study design only, a portion

of the patients who were clinically brain dead underwent
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TCDs.34,38,43 High bias was introduced in risk of bias/flow and

timing in 3 studies because patients were excluded from analysis

due to TCD waveforms being unobtainable despite vasopressor

use,28 bone windows or clinical brain death not being deter-

mined,30 and clinical brain death and even ancillary tests not be-

ing performed because of severe clinical instability.41 Unclear bias

was introduced in applicability concerns/patient selection in 6

studies because pediatric patients were included in the analy-

sis.33,34,37,42,45,47 Finally, high bias was introduced in 1 study in

applicability concerns/index test because in addition to the stan-

dard TCD transtemporal window, contrast-induced TCD was

used.26 No study had �2 high risks of bias noted.

Data Synthesis and Statistical Analysis
The sensitivity and specificity values, with the corresponding

95% CIs, were calculated for all included studies. However,

overall sensitivity and specificity estimates were pooled from

12 of the 22 study protocols because only these studies re-

ported data for the calculation of both sensitivity and specific-

ity values (Fig 2).

In the pooled analysis of 859 patients (56.1% with clinically

confirmed brain death), overall sensitivity was 0.90 (95% CI,

0.87– 0.92; Fig 3A) and overall specificity was 0.98 (95% CI,

0.96 – 0.99; Fig 3B). Between-study differences in the diagnos-

tic performance of TCDs were found for both sensitivity (I2 �

76%, P � .001, Fig 3A) and specificity

(I2 � 74.3%, P � .001, Fig 3B). The

threshold effect was not significant

(Spearman r � �0.173, P � .612). The

sROC analysis, displaying the individ-

ual studies that reported data for the

calculation of both sensitivity and

specificity and the sROC curve (with

its corresponding 95% CI), is pre-

sented in Fig 4. The area under the

curve of sROC with the corresponding

standard error (SE) was 0.964 � 0.018,

while the Q* � SE was estimated at

0.910 � 0.028.

DISCUSSION
This study provides the most compre-

hensive review evaluating the sensitivity

and specificity of TCD in confirming

brain death. The results of this meta-

analysis suggest that TCD is a highly

accurate ancillary test for brain death

confirmation with a sensitivity and spec-

ificity of 90% and 98%, respectively.

Moreover, the area under the curve of

sROC was estimated at 0.964, under-

scoring the very satisfactory diagnostic

yield of TCD for diagnosing CCA.

The findings of this meta-analysis are

roughly in line with the prior meta-anal-

ysis of Monteiro et al,8 with a sensitivity

of 89% and specificity of 99% when us-

ing TCD for brain death confirmation.

In our meta-analysis, we included all 12 studies used in that article

and 10 additional studies. We also improved on the study design

by systematically evaluating potential sources of bias and the rel-

ative strengths of each study. Moreover, sROC analyses were not

performed in the study of Monteiro et al, while Q* was also not

estimated. Finally, the risk of bias was not systematically ad-

dressed by QUADAS methodology. The findings of the present

meta-analysis when combined with the study of Monteiro et al

argue in favor of using TCD as a standard ancillary test for brain

death diagnosis, because TCD remains an inexpensive, easily re-

peatable, and noninvasive examination.

Quality of Study
Evaluation of QUADAS elicited several concerns about the

quality of the studies that are largely unavoidable given the

nonrandomized, observational nature of these individual

studies. First, high bias was introduced in all studies regarding

the risk of bias/index test. This was inevitable because TCD and

any ancillary test will always be measured against and com-

pleted after clinical brain death confirmation. Regarding the

risk of bias/patient selection, high bias was introduced in 4

studies and unclear bias was introduced in 4 studies. Azevedo

et al27 introduced bias because they did not enroll patients in

whom TCDs could not be obtained, while they failed to de-

FIG 1. Flow chart diagram presenting the selection of eligible studies. EVD indicates external
ventricular drain.
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scribe the number of excluded patients. The other 3 articles

introduced high bias in this category because they were pri-

marily designed to use and compare various ancillary tests in

brain death confirmation (TCD being used in addition to

angiography, electroencephalography, intracranial pressure

monitoring, and somatosensory-evoked potentials).34,38,43 Al-

though high bias was introduced in 3 studies regarding risk of

bias/flow and timing, the exclusion of these patients was un-

avoidable due to clinical instability. In all 3 studies, these pa-

tients were likely excluded because they had reached an ad-

vanced state of brain herniation that left them in multiorgan

dysfunction with extreme hemodynamic instability.28,30,41

Unclear bias was introduced in 5 studies regarding applicabil-

ity concerns/patient selection because pediatric populations

were incorporated and analyzed. Enough details were not pro-

vided to individually remove the pediatric patients. Although

Quality assessment of eligible studies
Risk of Bias Applicability Concerns

Patient
Selection

Index
Test

Reference
Standard

Flow and
Timing

Patient
Selection

Index
Test

Reference
Standard

Abadal et al26 L H L L L Ha L
Azevedo et al27 Hb H L L L L L
de Freitas and André28 L H L Hc L L L
Dominguez-Roldan et al29 L H L L L L L
Dosemeci et al30 L H L Hc L L L
Ducrocq et al31 L H L L L L L
Feri et al32 L H L L L L L
Hadani et al33 L H L L Ud L L
Hassler et al34 He H L L Ud L L
Kuo et al35 L H L L L L L
Lampl et al36 L H L L L L L
Newell et al37 L H L L Ud L L
Orban et al38 He H L L L L L
Paolin et al39 L H L L L L L
Petty et al40 L H L L L L L
Poularas et al41 L H L Hc L L L
Powers et al42 L H L L Ud L L
Su et al43 He H L L L L L
Van Velthoven and Calliauw44 L H L L L L L
Wang et al45 L H L L Ud L L
Welschehold et al46 L H L L L L L
Zurynski et al47 L H L L Ud L L

Note:—L indicates low-risk; H, high-risk; U, unclear.
a Used alternative TCD index tests: contrast-induced TCD.
b Did not enroll patients when TCD windows could not be obtained.
c Patients were excluded from analysis.
d Subset of the population explored included children (younger than 18 years); not enough information provided to differentiate how many children were included in the study.
e Of the total number of patients clinically diagnosed with brain death, only a portion of these patients underwent TCD.

Welschehold et al, 2012

FIG 2. Sensitivity and specificity ratios of individual studies, with their corresponding 95% confidence intervals. TP indicates true-positive; FP,
positive; FN, false-negative; TN, true-negative.
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unfortunate, as evidenced by mean ages, these populations

were primarily adult.33,34,37,42,45,47 Finally, 1 study introduced

high bias in applicability concerns/index test because while

using tests that incorporated a standard TCD window (trans-

temporal), this study also introduced contrast-induced TCD

to increase sensitivity.26

Limitations
Several limitations must be addressed when using TCDs for

confirmation of brain death: 1) worse sensitivity of TCD com-

pared with the clinical examination, 2) association between the

mechanism of neurologic injury and the sensitivity of TCD,

3) the impossibility of having perfect sensitivity with TCDs,

and 4) the impossibility of preventing false-positive results.

First, TCD will ultimately have lower sensitivity than clinical

confirmation of brain death at earlier time points because

blood vessel velocities and patterns demonstrated on TCDs for

brain death confirmation depend on CCA. Although isolated

case reports exist demonstrating clinical confirmation of brain

death, followed by CCA, and then a

rebound improvement in the clinical

examination (usually via resumption

of respiratory drive),21 CCA repre-

sents a more severe pathologic state

than brain death because it is charac-

terized by refractory high intracranial

pressures preventing cerebral perfu-

sion. Therefore, CCA should usually

temporally occur after brain stem dys-

function. This was shown because se-

rial TCDs conducted on patients who

were clinically brain dead always re-

sulted in the best sensitivities occur-

ring at later time points.30,33,38,41 In

addition, the accuracy of TCD evalua-

tion for brain death may also be sub-

ject to brain death criteria used in dif-

ferent countries, the largest difference

being inclusion of apnea testing which

was present in 59% of countries sur-

veyed48 and would likely result in

lower TCD sensitivities.

Second, confirmation of brain death

via TCD is influenced by the mechanism

of neurologic injury. The classic neurologic injury leading to brain

death is a supratentorial mass lesion with downward herniation

into the brain stem.49 Because herniation continues due to in-

creased intracranial pressure, cerebral perfusion will wane and

finally be absent, resulting in CCA and corresponding TCD wave-

forms. Other etiologies that result in global cerebral edema (diffuse

anoxic brain injury, leukoencephalopathy from toxin ingestion,

poor-grade subarachnoid hemorrhage, and diffuse traumatic brain

injury) will also lead to refractory intracranial pressures and CCA

whose waveform patterns can be detected by TCD.

Third, TCDs will never offer perfect sensitivities because

structural abnormalities will inevitably arise, primarily with ob-

taining adequate bone windows. Sixty-four patients were re-

ported to have unobtainable bone windows during TCD exami-

nation in 8 studies of this meta-analysis (On-line Table), giving a

corresponding insufficient insonation rate of 8.4% (range, 2.8%–

16%). These patients were evaluated as false-negatives, and this

decreased the sensitivity measure. In addition, due to unilateral

supratentorial lesions, cases will occur in which 1 large vessel will

FIG 3. Pooled sensitivity (A) and specificity (B) of eligible studies reporting both diagnostic accuracy testing parameters.

FIG 4. The summary receiver operating characteristic curve with its corresponding 95% confi-
dence interval of the diagnostic threshold of transcranial Doppler in the diagnosis of brain death.
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demonstrate a CCA pattern on TCD without this occurring in the

contralateral vessel.39 In addition, abnormalities of the cranium,

primarily manifested by postsurgical procedures such as decom-

pressive hemicraniectomy24,25 or external ventricular device

placement,24 or the more malleable cranium of infants and young

children,23 will lead to decreased sensitivities. The most likely

mechanism for this was increased pulsatile arterial blood flow

introduced by relief of intracranial pressure.

Fourth, although having an extremely high specificity, false-

positive results with TCDs are still possible and occurred in 3

studies. In Powers et al,42 2 of these false-positive cases occurred

because though TCD confirmation did precede clinical brain

death, unanticipated cardiopulmonary arrest prevented the inev-

itable confirmation of clinical brain death. The last false-positive

result occurred in a 31-year-old woman with a gunshot wound to

the head who had retrograde diastolic flow velocities noted on

TCD but who also had extremely high net flow velocities. Her

neurologic function improved, and she was ultimately discharged

from the hospital.42 In Su et al, 43 2 false-positives occurred; how-

ever, details behind these results were not evaluated in the article.

Finally, Dosemeci et al30 had 1 false-positive brain death result

with TCD, which was associated with a patient with TCD wave-

forms suggestive of CCA but who still had weak respiratory move-

ments elicited by an apnea test.

Finally, no adjustment was reported in the individual study

protocols, thus providing only the unadjusted sensitivity/specific-

ity measures in the published reports of the included studies.

Therefore pooling of unadjusted sensitivity/specificity measures

can neither eliminate the risk of potential confounder existence in

the included study protocols nor exclude their accession to the

pooled estimates.

Topics of Future Study
Several topics may help clinicians better understand the limita-

tions associated with TCD use in brain death confirmation. One

such topic may be trying to better understand the mechanism and

pathophysiology associated with CCA. This would include gain-

ing a better understanding of the time lag that occurs from brain

death to CCA. Such knowledge may assist in determining the

earliest time to use TCD as ancillary confirmation of brain death.

Other future studies would evaluate how TCD velocity changes

relative to skull defects or abnormalities. Future studies would

likely need to segregate infants and young children from adults

because of their malleable skulls.

CONCLUSIONS
In our meta-analysis, TCD as ancillary testing for brain death was

found to be highly sensitive and specific with rates of 89% and

98%, respectively. However, the main limitation of TCD is that it

detects CCA rather than brain stem dysfunction, which will inev-

itably result in less sensitivity than the clinical examination. As a

result, TCD is still best suited for an ancillary test to be performed

when clinical conditions or medications make the clinical exam-

ination unsuitable.
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ORIGINAL RESEARCH
ADULT BRAIN

Utility and Significance of Gadolinium-Based Contrast
Enhancement in Posterior Reversible Encephalopathy

Syndrome
X S.J. Karia, X J.B. Rykken, X Z.J. McKinney, X L. Zhang, and X A.M. McKinney

ABSTRACT

BACKGROUND AND PURPOSE: Posterior reversible encephalopathy syndrome is a clinicoradiologic syndrome. Literature regarding
associated factors and the prognostic significance of contrast enhancement in posterior reversible encephalopathy syndrome is sparse.
This study set out to evaluate an association between the presence of enhancement in posterior reversible encephalopathy syndrome and
various clinical factors in a large series of patients with this syndrome.

MATERIALS AND METHODS: From an MR imaging report search that yielded 176 patients with clinically confirmed posterior reversible
encephalopathy syndrome between 1997 and 2014, we identified 135 patients who had received gadolinium-based contrast. The presenting
symptoms, etiology, clinical follow-up, and maximum systolic and diastolic blood pressures within 1 day of MR imaging were recorded.
MRIs were reviewed for parenchymal hemorrhage, MR imaging severity, and the presence and pattern of contrast enhancement. Statistical
analyses evaluated a correlation between any clinical features and the presence or pattern of enhancement.

RESULTS: Of 135 included patients (67.4% females; age range, 7– 82 years), 59 (43.7%) had contrast enhancement on T1-weighted MR
imaging, the most common pattern being leptomeningeal (n � 24, 17.8%) or leptomeningeal plus cortical (n � 21, 15.6%). Clinical outcomes
were available in 96 patients. No significant association was found between the presence or pattern of enhancement and any of the
variables, including sex, age, symptom, MR imaging severity, blood pressure, or outcome (all P � .05 after Bonferroni correction).

CONCLUSIONS: The presence or pattern of enhancement in posterior reversible encephalopathy syndrome is not associated with any of
the tested variables. However, an association was found between MR imaging severity and clinical outcome.

ABBREVIATIONS: DBPmax � maximum diastolic blood pressure; PRES � posterior reversible encephalopathy syndrome; SBPmax � maximum systolic blood
pressure

Posterior reversible encephalopathy syndrome (PRES) is a

clinical and radiographic syndrome that may result from var-

ious etiologies but is most commonly associated with hyperten-

sion, eclampsia, or treatment with immunosuppressant medica-

tions.1-4 The exact pathophysiology of this condition remains

uncertain, but it has been postulated to relate to dysfunction in

cerebral autoregulation or endothelial injury. Contrast enhance-

ment can variably be present on MR imaging in patients with

PRES, having been described in up to 38% of patients, but the

significance of this is unclear. The presence of contrast enhance-

ment implies dysfunction of the blood-brain barrier, and it has

been postulated that the presence of enhancement in many pa-

tients with PRES may further point to endothelial injury as a pos-

sible cause.4-8

Whether the presence or pattern of contrast enhancement is

related to disease severity, etiology, or prognosis is currently un-

known because the umbrella of PRES encompasses a vast array of

etiologies and imaging appearances. While the clinical picture of

PRES is variable, not all cases are fully reversible.7,8 Typically, the

use of gadolinium-based contrast is not necessary to solidify the

diagnosis of PRES because the typical imaging appearance of cor-

tical and/or subcortical edema on FLAIR or T2WI, with a corrob-

orative clinical history, is decisive.1,7,9-13 Meanwhile, although

most of the prior literature has described the edema patterns of

PRES on FLAIR or T2WI, such studies have hardly focused on the

patterns of enhancement or the clinical implications of such en-

hancement.7-12 Several smaller series have described the inci-
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dence and features of enhancement on MR imaging in PRES, with

variable frequency.3,4,7,8,14,15 Given such variability, this study set

out to review a larger series of patients with clinically confirmed

PRES to determine whether an association could be made be-

tween the presence of contrast enhancement and etiology, prog-

nosis, or a host of other clinical factors.

MATERIALS AND METHODS
Patient Selection
This retrospective study was approved by the institutional review

boards of 2 hospitals, one being a tertiary care center and the other

a level 1 trauma center. An MR imaging data base search was

conducted for patients in whom the radiologic and clinical fea-

tures of PRES were present within a 17-year period (1997–2014),

yielding 176 patients with clinically confirmed PRES. The single

inclusion criterion was having postcontrast T1WI in addition to

the FLAIR images used to diagnose PRES. The exclusion criterion

was either the lack of postcontrast T1WI or motion artifacts ren-

dering the MR imaging uninterpretable. Patients with other co-

morbidities were not excluded, provided they were diagnosed

with PRES.

The clinical criteria of PRES were defined as the presence of at

least 1 acute neurologic deficit and clinical corroboration of sus-

pected PRES on MR imaging. The radiologic features of PRES

were defined by the presence of edema in characteristic distribu-

tions, as described previously.7,9,10 The medical records of these

patients were also reviewed to retrieve patient demographics and

clinical data, including sex, age, primary presenting symptom,

presumed etiology, maximum systolic blood pressure (SBPmax)

and maximum diastolic blood pressure (DBPmax) (both within 1

day of the MR imaging examination), and clinical outcome (if

clinical follow-up was available). Regarding the clinical follow-

up, the goal was a clinical examination performed at least 60 days

after the initial presentation.

Clinical Severity and Outcome Scoring
Five categories of clinical outcome based on the follow-up evalu-

ation were established on the basis of a prior study of PRES and

acute toxic leukoencephalopathy, which consisted of the follow-

ing: return to baseline clinical condition (grade 0); minimal resid-

ual cognitive deficit (grade 1); mild persistent neurologic deficit

(grade 2); moderate persistent neurologic deficit (grade 3); and

severe outcome including no improvement (eg, persistent), sei-

zures, coma, or death (grade 4).16

MR Imaging Sequence Protocols
The MR imaging examinations were performed on 6 different

scanners (4 with 1.5T magnet strength and 2 with 3T magnet

strength) during the 17-year period, which routinely included

axial T1WI, T2WI, T2 FLAIR images, DWI, and postcontrast

T1WI.

Radiologic Severity and Grading
Retrospective review by consensus by 2 staff neuroradiologists

(A.M.M., J.B.R.), with 12 and 4 years of experience respectively, was

performed to evaluate the presence of intracranial hemorrhage, the

pattern of radiologic severity, and the presence and pattern of con-

trast enhancement. Analysis of the clinical details of each case was

performed separately, but with joint (consensus) grading of MR im-

aging severity. The grading of radiologic severity generally follows

that previously used in the literature, with the addition of a new

“minimal” grade (grade 1) to account for an earlier or milder form of

PRES that has occurred with improving recognition of the disor-

der.4,7,9 This minimal grade was defined as symmetric, cortical in-

volvement of only 1 lobe (frontal, temporal, parietal, or occipital)

without involvement of the basal ganglia, brain stem, or deep white

matter. The remaining degrees of “mild,” “moderate,” and “severe”

grades adhere to the system previously described.7,9

FIG 1. Organizational chart of the makeup of the cohort for this study, including MR imaging severity and various clinical factors. LM indicates
leptomeningeal.
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When assessing the presence and pattern type of contrast en-

hancement, we further categorized the included patients as hav-

ing leptomeningeal, cortical, or parenchymal nodular patterns of

enhancement or a combination of any of these patterns, similar to

that previously described.7

Statistical Analysis
An analysis of variance was performed to investigate whether sex,

age, clinical presentation (symptom), DBPmax, SBPmax, MR im-

aging severity, or clinical outcome was associated with patterns of

contrast enhancement and as an analysis to evaluate a correlation

between the radiologic severity and clinical outcomes. P values

were calculated from the 2-sample t test/1-way ANOVA for con-

tinuous variables and the Fisher exact test for categoric variables

when comparing variables of interest by contrast enhancement.

Thereafter, the mean and its 95% confidence intervals were cal-

culated for continuous variables regarding the types of enhance-

ment. A pair-wise comparison was performed after applying a

Bonferroni adjustment for association with statistical signifi-

cance, setting the P value at �.017 (P � .05/3). We applied a

logistic regression to investigate predictors of contrast enhance-

ment, calculating odds ratios and 95% confidence intervals. No-

tably, regarding outcome scoring, the grade 4 category (death)

was merged with the “no follow-up” category to prevent the po-

tential introduction of bias because most patients died from rea-

sons other than PRES.

RESULTS
Of the 176 patient records reviewed, 41 patients were excluded

from the dedicated MR imaging review due to the lack of post-

contrast T1WI. A summary of the 135

included patients is presented in the

form of an organizational chart in Fig 1,

illustrating the patient cohort, and par-

ticularly showing the percentage of pa-

tients with the various MR imaging se-

verity grades (exemplified in Figs 2–5)

and clinical outcome grades in both the

contrast-enhancing and nonenhancing

subgroups.

Clinical Findings
Of the 135 patients with PRES, the ages

ranged from 7 to 82 years (mean, 40 �

20 years; range, 3– 80 years), 67.4% be-

ing female, as shown in Table 1. The

most common primary attributable

etiology of PRES was immunosup-

pressant or chemotherapeutic medica-

tions (n � 60), followed by the follow-

ing: essential hypertensive emergency

(n � 21), sepsis (n � 14), eclampsia

(n � 12), systemic lupus erythemato-

sus (n � 7), and multidrug use includ-

ing cocaine abuse or alcohol with-

drawal resulting in hypertensive crisis

(n � 7). Other individual causes in-

Table 1: Summary statistics for variables of interest by presence/
absence of enhancement

Variable and
Category

Contrast Enhancement

P Value
Positive
(n = 59)

Negative
(n = 76)

Sex
Male 15 (25%) 29 (38%) .14
Female 44 (75%) 47 (62%)

Age
Median 43 44 .753
Mean 41 42

MRI severity
Minimal 5 (8.5%) 8 (10.5%) .854
Mild 26 (44%) 37 (48.7%)
Moderate 18 (30.5%) 18 (23.7%)
Severe 10 (17%) 13 (17.1%)

Symptom
Seizure 37 (62.7%) 48 (63.2%) .481
AMS 12 (20.3%) 20 (26.3%)
Others 10 (17%) 8 (10.6%)

IPH
Yes 8 (13.6%) 6 (7.9%) .395
No 51 (86.4%) 70 (92.1%)

SBPmax (mean) 159.9 168.8 .178
DBPmax (mean) 94.31 97.23 .386
Outcome score

Missing �4 28 34
0 23 (74.2%) 33 (78.6%) .522
1 3 (9.7%) 4 (9.5%)
2 3 (9.7%) 5 (11.9%)
3 2 (6.5%) 0

Note:—IPH indicates intraparenchymal hemorrhage; AMS, altered mental
status.

Table 2: Summary statistics for variables of interest by pattern of contrast enhancement

Variable and
Category

Negative
(n = 76)

Contrast Enhancement

Others
(n = 14) P Value

LM
(n = 24)

Cortical + LM
(n = 21)

Sex
Male 29 (38.2%) 4 (16.7%) 5 (23.8%) 6 (42.9%) .154
Female 47 (61.8%) 20 (83.3%) 16 (76.2%) 8 (57.1%)

Age
Median 44 45 24 57 .011
Mean 42 40 32 55

MRI severity
Minimal 8 (10.5%) 2 (8.3%) 2 (9.5%) 1 (7.1%) .942
Mild 37 (48.7%) 10 (41.7%) 10 (47.6%) 6 (42.9%)
Moderate 18 (23.7%) 6 (25%) 6 (28.6%) 6 (42.9%)
Severe 13 (17.1%) 6 (25%) 3 (14.3%) 1 (7.1%)

Symptom
Seizure 48 (63.2%) 12 (50%) 16 (76.2%) 9 (64.3%) .322
AMS 20 (26.3%) 5 (20.8%) 3 (14.3%) 4 (28.6%)
Others 8 (10.5%) 7 (29.2%) 2 (9.5%) 1 (7.1%)

IPH
Yes 6 (7.9%) 5 (20.8%) 1 (4.8%) 2 (14.3%) .233
No 70 (92.1%) 19 (79.2%) 20 (95.2%) 12 (85.7%)

SBPmax (mean) 168.8 166.7 142.8 172.8 .037
DBPmax (mean) 97.23 96.74 88.11 99.08 .260
Outcome score

Missing �4 34 13 7 8
0 33 (78.6%) 8 (72.7%) 10 (71.4%) 5 (83.3%) .305
1 4 (9.5%) 1 (9.1%) 2 (14.3%) 8
2 5 (11.9%) 0 2 (14.3%) 1 (16.7%)
3 0 2 (18.2%) 0 0

Note:—LM indicates leptomeningeal; IPH, intraparenchymal hemorrhage; AMS, altered mental status.
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cluded dysautonomia, nortriptyline overdose, and adult respi-

ratory distress syndrome, also resulting in hypertensive crisis

(n � 4). In 10 patients, the cause of PRES was unclear.

The recorded SBPmax and DBPmax within 1 day before and

after the reference MR imaging were available in 124 patients; of

these, 23% were normotensive (n � 29). The most common pri-

mary presenting symptom was seizures, present in 63% (n � 85),

followed by altered mental status in 24% (n � 32). Other primary

presenting symptoms included focal neurologic deficits (8.8%,

n � 12) and headaches (4.4%, n � 6).

Clinical follow-up was available in 96 patients. In the remain-

ing 39, no follow-up was available from the medical records. In

58% of the patients with a clinical follow-up (n � 56), there was a

return to clinical baseline with no persistent neurologic deficit at

follow-up, 7% had minimal residual neurologic deficit (n � 7),

8% had mild persistent neurologic deficits (n � 8), and 2% had a

moderate persistent neurologic deficit

(n � 2). Five percent of patients re-pre-

sented with seizures (n � 5). Nineteen

percent of patients died in the short-

term (n � 18), though only 1 patient

died with causes attributable to

PRES/seizures.

Radiologic Findings
Of the 135 included patients, 59 (43.7%)

demonstrated evidence of contrast en-

hancement, 75% of these patients being

females as shown in Table 2. Figure 2

shows an example of a case of PRES

without evidence of enhancement, a

pattern found in 76 patients (56.3%).

The most common pattern of enhance-

ment was leptomeningeal, identified in

76% (n � 45, Fig 3), whether isolated

(41%, n � 24) or combined with a

purely cortical pattern of enhancement

(35%, n � 21; Fig 5). A purely nodular

pattern of enhancement was visible in

3 patients (Fig 4), while 3 others exhib-

ited both nodular and leptomeningeal

patterns. Within the group of patients

positive for contrast enhancement,

14% had radiologic evidence of intra-
parenchymal hemorrhage (n � 8) ver-
sus 8% in the group without evidence
of intraparenchymal hemorrhage (n �
6). When we compared radiologic se-
verity, patients with evidence of con-
trast enhancement were graded with
minimal severity in 8% of cases (n �
5), mild in 44% (n � 26), moderate in
31% (n � 18), and severe in 17% (n �
10) versus 11%, 49%, 24%, and 17%
(n � 8, 37, 18, 13), respectively, in the
group of patients with no evidence of
enhancement.

No significant difference was found

between the presence of contrast enhancement and any of the

tested variables (Table 1). When enhancement was present, an

association was suggested between increased age and SBPmax and

one of the described patterns of enhancement (P � .011 and .037,

respectively) (Table 2). However, pair-wise comparison after

Bonferroni correction (for P � .05/3) rejected this hypothesis for

SBPmax (P � .029), whereas with respect to age, it failed to dem-

onstrate which group was responsible for this result (leptomen-

ingeal pattern versus cortical � leptomeningeal pattern groups,

P � .187; cortical � leptomeningeal pattern versus other types of

enhancement, P � .002; leptomeningeal versus other types of

enhancement, P � .038). This analysis was thus interpreted as a

type I error.

A statistically significant association between radiologic se-

verity and clinical outcomes was found (P � .026), as shown in

Table 3.

FIG 2. No enhancement in “minimal” PRES. A 22-year-old woman with end-stage renal dis-
ease presented with seizure, with SBPmax and DBPmax of 201/119 mm Hg within 1 day of MR
imaging. “Minimal” cortical edema is noted on FLAIR (arrows, A) in the occipital regions,
without abnormal contrast enhancement on postcontrast coronal T1WI (B). On a 3-month
follow-up 1.5T MR imaging, the edema has resolved on FLAIR (C), and there is no enhancement
on T1WI (D).
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DISCUSSION
This study set out to determine the significance of contrast en-

hancement in PRES and to determine whether there was any as-

sociation between the presence or type of enhancement and var-

ious clinical factors, including etiology, sex, maximum systolic or

diastolic blood pressure, or clinical outcome. No such associa-

tions were evident between those recorded clinical factors and

enhancement, suggesting that the presence or absence of en-

hancement does not affect prognosis. Also no association was

found between the MR imaging severity score or the presence of

hemorrhage and the presence of enhancement, which corrobo-

rates the findings of a prior study.7 Hence, intravenous gadolini-

um-based contrast is likely not necessary to evaluate the severity

or extent of PRES, though studies with control groups would be

necessary to truly prove this finding. The utility of postcontrast

imaging would be in situations in which etiologies other than

PRES are important considerations in the differential diagnosis,

such as infectious meningitis in an immunocompromised pa-

tient, subacute phase of posterior circulation infarctions (espe-

cially if bilateral), or vasculitis/cerebritis; such entities could also

exhibit leptomeningeal or cortical enhancement.

How does enhancement fit into the pathophysiology of PRES,

if at all? Enhancement is generally considered to represent break-

down or increased permeability of the blood-brain barrier.17 The

lack of a statistically significant pattern of enhancement with the

different etiologies is of uncertain significance, and the patho-

physiologic mechanism for these patterns of enhancement re-

mains unclear. The presence or absence of enhancement could

indicate different stages in the integrity of the blood-brain barrier,

perhaps even being a temporal phenomenon, with cases lacking

enhancement possibly being in a later stage at a point when the

barrier has regained impermeability. By this rationale, a high in-

cidence of enhancement would be expected in patients who are

receiving drugs that are directly toxic to the endothelium, such as

FIG 3. Leptomeningeal enhancement pattern in “mild” PRES. A 19-year-old woman with a history of systemic lupus erythematosus and
pancytopenia presented with a seizure (blood pressure unavailable). A 1.5T MR imaging demonstrates mild parieto-occipital edema on FLAIR (A),
with moderate leptomeningeal enhancement (thin arrows) on both gadolinium-enhanced FLAIR (B) and T1WI (C). D–F, A follow-up MR imaging
2 months later shows that both the mild cortical and subcortical edema on FLAIR (D) has resolved as well as the leptomeningeal enhancement
on gadolinium-enhanced FLAIR (E) and T1WI (F). While gadolinium-enhanced FLAIR was not used to score the degree of edema or enhancement,
the use of postcontrast FLAIR in this example demonstrates how enhancement can occur in areas lacking edema on noncontrast FLAIR, perhaps
due to transient blood-brain barrier injury.
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immunosuppressants.7,18,19 In this regard, 50% of the patients

who were immunosuppressed in this study (who had received

cyclosporine, tacrolimus, interferon, or mycophenolate) demon-

strated at least 1 of the patterns of contrast enhancement, a find-

ing not described previously, to our knowledge. The presence of

increased permeability of the blood-brain barrier in certain etiol-

ogies or MR imaging patterns of PRES could perhaps be further

evaluated by dynamic susceptibility contrast MR perfusion, per-

haps with measurement of a permeability leakage coefficient such

as K2, but this evaluation is beyond the scope of the current study.

In this regard, though, a prior study by Brubaker et al20 did de-

scribe a normal K2 compared with controls, but that study com-

prised only 8 patients with PRES; thus, it may not have been large

enough to adequately evaluate this phenomenon.21 Therefore,

overall, the significance of contrast enhancement in PRES re-

mains unclear but appears related to a transient impairment in

function of the blood-brain barrier.

The traditional theory regarding the underlying pathophysi-

ology of PRES is that a failure of cerebral autoregulation leads

to a state of cerebral hyperperfusion through which the blood-

brain barrier becomes permeable and that the resultant extrav-

asation of macromolecules and other changes in the extracellular

environment of the brain may induce seizures.22-26 A second the-

ory is that hypoperfusion from exaggerated vasoconstriction/va-

sospasm as part of an autoregulatory mechanism leads to isch-

emia, followed by edema, with the ischemic changes affecting

endothelial function and thus blood-brain barrier integrity. Ac-

cordingly, most studies of patients with PRES by using MR per-

fusion or hexamethylpropyleneamine

oxime SPECT noted focal regions of re-

duced perfusion, with decreased cere-

bral blood flow.10,20,27-29 Another study

did demonstrate rather focal areas of in-

creased flow on hexamethylpropylene-
amine oxime SPECT, though in a single
patient of 2 included in the study, per-
haps due to comorbidities or the delayed
timing of the scan and concomitant
therapeutic institution.30 A more re-
cently proposed theory has been that of
endothelial dysfunction due to a multi-
tude of potential causes. Accordingly,
recent studies of the effects of immuno-
suppressant medications on the endo-
thelium suggest that endothelial cell in-
jury and subsequent blood-brain barrier
impairment may cause edema and mi-
crohemorrhage.7,18,19,31,32 Such impair-
ment may explain the high rate of
contrast enhancement, which often re-
verses, and may also explain the high in-
cidence of microhemorrhages, which
are seen in up to half of patients on
SWI.32 The fact that both enhancement
and microhemorrhages occur in nor-
motensive patients from a variety of eti-
ologies suggests that the mechanisms of

hyperperfusion or hypoperfusion are

not comprehensive explanations and that endothelial injury is

more likely a common thread.1,7,10,13,19,31,32

The current study found the frequency of enhancement to be

approximately 44%, previously reported to be 21%–38%.7,8 Such

discrepancies among studies could relate to varying statistical

power or varying reviewer sensitivities to contrast enhancement.

As to differences in the composition of etiologies, the largest sub-

set was patients with immunosuppression, showing similar per-

centages (44% in the current study; 45% and 50% in a study by

Fugate et al8 and McKinney et al,7 respectively). Thus, it is un-

likely that the makeup of etiologies accounts for differences in the

described rates of enhancement.

In attributing a severity grade to the MR images of the patients

in our cohort, we attempted, as a secondary end point, to associate

the radiologic severity with clinical outcomes. A significant statis-

tical association was found (P � .0255). Covarrubias et al3 previ-

ously demonstrated an association between poor clinical outcome

and the extent of T2 signal abnormalities. This statistical associa-

tion further corroborates this finding and lends credence to the

idea of using an MR imaging severity grading system, as used in

the current and prior studies, to quantify radiologic severity. Such

descriptions of MR imaging severity could eventually aid in de-

termining the prognosis of patients with PRES.3,7

Even though this study includes one of the largest cohorts of

patients with PRES in the literature, it remains limited by being a

retrospective study, with data flaws including the absence of or

less well-defined clinical outcomes for some patients and the lack

FIG 4. Nodular enhancement pattern in “moderate” PRES. A 58-year-old man, on a multiple
chemotherapy regimen for metastatic renal cancer with sepsis, developed seizures. The patient
was hypotensive, with SBPmax and DBPmax of 92/67 mm Hg. The initial 3T MR imaging demon-
strates moderate edema from PRES, graded moderate due to the degree of cerebellar and
parieto-occipital edema on FLAIR (A and B); there is also nodular enhancement on postcontrast
T1WI (C), demonstrated in multiple planes. D, On a follow-up MR imaging 7 days later, the en-
hancing cerebellar nodular lesions have resolved.
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of consistent follow-up in all patients. In several patients, clinical

outcome may have been biased by the existence of concomitant

pathologies at the time of the diagnosis of PRES, including the

presence of intracranial hemorrhage and associated brain

infarction.

CONCLUSIONS
PRES can be readily identified on stan-

dard MR imaging, and contrast en-

hancement is not necessary during the

evaluation of suspected PRES because it

is associated with neither the MR imag-

ing severity nor the clinical outcome.

Additionally, other clinical factors such

as presenting symptoms, age, sex, maxi-

mum blood pressure (systolic or dia-

stolic), and etiology are not associated

with the presence or pattern of contrast

enhancement. A prospective study

would better confirm these findings.

The use of intravenous contrast may,

nevertheless, be helpful in the evaluation

of differential diagnoses. However, this

study does suggest a strong association

between the radiologic severity and clin-

ical outcome and brings value to the use

of an MR imaging grading scale in the

prognosis of patients with PRES to esti-

mate its reversibility.
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ORIGINAL RESEARCH
ADULT BRAIN

Prominence of Medullary Veins on Susceptibility-Weighted
Images Provides Prognostic Information in Patients with

Subacute Stroke
X X. Yu, X L. Yuan, X A. Jackson, X J. Sun, X P. Huang, X X. Xu, X Y. Mao, X M. Lou, X Q. Jiang, and X M. Zhang

ABSTRACT

BACKGROUND AND PURPOSE: The demonstration of prominent medullary veins in the deep white matter ipsilateral to acute ischemic
stroke has been shown to predict poor clinical outcome. We have investigated the prognostic implications of prominent medullary veins
in patients with subacute stroke who present outside the therapeutic window for revascularization therapy.

MATERIALS AND METHODS: Forty-three consecutive patients with ischemic stroke in the middle cerebral artery territory presenting
within 3–7 days of ictus were enrolled. The presence of prominent medullary veins in the periventricular white matter of the ipsilateral and
contralateral medullary vein hemispheres was recorded. Perfusion-weighted imaging was used to calculate differences in hemispheric CBF
from corresponding areas. Clinical outcome was classified as good if the modified Rankin Scale score was �3.

RESULTS: Prominent medullary veins were observed in 24/43 patients with 14 ipsilateral medullary veins and 10 contralateral medullary
veins. The ipsilateral medullary vein was independently associated with poor outcome (odds ratio, 11.19; P � .046). The contralateral
medullary vein was not independently predictive of outcome but was significantly more common in patients with good outcome (90.0%
contralateral medullary veins). A mean 64.5% decrease and a 52.4% increase of differences in hemispheric CBF were found in ipsilateral
medullary veins and contralateral medullary veins, respectively.

CONCLUSIONS: The ipsilateral medullary vein was a significant predictive biomarker of poor clinical outcome after stroke and was
associated with hypoperfusion. The contralateral medullary vein was associated with good clinical outcome, and we hypothesize that
prominent contralateral medullary veins indirectly reflect increased CBF in the ipsilateral hemisphere due to spontaneous recanalization
or collateral flow.

ABBREVIATIONS: �CBF � differences in hemispheric CBF; MV � medullary veins; MVc � contralateral medullary veins; MVi � ipsilateral medullary veins; Norm �
normal appearances; TIMI � Thrombolysis in Myocardial Infarction

In recent years, several groups, by using SWI in patients with

acute ischemic stroke, have observed prominent cerebral

medullary veins (MV) in the centrum semiovale and corona

radiata.1-3 It has been hypothesized that the prominence of MV

may be due to increased deoxyhemoglobin content due to an in-

crease in regional oxygen extraction in the drainage territory1,4-6

and/or dilation of cerebral veins in response to ischemia.3,7 Sub-

sequent studies have shown that abnormal hypointensity of the

MV is correlated with a prolonged mean transit time, a large per-

fusion defect,7 and increased cerebral blood volume.8 The pres-

ence of prominent dilated MV in the periventricular white matter

on SWI has been called the “brush sign.”

Identification of patients with acute stroke in whom misery

perfusion results in increases in oxygen extraction is poten-

tially important as a stratification and predictive biomarker.

One recent study of 36 patients with acute stroke reported a

significantly higher incidence of hemorrhagic transformation

in patients with prominent MV (64% versus 18%, P � .028).2

Our recent study of 54 patients undergoing thrombolytic ther-

apy found that asymmetry of the MV, combined with the size

of the diffusion defect, was highly predictive of favorable out-
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come for reperfusion and recanalization with an accuracy

greater than that of perfusion-diffusion mismatch.9

Prominence of the MV is also seen in the subacute stage of

ischemic stroke.10 In clinical practice, we have noted that promi-

nent MV may be seen ipsilateral or contralateral to infarction.

Such imaging signs may provide important prognostic informa-

tion to guide clinicians toward the application of tissue-rescue

therapies (such as recanalization or vasodilation) to prevent

stroke progression during the subacute phase. We have therefore

used SWI combined with dynamic contrast-enhanced MR imag-

ing to test the following hypotheses: 1) Prominent ipsilateral MV

are prognostic biomarkers of poor outcome in patients with sub-

acute ischemic stroke; 2) prominent ipsilateral MV are associated

with hypoperfusion; and 3) prominent contralateral MV provide

additional prognostic information.

MATERIALS AND METHODS
Patients
The study was approved by the Medical Ethics Committee of the

Second Affiliated Hospital of Zhejiang University School of Medi-

cine, and written informed consent was obtained from all subjects.

Recruitment took place between March 2012 and January

2014. Inclusion criteria were the following: first-ever ischemic

stroke, involving the vascular territory of the unilateral middle

cerebral artery, without hemorrhagic infarction; age older than 18

years; admission between 3 and 7 days after stroke onset; and

National Institutes of Health Stroke Scale score of 5–21 on admis-

sion. Exclusion criteria were any evidence of previous stroke on

initial brain MRI. No patients were treated with thrombolytic or

recanalization therapies. Demographic information and vascular

risk factors, including age, sex, diabetes mellitus, hypertension,

hyperlipidemia, and smoking and drinking histories, were re-

corded. Neurologic impairment on admission was assessed by

using the NIHSS score. Clinical outcome at 3 months was evalu-

ated by using the modified Rankin Scale11: (good outcome �

mRS �3). The NIHSS and mRS were assessed by an experienced

stroke neurologist who was blinded to the imaging findings.

MR Imaging Protocol
Brain MR images were obtained on a 3T scanner (Signa Excite; GE

Healthcare, Milwaukee, Wisconsin) by using an 8-channel brain

phased array coil. Susceptibility-weighted images were acquired

by using a 3D high-resolution flow-compensated multiecho gra-

dient-echo sequence (TR/TE � 45/5–35 ms, 6 echoes with an

echo spacing of 6.048 ms, flip angle � 25°, section thickness � 2

mm, matrix � 384 � 320 interpolated into 512 � 512, FOV � 24

cm). MRA was acquired by using a 3D time-of-flight sequence

(TR/TE � 20/3.2 ms, flip angle � 15°, section thickness � 1.4

mm, matrix � 320 � 224, FOV � 24 cm). DWI was acquired by

using an echo-planar imaging sequence (TR/TE � 4000/78.5 ms,

flip angle � 90°, section thickness � 4 mm, section gap � 1 mm,

matrix � 256 � 256, FOV � 24 cm) by using a single b-value of

1000 s/mm2 applied in 3 orthogonal directions. PWI was per-

formed by using a T2* sensitive gradient-echo EPI sequence (TR/

TE � 1700/30 ms, flip angle � 60°, section thickness � 4 mm,

section gap � 1 mm, matrix � 128 � 128, FOV � 24 cm). Sixty

time points were acquired with a temporal resolution of 1.7 sec-

onds. Contrast agent (Gd-DTPA, Ominscan; GE Healthcare, Pis-

cataway, New Jersey), 0.1-mmol/kg body weight, was adminis-

tered via an antecubital vein at a rate of 4 mL/s followed by a

20-mL saline flush injected at the same rate following the T1-

weighted scan acquisition.

Image Processing and Analysis
The latter 3 echoes (TE � 23.144, 29.192, and 35.240 ms) of

multiecho susceptibility-weighted images were averaged to

improve the conspicuity of the MV.12 Each echo of the SWI was

processed by using a high-pass filter (64 � 64) followed by

phase multiplication by using a factor of 4 and production of a

minimum intensity projection over 3 sections based on the

magnitude and phase images by using the signal processing in

NMR software (Wayne State University, Detroit, Michigan).

The presence of prominent MV was assessed at the level of

periventricular white matter (from immediately above the

basal ganglia to the highest section including ventricle) on the

axial plane of the synthesized MIP susceptibility-weighted im-

ages.9 Prominence of the MV was defined as an increased num-

ber of MV in 1 hemisphere with at least 5 more seen in com-

parison with the contralateral hemisphere. This criterion was

adapted from the scoring schema described by Horie et al.13

We did not use the entire grading scale described by Horie et al

because we were interested only in the significance of increased

MV, so we adopted their cutoff value of a hemispheric asym-

metry of �5. A neurologist and a radiologist, each blinded to

the results of the other and to the clinical data and other MR

images, performed the assessment. In the case of discrepancies,

consensus was reached through discussion. Figure 1 shows the

examples of ipsilateral MV (MVi), contralateral MV (MVc),

and normal appearances (Norm).

Parametric maps of CBF were derived from PWI by using

Perfusion Mismatch Analyzer software (http://asist.umin.jp/

index-e.htm). CBF was measured in the territory of the med-

ullary veins corresponding to their location on susceptibility-

weighted images by using symmetric ROIs between 2.4 and 3.0

cm3 (red rectangular ROIs shown on the CBF images in Fig 1).

The hemispheric perfusion ratio (differences in hemispheric

CBF [�CBF]) was calculated as:

�CBF � �CBFaffected side � CBFnormal side)/CBFnormal side � 100%.

Hypoperfusion and hyperperfusion were respectively defined

as a decrease or increase of �CBF of �20% compared with the

contralateral hemisphere.14

The size of the ischemic lesion on DWI was determined by

using a semiautomated threshold algorithm to identify the area

with an intensity greater than the mean plus 2 SDs of the value in

the homologous contralateral region.15

The vascular status was identified on MRA by 2 radiologists who

gave a consensus rating by using the Thrombolysis in Myocardial

Infarction (TIMI) grading scale16: 0 � complete occlusion, 1 � se-

vere stenosis, 2 � mild or moderate stenosis, and 3 � normal. We

categorized vascular status into 3 subgroups: occlusion (TIMI 0),

stenosis (TIMI 1–2), and normal (TIMI 3). At the same time, the site

of arterial stenosis-occlusion was also evaluated.

424 Yu Mar 2016 www.ajnr.org



Statistical Analysis
Continuous variables are shown as mean 	 SD or median (inter-

quartile range), whereas categoric variables are presented as abso-

lute and relative frequencies. Interrater reliability of prominent

MV was assessed by using � statistics. The clinical and imaging

variables between good and poor outcome groups were analyzed

by using a 2-sample independent t test or a Mann-Whitney U test

for continuous variables and a Pearson �2 test or Fisher exact test

for categoric variables. Univariate and multivariate logistic re-

gression (forward method) models were used to determine the

independent contribution of factors to clinical outcome. Specific

variables (age, sex, NIHSS, and DWI lesion size) were preselected

for entry into the model. Other variables were selected for entry

into the model if the differences between good and poor outcome

groups were significant at the P � .1 level. The clinical and imag-

ing variables among the 3 groups (MVi, MVc, and Norm) were

compared by using 1-way ANOVA or the Kruskal-Wallis test for

continuous variables and the Pearson �2 test or Fisher exact test

for categoric variables. The independent factors associated with

MVi and MVc were analyzed by using multivariate logistic regres-

sion analysis. Variables were selected for entry into the model only

if the Spearman correlation coefficient was less than a 0.5 level.

Odds ratios with their 95% confidence intervals of factors in lo-

gistic regression analysis were estimated. A 2-tailed value of

P � .05 was considered significant. Statistical analysis was per-

formed by using SPSS 20.0 for Windows software (IBM, Armonk,

New York).

RESULTS
Patient Characteristics
Forty-three patients were recruited (mean age, 59.1 	 12.4 years;

range, 36 to 80 years); 25/43 (58.1%) were men. The time between

MR imaging and symptom onset was 4.9 	 1.4 days (range, 3–7

days). The NIHSS score on admission was 9.8 	 3.5 (range, 5–17).

Interrater Agreement for Evaluation of Prominent MV
Interrater agreement for the evaluation of prominent MV was

excellent (� � 0.927), as it was for MVi (� � 0.937) and MVc (� �

0.922). Prominent MV were seen in 24/43 (55.8%) patients, with

14 (32.6%) MVi and 10 (23.2%) MVc.

FIG 1. Examples of prominent medullary veins on susceptibility-weighted imaging with corresponding diffusion-weighted images and cerebral
blood flow maps. Top row: Ipsilateral MV are seen in the deep white matter ipsilateral to the diffusion abnormality. CBF maps show decreased
white matter perfusion in the corresponding area. Red rectangles illustrate the position of the ROIs used for calculation of �CBF. Middle row:
Contralateral MV are illustrated in the deep white matter contralateral to the diffusion abnormality. CBF maps show increased white matter
perfusion in the corresponding area. Bottom row: Normal appearances. Susceptibility-weighted images show no evidence of prominent MV.
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Factors Associated with Clinical Outcome
Twenty-four of 43 (55.8%) patients were classified as having good

outcome, and 19/43 (44.2%), as having poor outcome. There

were significant differences between the 2 groups in age

(P � .008), admission NIHSS score (P � .002), site of arterial

steno-occlusion (P � .085), and prominent MV (P � .003) (Table

1). Both MVi (P � .01) and MVc (P � .05) were significantly

different between groups. MVi were significantly more

common in the poor outcome group (57.9% versus 12.5%,

P � .002), and MVc were significantly more common in the

good outcome group (37.5% versus 5.3%, P � .026). Multivar-

iate regression analysis demonstrated that MVi (OR, 11.19;

95% CI, 1.04 –120.03; P � .046), age (OR, 1.13; 95% CI, 1.03–

1.24; P � .013), and admission NIHSS score (OR, 1.67; 95%

CI, 1.03–2.69; P � .036) were independently associated with

poor clinical outcome (Table 2).

Relationship of Cerebral Blood Flow to MV Prominence
MVi were associated with a mean 64.5 	 18.0% (range, 33.6%–

88.3%) decrease in �CBF; and MVc, with a mean 52.4 	 22.2%

(range, 30.1%–102.4%) increase (Fig 2). Subjective review of the

CBF images showed that changes in �CBF reflected decreases in

CBF in the ipsilateral hemisphere in the presence of MVi and clear

hyperperfusion in the presence of MVc (Fig 1). In addition to

�CBF (P � .001), other factors, includ-

ing admission NIHSS score (P � .042),

vascular status (P � .001), site of arterial

steno-occlusion (P � .001), and DWI le-

sion volume (P � .001), also showed sig-

nificant differences among MVi, MVc,

and Norm groups (Table 3). Vascular

status was highly correlated with �CBF

(r � 0.617, P � .001) and DWI lesion

volume (r � 0.736, P � .001). The site of

arterial steno-occlusion was highly cor-

related with DWI lesion volume (r �

0.583, P � .001). Multiple logistic re-

gression analysis showed that �CBF was

negatively related to MVi but positively

associated with MVc (OR, 0.91; 95% CI,

0.85– 0.97; P � .005; and OR, 1.22; 95%

CI, 1.01–1.47; P � .037; respectively)

(Table 4).

DISCUSSION
The identification of predictive and

prognostic biomarkers for patients with

ischemic stroke has major potential clin-

ical implications. In recent years, there

has been increasing recognition that

changes in the appearance of MV on

SWI may provide novel, clinically rele-

Table 1: Clinical and imaging characteristics between patients with good/poor outcome

Variable
Good Outcome

(n = 24)
Poor Outcome

(n = 19) P Value
Age (mean) (yr) 54.7 	 11.0 64.6 	 12.1 .008a

Men (No.) (%) 12 (50.0) 13 (68.4) .224
Time to MRI examination (mean) (day) 5.1 	 1.4 4.8 	 1.4 .489
Admission NIHSS score (mean) 8.4 	 3.3 11.5 	 2.9 .002a

Vascular risk factors
Diabetes mellitus (No.) (%) 11 (45.8) 9 (47.4) .920
Hypertension (No.) (%) 11 (45.8) 7 (36.8) .553
Hyperlipidemia (No.) (%) 10 (41.7) 12 (63.2) .161
Smoking (No.) (%) 8 (33.3) 7 (36.8) .811
Drinking (No.) (%) 6 (25.0) 5 (26.3) 1.000

Lesion left location (No.) (%) 15 (62.5) 8 (42.1) .183
Vascular status (TIMI) .285

Occlusion (TIMI 0) 9 (37.5) 11 (57.9)
Stenosis (TIMI 1–2) 3 (12.5) 3 (15.8)
Normal (TIMI 3) 12 (50.0) 5 (26.3)

Site of arterial steno-occlusion .085b

Intracranial distal ICA 1 (4.2) 5 (26.3)
MCA M1 segment 7 (29.2) 8 (42.1)
MCA M2 segment 4 (16.7) 1 (5.3)
None 12 (50.0) 5 (26.3)

DWI lesion volume (median) (IQR) (cm3) 8.5 (2.5–17.1) 25.3 (3.9–45.5) .101
Prominent MV .003a

MVi (No.) (%) 3 (12.5) 11 (57.9) .002a

MVc (No.). (%) 9 (37.5) 1 (5.3) .026c

Norm (No.) (%) 12 (50.0) 7 (36.8)

Note:—IQR indicates interquartile range.
a P � .01.
b P � .1.
c P � .05.

Table 2: The factors associated with poor clinical outcome

Variable
Univariate Analysis

(OR) (95% CI) P Value
Multivariate Analysis

(OR) (95% CI) P Value
Age 1.078 (1.016–1.144) .013a 1.126 (1.026–1.237) .013a

Sex 2.167 (0.617–7.603) .227 – .768
Admission NIHSS score 1.368 (1.088–1.721) .007b 1.668 (1.033–2.694) .036a

DWI lesion volume 1.000 (1.000–1.000) 1.126 – .201
Prominent MV .009b – .029a

Norm Reference Reference Reference Reference
MVi 6.286 (1.294–30.538) .023a 11.188 (1.043–120.031) .046a

MVc 0.190 (0.020–1.837) .152 0.025 (0.000–2.180) .106
Site of arterial steno-occlusion .120 .637

None Reference Reference Reference Reference
Intracranial distal ICA 12.000 (1.103–130.580) .041 – .334
MCA M1 segment 2.743 (0.640–11.753) .174 – .880
MCA M2 segment 0.600 (0.053–6.795) .680 – .491

Note:— – indicates not applicable.
a P � .05.
b P � .01.
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vant biomarkers. SWI is a relatively novel technique that

maximizes sensitivity to susceptibility differences, caused by the pre-

sence of paramagnetic substances, by combining a long TE, high-

resolution, fully flow-compensated sequence with a 3D gradient-

echo sequence. Magnitude and phase data are both used in image

reconstruction, and the technique is very sensitive for the detec-

tion of microhemorrhage but also for the detection of deoxygen-

ated venous blood.17-19 The sensitivity of SWI to high concentra-

tions of deoxyhemoglobin produces high contrast between

normal brain and venous structures, which has led to increasing

interest in cerebral venous structures and venous abnormalities.

The initial observation by Morita et al1 in 2008 of prominent

MV in the ipsilateral hemisphere of patients with acute stroke was

rapidly confirmed and given the name of the “brush sign.” Sub-

sequent studies have shown a strong relationship between the

presence of ipsilateral prominent MV and hemorrhagic transfor-

mation and outcome in patients undergoing thrombolytic ther-

apy for hyperacute or acute stroke.2,3,9

The mechanisms producing increased prominence of MV re-

flect increased deoxyhemoglobin content within the imaged vox-

els. This may, in part, reflect an increase in venous volume due to

vasodilation induced by regional ischemia.3,7 However, it will also

occur if the venous deoxyhemoglobin concentration is increased

as a result of increases in oxygen extraction in the venous drainage

territory.1,4-6 A relationship between prominent MV and con-

tinuing ischemia in the drainage territory is in keeping with the

observed relationships with poor clinical outcome and hemor-

rhagic transformation.

In the present study, we examined the implications of promi-

nent MV in patients with subacute ischemic stroke, diagnosed

after the therapeutic window for revascularization or recanaliza-

tion therapies. Our initial clinical observations demonstrated that

prominent MV are seen in this scenario but also that they may be

seen in the hemisphere either ipsilateral or contralateral to the

stroke.

Our first hypothesis, based on the results of previous studies,

was that prominent ipsilateral MV are prognostic biomarkers of

poor outcome in patients with subacute ischemic stroke. This is

based on an assumption that prominent MV in the ipsilateral

hemisphere reflect increased oxygen extraction due to continuing

ischemia in the venous drainage territory. The findings supported

this hypothesis, demonstrating that MVi were an independent

prognostic feature for clinical outcome with an odds ratio of �11

(95% CI, 1.04 –120.03; P � .05). Our second hypothesis was that

prominent ipsilateral MV are associated with hypoperfusion.

Once again the findings support the hypothesis, with significant

decreases in �CBF seen in association with prominent MVi.

These findings suggest that in the subacute setting, a subgroup of

patients with stroke identified by the presence of MVi, have

poorer clinical outcomes resulting from continued ischemia of

sufficient severity to require an increase in the oxygen extraction

fraction. The poor clinical outcome may result from cellular bio-

energetic failure, blood-brain barrier dysfunction, and postisch-
FIG 2. Changes in cerebral blood flow associated with ipsilateral and
contralateral prominence of the medullary veins.

Table 3: Clinical and imaging characteristics among MVi, MVc, and Norm groups
Variable MVi (n = 14) MVc (n = 10) Norm (n = 19) P Value

Age (mean) (yr) 57.4 	 12.2 53.5 	 11.2 63.2 	 12.4 .113
Men (No.) (%) 10 (71.4) 5 (50.0) 10 (52.6) .528
Time to MRI examination (mean) (day) 4.6 	 1.6 5.5 	 1.4 4.9 	 1.2 .312
Admission NIHSS score (mean) 11.5 	 3.5 9.9 	 4.3 8.5 	 2.4 .042a

Vascular risk factors
Diabetes mellitus (No.) (%) 7 (50.0) 3 (30.0) 10 (52.6) .501
Hypertension (No.) (%) 6 (42.9) 5 (50.0) 7 (36.8) .858
Hyperlipidemia (No.) (%) 9 (64.3) 3 (30.0) 10 (52.6) .287
Smoking (No.) (%) 6 (42.9) 4 (40.0) 5 (26.3) .651
Drinking (No.) (%) 5 (35.7) 2 (20.0) 4 (21.1) .662

Lesion left location (No.) (%) 6 (42.9) 8 (80.0) 9 (47.4) .117
Vascular status (TIMI) .001b

Occlusion (TIMI 0) 12 (85.7) 2 (20.0) 6 (31.6)
Stenosis (TIMI 1–2) 2 (14.3) 1 (10.0) 3 (15.8)
Normal (TIMI 3) 0 (0.0) 7 (70.0) 10 (52.6)

Site of arterial steno-occlusion �.001b

Intracranial distal ICA 4 (28.6) 1 (10.0) 1 (5.3)
MCA M1 segment 9 (64.3) 1 (10.0) 6 (26.3)
MCA M2 segment 1 (7.1) 1 (10.0) 3 (15.8)
None 0 (0.0) 7 (70.0) 10 (52.6)

DWI lesion volume (median) (IQR) (cm3) 30.2 (16.4–46.4) 9.5 (7.5–20.8) 3.3 (2.2–8.5) �.001b

�CBF (mean) (%) �64.5 	 18.0 52.4 	 22.2 4.8 	 9.9 �.001b

Note:— IQR indicates interquartile range.
a P � .05.
b P � .01.
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emic inflammation, all of which are related to poor clinical

outcome.20

Our third hypothesis was that prominent contralateral MV

may provide additional prognostic information. Although MVc

did not provide independent significant predictive power for clin-

ical outcome, there was a significant difference in the incidence

between outcome groups with MVc, seen in 37.5% of patients

with good outcome and only 5.3% of patients with poor outcome

(P � .05). Prominent MVc were associated with a significant in-

crease in �CBF, reflecting hyperperfusion in the ipsilateral hemi-

sphere. The presence of perilesional hyperperfusion in the early

postinfarct stage has been recognized for �20 years.21,22 Hyper-

perfusion occurs in the ischemic penumbra following recanaliza-

tion or reperfusion and is seen in up to 50% of patients with a

mean delay of 5.8 days from ictus.23,24 There is extensive evidence

that hyperperfusion causes a decreased oxygen extraction fraction

and is associated with improved clinical outcome.22,23,25-27 How-

ever, there is also a link between hyperperfusion and increased

risk of hemorrhagic transformation.28 The mechanism of hyper-

perfusion is incompletely understood, but regional increases in

cerebral metabolism have been demonstrated by using MR spec-

troscopy, leading to the suggestion that local metabolic changes

produce local vasodilation.25 Vasodilation induced by early re-

canalization may decrease the resistance to blood flow, allowing

an increase in CBF. Other works have suggested that cerebrovas-

cular autoregulation fails to re-establish for a time following rep-

erfusion.23 Whatever the underlying mechanism, it is likely to

represent regional decreases in cerebrovascular resistance. These

unilateral changes in cerebrovascular resistance, particularly in

the presence of proximal arterial occlusions, will promote collat-

eral flow via the circle of Willis or leptomeningeal vessels. We

hypothesize that prominent MVc indirectly reflect increased CBF

in the ipsilateral hemisphere due to spontaneous recanalization or

collateral flow, resulting in relatively decreased deoxyhemoglobin

concentration in the draining veins due to excessive oxygen deliv-

ery and thus an increase in signal intensity within the medullary

veins.

Our study is limited by its relatively small sample size (n �

43) and cross-sectional design; therefore, our results should be

interpreted cautiously. Second, both SWI and MRA data were

collected at the same time point; thus, the causal relationship

between change of vascular status and prominence of MV can-

not be answered in the current study.

CONCLUSIONS
This study shows that prominence of MV on SWI in the hemi-

sphere ipsilateral to stroke has significant power to predict clinical

outcome, similar to that seen in patients in the acute stroke set-

ting. We have described the relationship between the prominence

of MV in the contralateral hemisphere and good clinical outcome

which, we hypothesize, reflects the development of penumbral

hypoperfusion in combination with spontaneous recanalization

or active collateral flow via the circle of Willis or leptomeningeal

vessels.
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ORIGINAL RESEARCH
ADULT BRAIN

Structural Brain Alterations in Community Dwelling Individuals
with Chronic Joint Pain

M. de Kruijf, D. Bos, F.J.P.M. Huygen, X W.J. Niessen, H. Tiemeier, X A. Hofman, A.G. Uitterlinden, X M.W. Vernooij, X M.A. Ikram,
and J.B.J. van Meurs

ABSTRACT

BACKGROUND AND PURPOSE: Central sensitization in chronic pain involves structural brain changes that influence vulnerability to pain.
Identifying brain regions involved in pain processing and sensitization can provide more insight into chronic pain. This study examines
structural brain changes in chronic pain and experimental pain in a large population-based study.

MATERIALS AND METHODS: For 3892 participants in the Rotterdam study, global and regional MR imaging brain volumes were auto-
matically segmented and quantified. Chronic joint pain was defined as pain for more than half of all days during the past 6 weeks. Heat pain
thresholds were measured in a subset of 1538 individuals. The association between the presence of chronic joint pain and global and lobar
brain volumes was studied. Subsequently, literature was reviewed and the association of chronic pain and heat pain thresholds with 11 brain
regions associated with musculoskeletal pain in previous publications was studied.

RESULTS: Total gray matter volume was smaller in women with chronic pain (� � �0.066, P � .016). This effect was primarily driven by
lower gray matter volume in the temporal lobe (� � 0.086, P � .005), the frontal lobe (� � �0.060, P � .039), and the hippocampus
(� � �0.099, P � .002). In addition, we observed that a lower heat pain threshold was associated with smaller volumes of the hippocampus
(� � 0.017, P � .048), the thalamus (� � 0.018, P � .009), and the anterior cingulate cortex (� � �0.016, P � .037). In men, no significant
associations were observed.

CONCLUSIONS: The primary identified brain areas, the temporal and frontal lobes and the hippocampus, indicated involvement of
emotional processing. The volumetric differences found indicated a sex-specific neuroplasticity in chronic pain. These results emphasized
sex-specific and multidisciplinary pain treatment.

Chronic musculoskeletal pain is very common in the general

elderly population, with a prevalence up to 50%– 60%. Expe-

rienced chronic joint pain does not always reflect the extent of

objective pathology.1-4 Central sensitization plays an important

role in the development of chronic joint pain. Chronic pain and

central sensitization result in higher vulnerability for developing

chronic pain at multiple sites and higher sensitivity for painful

stimuli.5 Differences in pain processing may be expressed in func-

tional and structural changes in the nervous system. MR imaging

allows us to identify brain regions involved in this process of central

sensitization, which can provide more insight into chronic pain.

Previous studies that examined structural brain alterations in

chronic pain focused on a variety of pain phenotypes, such as

migraine, back pain, osteoarthritis, and fibromyalgia.6-15 Typi-

cally, the study size was small; the largest studies included approx-

imately 100 subjects. The small sample sizes of these studies led to

a modest statistical power, thereby influencing the reproducibility

of the results.16 In addition, all previous reports had a case-con-

trol design, which selected individuals who were referred to the

clinic as chronic pain cases. As a result, many different areas were

shown to associate with a particular pain phenotype but only a few

areas of the brain showed consistent associations. For example,
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the thalamus was found to be positively associated with chronic

low back pain by Schmidt-Wilcke et al17 but negatively associated

with chronic low back pain by Apkarian et al.18 Regions that are

part of the limbic system and signaling pathway were among the

identified pain-associated brain areas. Furthermore, each differ-

ent pain phenotype showed different patterns of structural brain

changes, with some overlapping regions, for example, the hip-

pocampus.7 Despite the possible identification of structural brain

alterations in these selected clinical cases, it remains unclear

which brain regions are morphologically altered in chronic pain

in the general population. Therefore, in this study, after review of

the existing literature, we attempted to replicate previous identi-

fied regions to find brain structures robustly associated with mus-

culoskeletal pain.

Individuals with chronic pain are shown to be more sensitive

to experimental pain stimuli. Central sensitization can be de-

tected by lower pain thresholds.19-21 The stimulus response curve

is shifted to the left, which results in lower pain thresholds or

higher reported pain intensity scores for a stimulus. The spread of

central sensitization, manifested because general hyperalgesia is

one of the fundamental processes in the development of chronic

pain.22-25 Lower pain thresholds, as part of central sensitization,

might be associated with structural brain changes. Thus far, the

relation between experimental pain and structural brain altera-

tions has only been studied in 1 study of 80 healthy individuals.26

In addition, Seminowicz et al27 showed, in a rat model for long-

term neuropathic pain, that thermal and mechanical hyperalgesia

is associated with structural brain changes.

Given the high prevalence of chronic musculoskeletal pain in

the elderly and the burden of chronic musculoskeletal pain on

quality of life, more insight into the pathophysiology is necessary

to understand chronic pain in the general population and im-

prove treatment options. In this study, we examined, in a large

population-based cohort study, the association of chronic mus-

culoskeletal pain and heat pain thresholds with MR imaging–

based structural brain changes. We studied changes in global and

lobar brain volumes and, in addition, specific brain regions pre-

viously reported to be associated with musculoskeletal pain

phenotypes.

MATERIALS AND METHODS
Study Population: The Rotterdam Study
The Rotterdam Study is a large prospective population-based co-

hort study of persons ages 45 years and older. The study design

and rationale are described elsewhere in detail.28 In summary, the

objective of the Rotterdam Study is to investigate the determi-

nants, incidence, and progression of chronic disabling diseases in

the elderly. The first cohort, Rotterdam Study I consisted of 7983

persons ages �55 years and was initiated in 1989. This study pop-

ulation was extended in 2000, which added 3011 participants in

Rotterdam Study II and, in 2005, added another 3932 subjects

ages �45 years in Rotterdam Study III. All the participants were

examined in detail at baseline. In summary, a home interview was

conducted, and the subjects had an extensive set of examinations

at the research center.

The participants in the study as presented here were derived

from the Rotterdam Scan Study,29 an ongoing population-

based cohort study that investigated brain changes on MR im-

aging, which is embedded in the Rotterdam Study. The Rotter-

dam Study has been approved by the medical ethics committee

according to the Population Study Act Rotterdam Study exe-

cuted by the Ministry of Health, Welfare and Sports of the

Netherlands. Written informed consent was obtained from all

the participants.

MR Imaging Acquisition and Processing
MR imaging scanning was performed on a 1.5T-scanner with an

8-channel head coil (GE Healthcare, Milwaukee, Wisconsin). An

extensive description of the scan protocol is provided elsewhere.29

In short, the protocol included a T1-weighted sequence, a proton-

attenuation weighted sequence, and a fluid-attenuated inversion

recovery sequence.29

Automated brain tissue classification based on a k-nearest-

neighbor-classifier algorithm extended with white matter lesion

segmentation30,31 was used to quantify global and lobar brain

volume, gray matter volume, white matter volume, and intracra-

nial volume (in mL3). This method has been optimized and vali-

dated for the Rotterdam Scan Study and includes a standardized

and validated image analysis workflow to enable objective, accu-

rate, and reproducible extraction of brain volumes.29 Segmenta-

tion and labeling of smaller specific brain regions was performed by

FreeSurfer version 4.5 (http://surfer.nmr.mgh.harvard.edu/).26 This

procedure automatically assigns a neuroanatomic label to each

voxel in an MR imaging volume based on probabilistic informa-

tion obtained from a manually labeled training set. FreeSurfer was

used with the default parameters, including skull-stripping and

using the automatically generated brain mask.

Review of the Literature and Selection of Candidate
Replication Regions
We systematically searched the literature by using the PubMed

data base on July 7, 2014, with search terms “structural and

brain and MR imaging and chronic and pain.” In addition, we

screened the references of included articles to extend the

search. The review of literature identified 83 articles, of which

68 articles were excluded based on the following selection cri-

teria: 1) the article represents original data, and 2) the trait of

interest is musculoskeletal pain. Finally, 15 studies were in-

cluded in the total review.

Assessment of Chronic Joint Pain
All the participants completed a pain homunculus to report

chronic painful sites in the body. The pain homunculus

showed a picture of the front and the back of the human body.

The participants were asked the following question, “Did you

have pain anywhere in your body, for at least half of the days,

during the last six weeks?” Circles were drawn by the partici-

pant around the painful areas. The homunculi were scored by

using a template that assigned 14 different joint pain regions

(eg, neck, shoulders, elbows, hands, low back, hips, knees,

feet). Chronic joint pain was defined as subjects having one or

more painful sites. Furthermore, participants should have vis-

ited a medical physician at least once for this chronic joint
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pain. This information was derived from the questionnaire

during the home interview.

In addition, because we used a more heterogenic pain phe-

notype compared with previous studies, we defined 3 chronic

pain phenotypes to be able to compare our results better with

previous literature. The phenotypes examined in the studies,

also selected for the review, were fibromyalgia, chronic low

back pain, and hip osteoarthritis pain. Because we did not have

data on fibromyalgia, we used chronic widespread pain as a

proxy. Chronic widespread pain was defined as subjects having

pain in the left side of the body, in the

right side of the body, above the waist,

below the waist, and in the axial skele-

ton (by following the Fibromyalgia

Criteria of the American College of

Rheumatology).32 Hip osteoarthritis

pain was defined as a Kellgren-Law-

rence score of �2 and chronic pain in

the same hip. Controls in these analy-

ses were individuals without chronic

pain.

Heat Pain Threshold Measurement
For the measurement of heat pain

threshold, we used a commercially

available thermosensory analyzer, the

TSA II (Medoc Advanced Medical Sys-

tems, Durham, North Carolina). The

probe, with a surface of 2 cm by 2 cm

was placed on the ventral site of the

nondominant forearm. The start tem-

perature of the probe was 32°C. The

temperature increased by 2°C per sec-

ond, and the participant was asked to

push a large quiz button when the

temperature became painful. This

measurement was repeated 5 times;

the mean of the last 3 measurements

was used. Because this was measured

approximately 5 years after the brain

MR imaging was acquired, we in-

cluded only those individuals with a

stable pain state. Individuals with

chronic pain at both the time of brain

MR imaging and chronic pain at the

time of the heat pain threshold mea-

surement were considered as cases, in-

dividuals without chronic pain at both

time points were considered as

controls.

Population for Analysis
A total of 4898 participants who were

part of Rotterdam Study I, Rotterdam

Study II, or Rotterdam Study III were

invited to undergo an MR imaging. We

excluded individuals who had dementia

(n � 30) or had MR imaging contraindications (n � 389). Of

4479 eligible persons, 4082 (91%) participated. Due to physical

inability, imaging could not be performed in 44 individuals. Of

4038 persons with complete MR imaging examinations, 59 had to

be excluded because of motion artifacts or susceptibility artifacts

on their scans, which left 3979 persons with complete brain MR

imaging. Pain data were not available for 87 of these persons,

whereas data on the need for medical treatment for the pain med-

ication was not available for 516 individuals, which left 3376 per-

sons for the analyses. For the association analysis with the heat

Table 1: Selected brain regions for analysis
Brain Region Reference +/− N Chronic Pain Disorder

Thalamus Apkarian et al, 200418 � 52 CLBP
Schmidt-Wilcke et al, 200617 � 36 CLBP
Schmidt-Wilcke et al, 200740 � 42 Fibromyalgia
Ivo et al, 20139 � 28 CLBP

S1 Rodriguez-Raecke et al, 200939 � 32 Hip OA
Seminowicz et al, 201141 � 34 CLBP
Kong et al, 201336 � 36 CLBP

Insular cortex Kuchinad et al, 200737 � 20 Fibromyalgia
Rodriguez-Raecke et al, 200939 � 32 Hip OA
Valet et al, 200942 � 39 Pain syndrome (DSM IV)
Robinson et al, 201111 � 25 Fibromyalgia
Seminowicz et al, 201141 � 34 CLBP

Anterior cingulate
cortex

Burgmer et al, 200934 � 28 Fibromyalgia
Valet et al, 200942 � 39 Pain syndrome (DSM IV)
Rodriguez-Raecke et al, 200939 � 32 Hip OA
Seminowicz et al, 201141 � 34 CLBP
Jensen et al, 201335 � 39 Fibromyalgia

Midcingulate cortex Kuchinad et al, 200737 � 20 Fibromyalgia
Buckalew et al, 200833 � 16 CLBP
Wood et al, 200943 � 14 Fibromyalgia
Robinson et al, 201111 � 25 Fibromyalgia
Ivo et al, 20139 � 28 CLBP

Prefrontal cortex
dorsolateral

Apkarian et al, 200418 � 52 CLBP
Seminowicz et al, 201141 � 34 CLBP
Ivo et al, 20139 � 28 CLBP

Prefrontal cortex
ventrolateral

Rodriguez-Raecke et al, 200939 � 32 Hip OA
Burgmer et al, 200934 � 28 Fibromyalgia
Seminowicz et al, 201141 � 34 CLBP

Posterior cingulate
cortex

Kuchinad et al, 200737 � 20 Fibromyalgia
Valet et al, 200942 � 39 Pain syndrome (DSM IV)
Wood et al, 200943 � 14 Fibromyalgia
Robinson et al, 201111 � 25 Fibromyalgia

Orbitofrontal cortex Schmidt-Wilcke et al, 200740 � 42 Fibromyalgia
Valet et al, 200942 � 39 Pain syndrome (DSM IV)
Rodriguez-Raecke et al, 200939 � 32 Hip OA
Seminowicz et al, 201141 � 34 CLBP

Hippocampus Lutz et al, 200838 � 60 Fibromyalgia
Zimmerman et al, 200914 � 20 Chronic pain

Amygdala Burgmer et al, 200934 � 28 Fibromyalgia
Rodriguez-Raecke et al, 200939 � 32 Hip OA

Note:—� indicates larger volume in chronic pain; �, smaller volume in chronic pain; CLBP, chronic low back pain; OA,
osteoarthritis; DSMIV, Diagnostic and Statistical Manual of Mental Disorders, 4th Edition.

Table 2: Baseline characteristics of the study population
Total (n = 3376) Men (n = 1525) Women (n = 1851)

Mean age, y 60.3 � 8.7 60.4 � 8.7 60.1 � 8.7
Chronic pain, no. (%) 1191 (35.3) 414 (27.1) 777 (42.0)
Mean intracranial volume, mL 1126 � 119 1203 � 102 1062 � 91
Positive CESD, no. (%) 328 (8.5) 81 (4.6) 247 (11.7)
Mean heat pain threshold, °C

(n � 1538)
47.2 � 3.2 48.0 � 2.7 46.6 � 3.4

Note:—CESD indicates Center for Epidemiologic Studies Depression scale.
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pain threshold measurements, a subset of 839 individuals with a

stable pain state as described above was used.

Statistical Analysis
Linear regression models were used to test the association be-

tween chronic musculoskeletal pain, heat pain thresholds, and

brain volumes. We calculated z scores (X – mean/SD) of the brain

volumes to allow direct comparability between the various effect

estimates for the analyses between pain and the different brain

structures. Z score standardization is done in the common way by

(brain volume – mean brain volume)/SD.

Because previous studies found differences on pain-associated

regions between the sexes, we stratified for sex and adjusted for

age, intracranial volume, and the presence of depression accord-

ing to the self-reporting Center for Epidemiologic Studies De-

pression scale, defined by a score of �16. SPSS version 21.0 (SPSS

Statistics for Windows; IBM, Armonk, New York) was used for

the association analysis. The null hypothesis tested was that there

is no difference in brain volumes in the studied structures be-

tween individuals without chronic musculoskeletal and those

with chronic musculoskeletal pain. The second hypothesis tested

was that brain volumes of the studied structures are not associated

with heat pain thresholds. A P value of �.05 was considered sta-

tistically significant.

Association Analysis with Chronic Musculoskeletal Pain
and Heat Pain Threshold
First, we performed an association analysis without hypothesizing

where to expect structural alterations in the brain in chronic joint

pain. Therefore, we investigated the association of global volumes

of gray and white matter with chronic joint pain. Next, we seg-

mented the brain into the 4 main lobes (frontal, temporal, pari-

etal, and occipital). Gray and white matter volumes in the differ-

ent lobes were then studied for the association with chronic joint

pain. Subsequently, we investigated the association of chronic

joint pain with the volumes of the selected regions reported in the

literature (Table 1).

In the effort to replicate previous findings, we examined the

association of chronic widespread pain as a proxy for fibromy-

algia, chronic low back pain, and hip osteoarthritis pain with

brain region volumes in our sample. In addition, we investi-

gated the association of the brain region volumes with heat

pain thresholds.

RESULTS
Population characteristics for the 3892 persons with brain MR

imaging and chronic pain information are shown in Table 2. The

prevalence of chronic pain and depression was higher in women

compared with men, and the total intracranial volume was

smaller in women. Heat pain thresholds were higher in men com-

pared with women (48.0°C vs 46.6°C).

Chronic Joint Pain and Global and Lobar Brain Volumes
The associations between chronic musculoskeletal pain and

global and lobar brain volumes are shown in Fig 1. No signif-

icant association between chronic musculoskeletal pain and

total brain volume was observed in the overall population.

When we stratified according to sex, we observed a significant

association with total gray matter in the women. Total gray matter

was smaller in women with chronic pain (difference in Z score,

� � �0.066; P � .016). When we divided the brain into the 4

main lobes, this lower gray matter volume was found to be pri-

marily located in the temporal lobe (� � �0.086, P � .005) and

the frontal lobe (� � �0.060, P � .039). In the men, we did not

find differences in global brain volumes between participants with

and those without chronic pain. Excluding participants with de-

pression defined by a Center for Epidemiologic Studies Depres-

sion scale score of �16 (81 men, 247 women) in the sensitivity

analysis did not alter these effects.

Chronic Joint Pain and Predefined Brain Regions
Next, we focused our analysis on volumes of specific brain

regions that were previously reported in the literature as being

associated with musculoskeletal pain phenotypes (Table 1).

These regions were selected on the basis of a systematic review.

In total, 15 studies that assessed the relationship between brain

structures and chronic pain were included in this re-

view.9,11,14,17,33-43 All brain regions previously reported to be

significantly associated with chronic pain are shown in the

On-line Table, together with the direction of the effect. We

decided to include the brain regions that were reported to be

associated with musculoskeletal pain at least twice. The 11 se-

lected regions are shown in Table 1, together with the sample

size of each study, which were all fewer than 100 individuals.

Segmentation of the 11 brain regions was done in 4898 indi-

viduals with the use of FreeSurfer software. We observed a

significantly smaller hippocampal volume in women with

chronic musculoskeletal pain (� � �0.099, P � .002), whereas

men showed a similar trend, though this did not reach signif-

icance (Fig 2). When data for men and women were analyzed

together, a highly significant association was seen (� �

�0.092, P � 4.69 � 10�4).

We next studied specific pain subtypes to mimic earlier re-

ports. We studied chronic widespread pain, chronic low back

pain, and hip osteoarthritis pain separately as determinants for

brain region volumes. For the analyses of chronic widespread pain

and hip osteoarthritis pain, we observed similar effect directions

for hippocampal volume but only for chronic low back pain was

statistical significance reached (� � �0.115, P � .033).

Among the subset with heat pain threshold measurements, we

observed only in the women, a positive association between heat

pain thresholds and hippocampal volume, thalamic volume, and

the volume of the anterior cingulate cortex (Fig 3), which indi-

cated that lower pain sensitivity thresholds, which represent cen-

tral sensitization, were indeed coinciding with smaller hippocam-

pal, thalamic, and anterior cingulate cortex volumes.

DISCUSSION
In this large population-based cohort of individuals with ages

�45 years, we observed that chronic musculoskeletal pain was

associated with a smaller global gray matter volume in the

women. This smaller volume was primarily found in the tem-

poral lobe, more specifically, in the hippocampus, part of the

limbic system. In addition, again in the women, a lower heat

AJNR Am J Neuroradiol 37:430 –38 Mar 2016 www.ajnr.org 433



pain threshold, which indicates higher (central) pain sensitiv-

ity, was associated with smaller volumes of the hippocampus,

thalamus, and anterior cingulate cortex, regions that are in-

volved in the limbic system and descending pain processing

pathways. In the men, no significant associations between

chronic joint pain or heat pain thresholds and brain volumes

were observed.

To our knowledge, this is the first study that examined the

association between chronic joint pain and structural brain

changes in a population-based study. The number of studied

patients was approximately 30 times larger than any previous

study that examined the relationship between chronic pain and

structural brain changes. Previous studies that examined struc-

tural brain alterations in pain consisted mostly of small and

very specific clinical patient populations.6-13,15 We used a hi-

erarchical approach in studying brain structural differences.

We first examined global brain tissue volumes and lobar vol-

umes. Subsequently, we investigated those brain regions that

were reported at least twice in the previous literature to be

associated with chronic musculoskeletal pain. This strategy

was chosen because previous studies showed inconsistent find-

ings, which might be due to the different clinical pain pheno-

types and low power that led to conflicting results, as high-

lighted previously.16 Indeed, we were unable to replicate most

of the previously implicated brain regions, which indicated

that these brain regions are not consistently associated with

chronic musculoskeletal pain.

The development of the brain is sex specific and influenced by

sex hormones. It is shown that sex dif-

ferences are also present with respect to

pain processing.44-48 Therefore, we

stratified our analyses according to sex.

In women, gray matter in the temporal

lobe and, especially, in the hippocampus

was smaller in those with chronic pain.

The hippocampus has previously been

suggested as one of the altered structures

in the brain in several pain states.6,7 In

women, this involvement of the limbic

system, therefore, could indicate a more

emotional coping of pain.

Smaller volumes of the hippocam-

pus, thalamus, and anterior cingulate

cortex were also associated with lower

heat pain thresholds in women in our

study. The thalamus is important in the

descending inhibitory signaling, which

is known to be compromised in central

sensitization in chronic pain,5,7 which

makes our findings more plausible. To

our knowledge, this is the first study that

examined the association between heat

pain thresholds and brain structure vol-

umes. A limitation of the analysis of heat

pain threshold and brain volumes was

that the 2 measurements were done

during 2 different visits, with several

years in between. To minimize this time bias, we examined

only those participants who had chronic pain at both visits

versus those who had no chronic pain at both visits.

In this study, we examined both the presence of chronic mus-

culoskeletal pain and also heat pain sensitivity thresholds and

their relationship to structural brain alterations. The presence of

chronic musculoskeletal pain is a very subjective phenotype be-

cause it is determined by using questionnaires, and there is no test

to measure pain. Heat pain thresholds are closely related to the

sensitivity for developing chronic pain and for having chronic

pain, which, therefore, makes it a more objective measure for

chronic pain. The combined use of questionnaire data and heat

pain thresholds to find associations with structural brain altera-

tions, therefore, strengthens the results.

A possible disadvantage of population-based studies is the

more heterogeneous pain phenotype compared with the selected

clinical populations. However, this reflects the situation in the

general population and shows that central sensitization occurs

not only in a selected patient population. In addition, chronic

pain in community-dwelling subjects represents a huge problem,

which affected 35.3% of our study population. However, its na-

ture and cause is poorly understood, and often no apparent rea-

son can be assigned to the chronic pain state. Studying pain in an

unselected population without the selection bias of clinical refer-

ence could provide new insight in possible pathways involved in

any chronic pain state.

Male 
Total Brain 

Volume 
Beta 0.024 

P 0.234 

Total Grey matter Total White matter 
0.036 Beta 0.016 

P 0.276 P-value P 0.645 

Temporal Parietal Occipital Frontal Temporal Parietal Occipital Frontal 
0.027 -0.018 0.055 0.047 Beta 0.019 0.020 0.030 0.018 

P 0.496 P 0.615 P 0.200 P 0.165 P-value P 0.611 P 0.904 P 0.488 P 0.618 

Female
Total Brain 

Volume 
Beta -0.017 

P 0.322 

Total Grey matter Total White matter 
-0.066 Beta 0.029 

P 0.016 P-value P 0.296 

Temporal Parietal Occipital Frontal Temporal Parietal Occipital Frontal 
-0.086 -0.039 -0.049 -0.060 Beta 0.019 0.020 0.035 0.030 

P 0.005 P 0.207 P 0.150 P 0.039 P-value P 0.518 P 0.515 P 0.321 P 0.285 

FIG 1. Chronic musculoskeletal pain and global brain volumes. Analyses adjusted for age, intra-
cranial volume and depression. � is the difference in standardized brain volume for individuals
with chronic joint pain compared with those without chronic joint pain.
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The cross-sectional aspect of this study made us unable to

speculate on the brain volume changes being a cause or an effect in

the pathology of chronic pain. A previous study on structural

brain changes in pain related to severe hip osteoarthritis showed

normalization of these differences after hip replacement surgery,

which indicates that the pain is causing structural brain changes,39

FIG 2. Brain volumes in regions of the limbic system and signal processing in relation to chronic musculoskeletal pain in (A) female and (B) male
subjects. Plots represent � and standard error. � is the difference in standardized brain volume for individuals with chronic joint pain compared
with those without chronic joint pain. Analyses were adjusted for age, intracranial volume, and depression. *P � .002. Thal indicates thalamus;
Hippo, hippocampus; Amyg, amygdala; OFC, orbitofrontal cortex; vlPFC, ventrolateral prefrontal cortex; dlPFC, dorsolateral prefrontal cortex;
PCC, posterior cingulate cortex; MCC, midcingulate cortex; ACC, anterior cingulate cortex; Insula, insular cortex; S1, primary somatosensory
cortex.
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but larger longitudinal studies are necessary for confirmation be-

cause sample size was small in this study (n � 10).

Depression coincides with chronic musculoskeletal pain, and,

because both might affect the limbic system,11 we adjusted the

analysis for the presence of depression. In addition, excluding

persons with depression from the model did not change the re-

FIG 3. Quantitative sensory testing (heat pain threshold) and structural brain alterations in (A) female and (B) male subjects. Plots represent � and
standard error. � is the difference in standardized brain volume per degree of temperature (Celsius); analyses were adjusted for age, intracranial
volume, and depression. *P � .05. Thal indicates thalamus; Hippo, hippocampus; Amyg, amygdala; OFC, orbitofrontal cortex; vlPFC, ventrolateral
prefrontal cortex; dlPFC, dorsolateral prefrontal cortex; PCC, posterior cingulate cortex; MCC, midcingulate cortex; ACC, anterior cingulate
cortex; Insula, insular cortex; S1, primary somatosensory cortex.
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sults, which indicated that our findings were not influenced by the

presence of depression.

Because we started our study hypothesis-free and contin-

ued examining smaller regions, we performed a considerable

amount of tests, which might have led to spurious findings. If

we would have used a Bonferroni correction for the statistically

significant P value for the brain structures, then this would

result in a P value of .05/11 � .004; this is when assuming

independency of the tests. Many results would still be consid-

ered statistically significant. However, not all of the tests were

independent because the smaller regions were included in the

larger lobes. Therefore, deciding which exact P value to use

would have been challenging. In addition, the performed anal-

yses were not hypothesis-free because we tried to replicate pre-

vious published results. Moreover, especially in the women, we

showed very consistent and robust findings, with increasing

effect sizes when we narrowed the examined regions.

CONCLUSIONS
In this large population-based study, we found that chronic mus-

culoskeletal pain was associated with structural changes in parts of

the limbic system in the brain. The hippocampus, especially,

showed a very consistent and strong relationship with chronic

joint pain and heat pain thresholds in women, which indicated a

key role in the development of central sensitization and chronic

pain. Structural alterations in the brain in individuals with

chronic pain support the presence of central sensitization. This

process of central sensitization increases the risk for a longer pe-

riod of chronic pain and increases the risk for developing chronic

pain at other sites.5 These results stress the importance of a mul-

tidisciplinary and sex-specific therapeutic approach to improve

successful treatment.
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ORIGINAL RESEARCH
ADULT BRAIN

Basal Ganglia Iron in Patients with Multiple Sclerosis Measured
with 7T Quantitative Susceptibility Mapping Correlates with

Inhibitory Control
X P. Schmalbrock, R.S. Prakash, B. Schirda, A. Janssen, G.K. Yang, M. Russell, M.V. Knopp, A. Boster, J.A. Nicholas, M. Racke,

and D. Pitt

ABSTRACT

BACKGROUND AND PURPOSE: T2 hypointensity in the basal ganglia of patients with MS has been associated with clinical progression
and cognitive decline. Our objectives were the following: 1) to compare signal in T2WI, R2 (ie, 1/T2), and R2* (ie, 1/T2*) relaxation rates and
quantitative susceptibility mapping; and 2) to investigate the associations among MR imaging, clinical scores, and cognitive measures of
inhibitory control linked to basal ganglia functioning.

MATERIALS AND METHODS: Twenty-nine patients with MS underwent a battery of neuropsychological tests including the Flanker and
Stroop tasks. 7T MR imaging included 3D gradient-echo and single-echo multishot spin-echo EPI. Quantitative susceptibility mapping
images were calculated by using a Wiener filter deconvolution algorithm. T2WI signal was normalized to CSF. R2 and R2* were calculated
by log-linear regression. Average MR imaging metrics for the globus pallidus, putamen, and caudate were computed from manually traced
ROIs including the largest central part of each structure.

RESULTS: Marked spatial variation was consistently visualized on quantitative susceptibility mapping and T2/T2*WI within each basal
ganglia structure. MR imaging metrics correlated with each other for each basal ganglia structure individually. Notably, caudate and
putamen quantitative susceptibility mapping metrics were similar, but the putamen R2 was larger than the caudate R2. This finding suggests
that tissue features contribute differently to R2 and quantitative susceptibility mapping. Caudate and anterior putamen quantitative
susceptibility mapping correlated with the Flanker but not Stroop measures; R2 did not correlate with inhibitory control measures.
Putamen quantitative susceptibility mapping and caudate and putamen R2 correlated with the Expanded Disability Status Scale.

CONCLUSIONS: Our study showed that quantitative susceptibility mapping and R2 may be complementary indicators for basal ganglia
tissue changes in MS. Our findings are consistent with the hypothesis that decreased performance of basal ganglia–reliant tasks involving
inhibitory control is associated with increased quantitative susceptibility mapping.

ABBREVIATIONS: BG � basal ganglia; EDSS � Expanded Disability Status Scale; GP � globus pallidus; QSM � quantitative susceptibility mapping; R2 � relaxation
rate (ie, 1/T2); R2* � relaxation rate (ie, 1/T2*)

Several studies have reported changes in T2, T2*, and quanti-

tative susceptibility mapping (QSM) in the basal ganglia (BG)

of patients with MS compared with healthy controls based on T2

hypointensity. Quantitative CSF-normalized T2 measurements

correlated with brain atrophy as measured by volumetric analyses

and with white matter lesion load,1-3 and with measures of MS

disease burden such as the Expanded Disability Status Scale

(EDSS), the timed 25-foot walk test,4,5 and cognitive perfor-

mance.6 Change in T2WI hypointensity was reported to be a bet-

ter predictor of MS disease progression than brain atrophy5,7 and

thus may serve as a biomarker for progression and as an outcome

measure to assess treatment efficacy.8

Although frequently used as a marker for BG iron, T2WI sig-

nal is affected not only by iron content but also by a number of

other factors, most notably free water mobility. In addition, T2
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measures may be compromised by fluid motion when the CSF

signal is used for normalization. Consequently, a number of other

MR imaging methods that are thought to be more sensitive to

tissue iron have been pursued, including T2 relaxometry,3,9 T2*

measurement,10 high-pass filtered-phase MR imaging,11 and

quantitative susceptibility mapping.12 These studies and MR im-

aging– histology comparisons13 demonstrated that higher iron

content is a prominent factor in BG abnormality in patients with

MS.

Furthermore, it has been increasingly recognized that BG

structures play a role in both somatomotor and cognitive control

processes associated with localized functional topography.14,15

Specifically, the BG are implicated in action selection by influenc-

ing and modulating activity of the motor cortex and descending

motor pathways through inhibitory control.16 As such, the abnor-

mal iron increase in the BG of patients with MS may be related to

cognitive decline, specifically to deficits in inhibitory control.

However, to our knowledge, only 1 study has linked BG iron to

cognition in MS.6 Additionally, direct comparison between T2

and QSM for measuring BG iron in patients with MS has not yet

been published, to our knowledge.

Our study had 2 objectives: 1) to compare T2, T2*, and QSM

for assessing BG changes; and 2) to correlate T2, T2*, and QSM to

physical and cognitive measures. Specifically, given that the BG

play an important role in tasks of inhibitory control, which re-

quire suppression of task-irrelevant information to engage cor-

rectly in goal-directed, task-relevant behavior, we hypothesized a

negative association between iron deposits and neuropsycholog-

ical measures of inhibitory control.

MATERIALS AND METHODS
Patient Selection
Twenty-nine individuals with relapsing-remitting MS participat-

ing in an ongoing longitudinal study were recruited (see On-line

Table 1 for demographics and clinical characteristics). All patients

signed institutional review board–approved consent forms. EDSS

scores were obtained by a neurologist. Thirteen patients were

treated with natalizumab; 11, with glatiramer acetate; 3, with in-

terferon �; and 2 were newly diagnosed. On average, patients

treated with natalizumab were younger and had shorter MS du-

rations than patients treated with glatiramer acetate. EDSS scores

were not significantly different among treatment groups.

MR Imaging Acquisition and Image Processing
All patients were scanned at 7T (Achieva; Philips Healthcare, Best,

the Netherlands) by using a head volume transmit/16-channel

receive coil (Nova Medical, Wilmington, Massachusetts). 3D-

multiecho gradient-echo images covering the entire brain were

acquired by using TR/flip angle � 24 ms/5°, 4 bipolar gradient

echoes with TE � 4 –20 ms, acquired voxel size of 0.5 � 0.5 mm

in-plane and 1-mm section thickness (interpolated to 0.5-mm

isotropic), and 9-minute scan time. Complex multicoil data were

combined by using scanner software, and real and imaginary data

were exported for relaxation rate (ie, 1/T2*; R2*) and QSM pro-

cessing. T2 data were acquired as 4 separately acquired single-

echo multishot spin-echo EPI scans by using TR � 5000 ms; TE �

13.5, 21, 36, and 50 ms; 1 � 1 � 3 mm; and scan times of 1 minute

each. Three axial sections through the central part of the BG were

acquired. The single-echo sequence was chosen over multiecho to

avoid interference from stimulated echoes and because it is more

sensitive to diffusion in the inhomogeneous field from tissue

microstructure.

Phase maps were calculated from the complex data and un-

wrapped (FSL PRELUDE, http://www.fmrib.ox.ac.uk/fsl 17). To

avoid echo shifts introduced by using a bipolar gradient readout,

we used difference images between echo 1 and echo 3 for all fur-

ther processing. Background field removal was done with a Pro-

jection onto Dipole Field.18 Image data were masked more tightly

than in the published algorithm to handle stronger phase changes

near air-tissue interfaces at 7T. Quantitative susceptibility maps

were calculated by using Wiener filter deconvolution (Figs 1 and

2).19 ROIs in the central part of the right and left globus pallidus

(GP), putamen, and caudate were manually traced on 10 sections,

including the entire structure seen in the section (Fig 2). ROIs

contained 1000 –3000 voxels. In addition, the putamen region

was split in half, and the anterior and posterior sections were

analyzed separately. ROI masks were saved and used to compute

average QSM (and SD) and T2*WI signal at the 4 different TEs.

Mean T2* and SDs were computed from the average signals with

log-linear regression.

For T2 analysis, ROIs were manually traced on the TE � 36 ms

images. These ROIs were used to calculate signal for all TEs.

Quantitative T2 mean and SDs were computed by log-linear re-

gression. To compare quantitative relaxometry with CSF-nor-

malized T2-weighting,1,2,4,6 we also traced ROIs in the anterior

horns of the ventricles on the TE � 36 ms images and computed

the ratio of BG over CSF signal (ratio � SBG / SCSF) and its SD.

Neuropsychological Testing
All participants completed neuropsychological assessments de-

signed to measure general cognitive functioning and specific mea-

sures that assess functioning on tasks that are subserved by the

BG. To examine general cognitive decline, primarily relevant for

the ongoing longitudinal study, we administered the Mini-Mental

State Examination, the Wechsler Test of Adult Reading, and the

Brief Repeatable Battery (On-line Table 2),20,21 establishing a

cognitive baseline for each participant. Participants additionally

underwent testing with computerized versions of Flanker and

Stroop tasks to assess inhibitory control (On-line Table 3).21

Statistical Analysis
Statistical analyses were performed with Matlab (MathWorks,

Natick, Massachusetts). All demographic, MR imaging, and neu-

ropsychological data were tested for outliers, defined as any z

score deviation of �2.5 SDs from the mean. Normality was

checked by using the Shapiro-Wilk test. In our data, disease du-

ration and Flanker interference were found to be positively

skewed and were corrected with a square root transformation.

EDSS data on 1 participant were missing, and we estimated the

EDSS of this participant by using the fitted linear regression be-

tween disease duration and EDSS. Data from 2 participants were

excluded from the neuropsychological analyses, 1 for the Flanker

task and 1 for the Stroop task, due to patients performing below

chance on all conditions of the task.
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Pearson correlations were computed between all measured

variables. QSM, R2 (ie, 1/T2), and R2* (ie, 1/T2*) relaxation rates

increased with age, and the EDSS score increased with disease

duration. To remove these dependencies, we subtracted a linear

regression fit of QSM, R2/R2* with age, and EDSS with duration

from the measured data. Semipartial correlations were conducted

between cognitive (Flanker), duration-adjusted physical (EDSS),

and age-adjusted MR imaging measures.

RESULTS
Visual Assessment of the MR Imaging Data

Image Quality. QSM processing produced high-quality images

rich in anatomic details with minimal blurring and artifacts (Figs

1 and 2 and On-line Fig 1). Some streaking from QSM processing

was especially visible in coronal reformatted images (On-line Fig

1). Because we chose a very conservative threshold for the back-

ground field removal algorithm,18 significant parts of temporal

lobes and hippocampal regions were masked, but the BG were

retained. Motion artifacts were observed in some patients but did

not preclude quantitative analysis. Multishot T2-weighted EPI

had significant distortion near air/tissue interfaces (Fig 1). This

occasionally led to banding artifacts extending into the brain, but

they did not hinder quantitative T2 analysis.

Image Characteristics. QSM and signal on T2/T2*WI were not

homogeneous throughout the GP, putamen, and caudate. Inter-

nal and external GPs could be distinguished on original axial and

reformatted coronal images in most patients (Figs 1 and 2 and

On-line Fig 1). In the GP, bright “spots”
were frequently seen on QSM with val-
ues 1–3 SDs higher than those of sur-
rounding tissue. These regions were
dark on T2/T2*WI (Figs 1 and 2 and
On-line Fig 1). Sometimes, it was possi-
ble to follow these bright-QSM/dark-T2
features through adjacent sections, thus
identifying them as vasculature, but of-
ten they appeared isolated. Compared
with superior GP regions, inferior re-
gions were darker on T2/T2*WI and
brighter on QSM (Fig 2 and On-line Fig
1). In the putamen, bright or dark spots
were also observed, but most notably,
there was a gradual change in signal
from darker posterolateral to brighter
anteromedial regions on T2/T2*WI,
with an analogous pattern from bright
to dark in QSM. In the caudate, the
posteromedial tips were dark on T2/
T2*WI and bright on QSM and
seemed to connect to fine vessels visi-
bly extending into the caudate.

These spatial patterns were seen with
all imaging methods, T2/T2*WI and
QSM, and remained stable with time
(On-line Fig 1), ascertaining that re-
gional variations within each BG struc-
ture reflected true tissue differences and

were not merely due to SNR limitations, artifacts, or processing

errors.

Comparison of Quantitative Measures for QSM, T2,
and T2*

Measurement Precision. To assess measurement variability, we

calculated the average coefficient of variation over all patients

and all structures. The coefficient of variation was highest for

CSF-normalized T2WI (20%) and lowest for T2 and T2* relax-

ometry (both 3%). At 11.5%, the coefficient of variation for

QSM was fairly high because local differences were amplified

in QSM.

Relations among MR Imaging Measures. Table 1 shows mean

QSM, R2*, and R2. Note that the putamen and caudate QSM were

similar, whereas caudate R2 was lower than the putamen R2.

Table 2 lists correlation coefficients between MR imaging mea-

sures; all were high (P values � 10�3, data in On-line Fig 2). Most

interesting, correlation coefficients between R2 and QSM were

lowest, and linear regression slopes were significantly different

among GP structures (On-line Fig 2). Also note that correlation

coefficients and linear regression slopes were lower for the cau-

date than the GP and putamen. Last, high correlation between

CSF-normalized T2WI and quantitative T2 indicated that simple

normalization can be a valid measure, albeit with higher measure-

ment error.

Table 2 also lists fit coefficients for multivariable linear regres-

FIG 1. T2-weighted (TE � 36 ms), T2*-weighted (TE � 14 ms), and QSM images (left, middle, right)
of a 44-year-old female patient with MS (EDSS � 3; duration, 1.7 years). The T2WI multishot
spin-echo EPI and T2*WI have some distortion due to susceptibility near air spaces in the sinus. A
significant part of the temporal lobes is masked in QSM to avoid processing artifacts, but the BG
are not obscured. Magnified T2/T2*-weighted and QSM images show many subtle structures. The
internal and external GPs are clearly separated, especially on QSM. In this younger patient,
putamen iron is higher only in posterolateral regions. Veins are dark on T2*WI and bright on QSM.
Several high-iron regions (dark on T2WI and T2*WI, bright on QSM) are seen in the globus pallidus.
Bright spots in the putamen and GP are dark on QSM and may be arterial inflow or small high T2
lesions (mobile water). Two areas at the anterior GP edge (arrows, gray on T2*WI, dark on QSM)
are WM regions of the anterior commissure; they are not seen on T2WI due to the larger section
thickness.
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sion of R2* with both QSM and R2 (by using intercept zero). These

coefficients were used to estimate the relative contribution from R2

and QSM to R2* (Table 2). Remarkably, QSM contributed most

prominently to R2* in the GP and (motor cortex–connected) poste-

rior putamen, whereas R2 dominated in the caudate and (cognitive

cortex–connected) anterior putamen. Taken together, the observed

relations between the different MR imaging measures indicated that

QSM and R2 carried somewhat different information about tissue

microstructure, whereas R2* was a mixed measure.

Associations among Demographic,
Clinical, and Neuropsychological
Parameters. Only disease duration and

EDSS were strongly correlated; neither

Flanker nor Stroop measures correlated

with age, disease duration, or EDSS (Ta-

ble 3). Notably, in our cohort of patients

with MS, Flanker and Stroop measures

did not correlate.

Associations among MR Imaging Met-
rics and Demographic, Clinical, and In-
hibitory Control Measures. Significant

correlations with age and QSM were

observed for all regions and for R2 for

the GP and putamen but not the cau-

date (Table 4). Associations were

weaker for R2*. Age-related trends fol-

lowed published data for healthy sub-

jects in the age range of 30 – 60 years.22

Compared with published data,22 GP

and caudate QSM were higher in pa-

tients with MS than in controls (On-

line Fig 3). 7T data for R2 are not avail-

able, but age-related trends have been

shown at a lower field strength. Cau-

date QSM also correlated with disease

duration (Table 4).

EDSS correlated significantly with

R2 in the caudate and putamen, but

not the GP (Table 4). Most interesting,

no bivariate correlations between

EDSS and QSM or R2* were found

without controlling for covariates. Af-

ter we corrected for age in MR imaging

measures and duration in EDSS,

stronger correlations were revealed

(Table 5). There was a significant cor-

relation between EDSS and R2 for the

caudate and putamen (with both puta-

men subregions). Additional associa-

tions between EDSS and QSM ensued

and were most prominent for the pos-

terior putamen connected to the mo-

tor cortex (Table 5). Still, no correla-

tions were found between EDSS and

QSM in the anterior (cognitive) puta-

men and caudate (On-line Fig 4).

Regarding associations between mea-

sures of inhibitory control and MR imaging, bivariate analyses with-

out correction for covariates showed only an association between the

Flanker measure and QSM in the caudate and anterior putamen (Ta-

ble 4). We did not find any associations between QSM and the

Stroop task. R2 and R2* did not correlate with Flanker or Stroop

measures for any BG structure. After we corrected QSM and R2

for age, correlations between the Flanker measure and the caudate

and anterior putamen QSM became stronger, but still there was

no association with R2 (Table 5 and On-line Fig 4).

FIG 2. Schematic representation of published basal ganglia– cortical connections14,15 and sample
T2*-weighted and QSM images for 4 different patients. On the left side is a schematic represen-
tation of frontal and sensorimotor areas indicated on a sagittal view (top); sample ROIs used for
the analysis in this study are shown on an axial view (middle). As indicated, the putamen ROI was
split in half into anterior and posterior sections, which were separately analyzed. At the left
bottom is a schematic representation of BG functional areas sketched from published calbindin
stains.14 Our GP and putamen ROIs were typically selected on more inferior axial sections than the
caudate ROIs so that GP and putamen areas included mixed functional areas, whereas our cau-
date ROI was predominantly in a cognitive area. The schematic depictions are contrasted with
data from 4 different patients on the right. Patient A (a 33-year-old woman; EDSS � 4; Flanker, 37
ms) has lower physical but slightly higher cognitive performance than patient B (a 30-year-old
woman; EDSS � 2; Flanker, 57 ms). QSM is higher in the posterior putamen for patient A. Coronal
reformatted images of patient C (a 50-year-old woman; EDSS � 5; Flanker, 22 ms) who has worse
motor but better cognitive function than patient D (a 50-year-old woman; EDSS � 0; Flanker, 108
ms) show higher QSM in the putamen, but lower QSM in the external GP for patient C compared
with patient D. Again, there is some spatial correspondence between high QSM and functional
deficits in these patients.

Table 1: Mean QSM, R2, and R2* for BG substructures across patients
GP Putamen Caudate Aput Pput

QSM 0.159 � 0.031 0.064 � 0.023 0.068 � 0019 0.050 � 0.019 0.095 � 0.038
R2* 0.096 � 0.013 0.061 � 0.011 0.051 � 0.009 0.059 � 0.010 0.066 � 0.016
R2 0.049 � 0.004 0.036 � 0.004 0.029 � 0.002 0.034 � 0.004 0.039 � 0.0050

Note:—Aput indicates cognitive anterior part of putamen, region predominantly connected to frontal cortex; Pput,
motor posterior part of putamen, region predominantly connected to sensorimotor cortex.
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In summary, the cognitive measure, Flanker interference,

showed a stronger association with QSM in the caudate and an-

terior putamen, whereas the physical measure, EDSS, showed a

stronger association with R2 but not R2*.

DISCUSSION
Our study had 2 goals: first, to compare QSM, T2*, and T2 for

assessing BG changes in patients with MS and second to study

associations among MR imaging metrics, clinical scores, and cog-

nitive measures of inhibitory control.

Comparison of MR Imaging Measures
Our study found visual correspondence (ie, similar spatial pat-

terns within each BG region) among QSM, T2*WI, and T2WI.

MR imaging measures increased with age, and the correlation

among the MR imaging metrics was high. Notably, the dynamic

range of QSM was twice as high as that of R2 and R2*.

However, there were several prominent differences. The cau-

date QSM was higher than the putamen QSM, whereas the cau-

date R2 was lower than putamen R2. Postmortem studies of tissue

iron showed the highest iron content in the GP, followed by the

putamen, and the lowest iron content in the caudate.13 This order

was maintained in QSM studies of healthy subjects.12,23 Similar

to our study findings, Rudko et al23 demonstrated higher cau-

date QSM in patients with MS, though overall, their QSM val-

ues were lower in their younger subject population. Con-

versely, the study of Langkammer et al12 did not show the

relative increase in caudate QSM in patients with MS. Further-

more, we observed almost a 2-fold higher QSM in the posterior

compared with the anterior putamen, whereas R2 was only

15% higher (Table 1).

An increase in QSM may be due to higher iron or lower myelin

content, whereas larger R2 and R2* are due to higher iron and higher

myelin. Thus our finding of relatively higher QSM in the caudate is

consistent with increased iron content and/or decreased myelin, both

suggesting greater tissue damage in the caudate. Increased QSM in

the posterior compared with the anterior putamen suggests higher

iron content in the posterior putamen.

Multivariate linear regression of R2* with QSM and R2 (Table

2) suggests that R2* is a mixed measure. Even though our simple

linear model does not reflect the complexities of the true relation-

ships among R2, R2*, and QSM, our analysis, nevertheless, dem-

onstrates that different BG structures have very different relative

contributions from QSM and R2. It also suggests that R2* is a less

sensitive measure than QSM, whereas R2 may provide comple-

mentary information. Thus, our finding that CSF-normalized

T2WI correlates well with T2-relaxometry is of interest because it

indicates that fast and simple T2WI can serve as a substitute for

time-consuming T2 relaxometry.

Table 2: Bivariate Pearson correlation coefficients between MRI measures and multivariable linear regression of R2* with QSM and R2
using zero intercept (R2* � a1QSM � a2R2)

GP Putamen Caudate Aput Pput
MRI

R2 (QSM) 0.51a 0.72b 0.52a 0.67a 0.72a

R2* (QSM) 0.73b 0.81b 0.47a 0.71a 0.83a

R2* (R2) 0.55b 0.78b 0.48a 0.75a 0.75a

CSF-T2WI (T2) 0.71b 0.85b 0.59b 0.79b 0.87b

Multivariable linear regression for R2*
a1 0.28 � 0.04b 0.22 � 0.04b 0.15 � 0.06c 0.21 � 0.05a 0.25 � 0.04b

a2 1.05 � 0.14b 1.31 � 0.07b 1.42 � 0.16b 1.42 � 0.08b 1.08 � 0.10b

Fractional QSM: 47% QSM: 23% QSM: 20.0% QSM: 18% QSM: 36%
Contributions R2: 53% R2: 77% R2: 80.0% R2: 82% R2: 64%

Note:—Aput indicates cognitive anterior part of putamen, region predominantly connected to frontal cortex; Pput, motor posterior part of putamen, region predominantly
connected to sensorimotor cortex.
a P � 10�3.
b P � 10�6.
c P � .02.

Table 3: Pearson correlation coefficients (P values) for
demographic and neuropsychological measures

Age Duration EDSS Flanker Stroop
Age 1
Duration 0.36 (.06) 1
EDSSa 0.30 (.11) 0.61 (.0005)d 1
Flankerb 0.01 (.95) 0.26 (.18) 0.23 (.23) 1
Stroopc 0.07 (.74) �0.08 (.68) �0.02 (.94) 0.03 (.90) 1

a Using estimates for missing EDSS scores.
b For the Flanker task, 1 participant performed below chance (n � 28).
c For the Stroop task, data for 1 participant were lost, and 1 performed below chance
(n � 27).
d Statistically significant at P � .05.

Table 4: Bivariate Pearson correlation coefficients (P values)
(n � 29 except as noted)

Age Durationa EDSS Flankerb Stroopc

QSM
GP 0.36 (.059) 0.10 (.60) 0.06 (0.75) 0.25 (.20) �0.18 (.36)
Put 0.57 (.001)f 0.04 (.85) 0.31 (0.09) 0.3 (.12) 0.01 (.97)
Cau 0.41 (.02)f 0.42 (.02)f 0.24 (0.20) 0.47 (.01)f 0.13 (.50)
Aput 0.55 (.0015)f 0.05 (.81) 0.30 (0.11) 0.38 (.045)f 0.00 (.99)
Pput 0.57 (.001)f 0.09 (.65) 0.35 (0.06) 0.23 (.25) �0.01 (.94)

R2
GPd 0.32 (.12) 0.08 (.68) 0.18 (0.38) 0.32 (.11) 0.065 (.76)
Pute 0.47 (.01)f 0.09 (.65) 0.43 (0.02)f 0.31 (.11) 0.21 (.34)
Caue 0.37 (.06) 0.29 (.15) 0.58 (.001)f 0.31 (.11) 0.07 (.75)
Apute 0.44 (.02)f 0.12 (.54) 0.48 (.01)f 0.35 (.08) 0.17 (.44)
Ppute 0.47 (.01)f 0.01 (.96) 0.32 (.04)f 0.21 (.29) 0.28 (.18)

R2*
GP 0.14 (.45) �0.23 (.22) �0.20 (.29) 0.2 (.3) �0.24 (.22)
Put 0.38 (.047)f �0.12 (.51) 0.25 (.19) 0.34 (.075) �0.02 (.92)
Cau 0.29 (.12) �0.02 (.90) 0.24 (.20) 0.29 (.13) 0.27 (.17)
Aput 0.30 (.11) �0.15 (.43) 0.26 (.16) 0.37 (.055) �0.04 (.84)
Pput 0.45 (.01)f �0.06 (.74) 0.17 (.36) 0.23 (.23) �0.00 (.99)

Note:—Cau indicates caudate; Put, putamen; Aput, cognitive anterior part of puta-
men, region predominantly connected to frontal cortex; Pput, motor posterior part
of putamen, region predominantly connected to sensorimotor cortex.
a Using square root transformation for non-normal duration data.
b Using square root transformation for non-normal Flanker measure (n � 28).
c Stroop measure (n � 27).
d For GP R2 n � 27 so that R2–GP versus Flanker (n � 26).
e For putamen and caudate R2 n � 28 so that R2–Put, R2–Cau versus Flanker (n � 27).
f Statistically significant at P � .05.
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In summary, both the larger dynamic range and the small frac-

tional contribution of QSM to R2* suggest that QSM is a more

sensitive and perhaps more specific measure than R2*. Future

studies modeling R2, R2*, and QSM based on tissue microstruc-

ture, including paramagnetic iron predominantly located in oli-

godendrocytes and diamagnetic myelin, may further elucidate the

relative importance of QSM versus R2.

Association of MR Imaging with Clinical and Cognitive
Measures
An interesting finding of our study was that cognitive perfor-

mance measured by the Flanker test was associated with QSM but

not R2 in the caudate and anterior putamen, whereas EDSS was

preferentially associated with R2.

Association of EDSS with MR Imaging Metrics. EDSS is a measure

of physical disability in MS. In our population, the EDSS score

was strongly correlated with disease duration. We found that

EDSS was associated with R2 for the caudate and putamen, with

QSM in the posterior putamen, but not the globus pallidus. Con-

versely, Rudko et al23 found an association between EDSS for both

QSM and R2* in all BG regions. This discrepancy may be due to

differences in population characteristics; the patients of Rudko et

al were younger and had shorter disease duration; these features

were not associated with EDSS. Additionally, their average ROI

analysis included the full BG structures as defined by atlas data,

whereas our study evaluated the central part seen on axial images.

Thus, our MR imaging measures may have included specific func-

tionally connected BG regions, whereas the data of Rudko et al

included a mixture of all functional BG regions.

Association of the Flanker Task with MR Imaging. We found a

positive association between the Flanker task performance and

QSM for the caudate and anterior putamen, but not for the pos-

terior putamen and GP. No associations were found with R2.

These findings are consistent with preferential connectivity

patterns linking the caudate and anterior putamen to frontal

brain areas necessary for inhibitory control processing (Fig

2).14,15 In contrast, the posterior putamen is connected to the

motor-sensory cortex, and the GP is linked to motor, cognitive,

and limbic areas.14,15 In addition, comparison of MR imaging

metrics suggests that QSM is perhaps most sensitive for the detec-

tion of tissue damage, especially in the caudate. To the best of our

knowledge, only 1 prior study has examined associations between

T2 hypointensity and cognitive performance, finding an associa-

tion between a composite neuropsychological score and CSF-nor-

malized T2WI in the GP.6 Differences in the neuropsychological

battery may have contributed to the observed discrepancy.

Future studies are needed to confirm our initial results. First,

our group of patients with MS (n � 29) is too small to firmly

establish the validity of associations observed in our study. Studies

with a larger MS population and/or longitudinal studies are

needed. Furthermore, our study did not include healthy subjects,

though our MR imaging metrics followed previously published

trends.22-26 However, the notion that changes in QSM and R2 in

BG areas preferentially connected to cognitive cortical areas,

which may relate to cognitive performance, needs to be further

established in healthy subjects.

Flanker versus Stroop Tasks. We expected to find associations

between Flanker and Stroop task measures and MR imaging met-

rics. In contrast, our results did not provide evidence for an asso-

ciation between Flanker and Stroop measures or for the Stroop

and any MR imaging measure. Although both the Flanker and

Stroop tasks are subsumed under the umbrella term of “inhibi-

tory control,” these 2 widely used measures tap into interrelated

facets of interference suppression and response inhibition, re-

spectively. “Interference suppression” refers to the ability to sup-

press task-irrelevant information in favor of task-relevant infor-

mation, whereas “response inhibition” taps into the ability to

suppress a dominant response in favor of a nondominant re-

sponse.27,28 Although both of these facets of inhibitory control

rely on the frontal-striatal circuitry29 and the BG have been im-

plicated in behavioral performance on these measures, we did not

find an association between MR imaging metrics in BG and

Stroop performance. This dissociation suggests that there may be

some specificity to BG functioning in individuals with MS, and

future research could more clearly parse the involvement of the

BG substructures in different facets of inhibitory control for this

population.

Regional Variability
Another prominent feature in our high-resolution 7T data was

the pronounced spatial variability observed in QSM and T2/

T2*WI, specifically the posterolateral-to-anteromedial signal

change in the putamen and focal signal differences most often

seen in the GP. Earlier studies by using low-resolution T2WI did

not report such findings.1,2,5,6 However, several more recent stud-

ies described analogous spatial variability in healthy aging22,24,26

and related it to cognitive decline in aging.25 A study by Zivadinov

et al,11 using analysis methods emphasizing focal high iron over

global/average iron in the BG, found a strong differentiation be-

tween healthy controls and patients with MS. Rudko at al23 also

found similar patterns in voxelwise z score maps comparing

healthy controls and patients with MS. Mechanisms for variable

iron deposition are not known, but it was suggested that they

coincide with lenticulostriate arterioles penetrating the BG,26,30

Table 5: Correlation coefficients (P values) for semipartial correlations after adjusting MRI parameters for age and EDSS for disease
duration

GP Put Cau Aput Pput
Sqrt (Flanker) vs age-adjusted QSM 0.26 (.18) 0.36 (.063) 0.51 (.0058)a 0.45 (.016)a 0.26 (.17)
Sqrt (Flanker) vs age-adjusted R2 0.33 (.09) 0.34 (.08) 0.31 (.11) 0.37 (.056) 0.23 (.25)
Duration-adjusted EDSS vs age-adjusted QSM 0.00 (.98) 0.39 (.036)a 0.01 (.95) 0.34 (.07) 0.40 (.032)a

Duration-adjusted EDSS vs age-adjusted R2 0.16 (.43) 0.51 (.0059)a 0.46 (.014)a 0.51 (.0054)a 0.44 (.019)a

Note:—Sqrt indicates the square root transformation used for the non-normal distributed Flanker test metrics; Cau, caudate; Put, putamen; Aput, cognitive anterior part of
putamen, region predominantly connected to frontal cortex; Pput, motor posterior part of putamen, region predominantly connected to sensorimotor cortex.
a Statistically significant at P � .05.
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indicative of mineralization, including iron encrustation and/or

calcification near vessels.

In future studies, it will be instructive to examine how these

observed regional MR imaging changes relate to BG functional

connections and clinical and cognitive decline in MS. For exam-

ple, the cases in Fig 2 may suggest that it is feasible to find a visual

scoring system for characterizing signal change in BG subregions

defined by prior knowledge of BG functional subdivisions.14,15

Better yet, subject-specific BG-cortex connections could be iden-

tified by simultaneous DTI studies and used to define specific

ROIs for QSM and R2 tissue characterization. Finally, voxelwise

correlation of MR imaging with clinical and cognitive measures

could be used in future studies to better establish BG functionality

as a biomarker of disease progression.

We expect that future work by using data analyses that takes

into account both local patterns of iron increase and BG func-

tional topography will be the key to gaining additional insight into

the role of BG iron in MS-related clinical and cognitive decline

and disease progression. High-resolution 7T is uniquely suited for

this purpose.

CONCLUSIONS
Our study showed that both QSM and R2 are indicators for tissue

changes in the BG of patients with MS and may provide somewhat

complementary information. QSM is more sensitive than R2*,

which is a composite measure of R2 and QSM. We substantiated

our hypothesis that QSM-based BG assessment can reveal tissue

changes that are implicated in BG-reliant tasks of inhibitory con-

trol. If the results from our initial cross-sectional study are repli-

cated in future research with larger populations and/or are ex-

tended through longitudinal studies, QSM-based MR imaging

can be established as a sensitive biomarker for cognitive decline in

MS and serve as an outcome measure to determine treatment

efficacy.
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ORIGINAL RESEARCH
ADULT BRAIN

Detection of Normal Aging Effects on Human Brain Metabolite
Concentrations and Microstructure with Whole-Brain MR

Spectroscopic Imaging and Quantitative MR Imaging
V.V. Eylers, X A.A. Maudsley, X P. Bronzlik, P.R. Dellani, H. Lanfermann, and X.-Q. Ding

ABSTRACT

BACKGROUND AND PURPOSE: Knowledge of age-related physiological changes in the human brain is a prerequisite to identify neuro-
degenerative diseases. Therefore, in this study whole-brain 1H-MRS was used in combination with quantitative MR imaging to study the
effects of normal aging on healthy human brain metabolites and microstructure.

MATERIALS AND METHODS: Sixty healthy volunteers, 21–70 years of age, were studied. Brain maps of the metabolites NAA, creatine and
phosphocreatine, and Cho and the tissue irreversible and reversible transverse relaxation times T2 and T2� were derived from the datasets.
The relative metabolite concentrations and the values of relaxation times were measured with ROIs placed within the frontal and parietal
WM, centrum semiovale, splenium of the corpus callosum, hand motor area, occipital GM, putamen, thalamus, pons ventral/dorsal, and
cerebellar white matter and posterior lobe. Linear regression analysis and Pearson correlation tests were used to analyze the data.

RESULTS: Aging resulted in decreased NAA concentrations in the occipital GM, putamen, splenium of the corpus callosum, and pons
ventral and decreased creatine and phosphocreatine concentrations in the pons dorsal and putamen. Cho concentrations did not change
significantly in selected brain regions. T2 increased in the cerebellar white matter and decreased in the splenium of the corpus callosum
with aging, while the T2� decreased in the occipital GM, hand motor area, and putamen, and increased in the splenium of the corpus
callosum. Correlations were found between NAA concentrations and T2� in the occipital GM and putamen and between creatine and
phosphocreatine concentrations and T2� in the putamen.

CONCLUSIONS: The effects of normal aging on brain metabolites and microstructure are region-dependent. Correlations between both
processes are evident in the gray matter. The obtained data could be used as references for future studies on patients.

ABBREVIATIONS: BSd � pons dorsal; BSv � pons ventral; HK � hand motor area; SCC � splenium of the corpus callosum; tCr � creatine and phosphocreatine

As a prerequisite to identify neurodegenerative diseases, the

knowledge of age-related physiologic changes in the hu-

man brain becomes more important in a society with increas-

ing life expectancy. 1H-MR spectroscopy and quantitative MR

imaging of brain tissue are both useful tools to study these

changes. 1H-MR spectroscopy enables detection of brain me-

tabolites, which, for example, reflect neuronal attenuation and

integrity (NAA), relate to the turnover of cell membranes

(Cho), or serve as a marker of energy metabolism (creatine and

phosphocreatine [tCr]). Thus, 1H-MR spectroscopy has often

been applied to study age-associated neurometabolism1 or pa-

thology in the human brain.2 Due to limitations in the spatial

coverage of standard acquisition techniques, most of the
1H-MR spectroscopy studies have been performed by using

just 1 or a few small brain regions.1 In recent years, a whole-

brain 1H-MRS technique with high spatial resolution has been

established and has been used to study metabolic aging effects

by deriving mean metabolite concentrations within each brain

lobe.3 However, the evaluation of aging effects in multiple,

more differentiated anatomic structures in human brain re-

mains unreported, to our knowledge.

Quantitative MR imaging methods can be used to quantify

relaxation processes of brain tissue, such as transverse relax-

ation due to spin-spin interactions characterized by the irre-

versible relaxation time (T2), local magnetic field inhomoge-
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neity characterized by the reversible relaxation time (T2�), or

both mechanisms together characterized by an effective relax-

ation time (T2*), with the relation of 1/T2* � 1/T2 � 1/T2�.

The variations of transverse relaxation times reflect influences

from the molecular environment within the tissue and provide

a measure of microstructural changes in the maturing or aging

brain4-6 and brain diseases.7,8

In this prospective study, NAA, tCr, and Cho concentrations

and T2 and T2� values were measured simultaneously in selected

brain structures by using whole-brain 1H-MRS and quantitative

MR imaging with the aim of detecting physiologic changes of the

metabolism and microstructure of the human brain related to

normal aging and possible correlations among metabolic and mi-

crostructural changes, which may provide insight into the effects

of aging.

MATERIALS AND METHODS
Subjects
Sixty-eight healthy volunteers were recruited from the local pop-

ulation. Based on a self-reporting interview, all subjects had no

history of brain trauma, neurologic disorder, or other systemic

diseases. Each subject received 2 screening tests (DemTect and the

Beck Depression Inventory II) to exclude cognitive or psychiatric

impairments.9,10 Sixty subjects 21–70 years of age (mean age,

44 � 14 years; 6 men and 6 women in each age group—ie, 21–30

years, group 1; 31– 40 years, group 2; 41–50 years, group 3; 51– 60

years, group 4; and 61–70 years, group 5) were included in the

study. Eight subjects were excluded after the screening tests or due

to incomplete MR imaging examination findings. The study was

approved by local institution review board, and written consent

was obtained from all subjects before the examinations.

MR Imaging Examinations
All MR imaging examinations were performed at 3T (Verio; Sie-

mens, Erlangen, Germany). A 12-channel phased array head coil

was used. The MR imaging protocol included a T2-weighted

turbo spin-echo sequence with 3 echoes (triple TE) (TR/TE, 6640/

8.7/70/131 ms; 150° flip angle; 3-mm section thickness; 256 � 208

matrix; 256 � 208 mm FOV; acceleration factor, 2), a T2*-

weighted gradient-echo sequence with triple TEs (TR/TE, 1410/

6.42/18.42/30.42 ms; 20° flip angle; 3-mm section thickness;

256 � 208 matrix; 256 � 208 mm FOV; acceleration factor, 2),

and volumetric spin-echo-planar spectroscopic imaging (TR/TE,

1710/70 ms) acquisition by using an FOV of 280 � 280 � 180

mm3 and a slab of 135 mm, with a resolution of approximately 1

mL.11 The spin-echo-planar spectroscopic imaging acquisition

included a second dataset obtained without water suppression

that provided a water reference signal with spatial parameters

identical to those of the metabolite MR spectroscopy. The water

reference MR spectroscopic imaging was used for several process-

ing functions, including measurement and correction of the res-

onance frequency offset at each voxel location, correction of line

shape distortions, and providing an internal signal reference for

the normalization of metabolite concentrations.12 In addition, a

T1-weighted 3D MPRAGE image was obtained at 1-mm isotropic

resolution for anatomic reference. The spin-echo-planar spectro-

scopic imaging, MPRAGE, TSE, and gradient-echo scans were

obtained with the same angulation so that the same anatomic

structures could be identified. The total scan time was approxi-

mately 36 minutes.

Data Processing
T2- and T1-weighted images were inspected by 2 experienced

neuroradiologists to exclude subjects with morphologic

abnormalities.

Whole-Brain 1H-MRS and Metabolite Maps. Reconstructions of

the metabolite and water reference images were made as described

by Maudsley et al,3 on which the spin-echo-planar spectroscopic

imaging data were analyzed by using the Metabolic Imaging and Data

Analysis software to determine volumetric maps of the metabolites

NAA, tCr, and Cho, with metabolite signal-intensity normalization

by using tissue water as an internal reference and the corresponding

maps of spectral line width. All resultant maps were spatially trans-

formed and interpolated to a standard spatial reference at 2-mm

isotropic resolution.

Maps of Relaxation Times. T2 and T2* maps were obtained on

the fly on the MR imaging system with an extended image recon-

struction provided by the manufacturer, by using monoexponen-

tial fitting to the signal-intensity decay curves of the triple TE data

acquired with TSE and gradient-echo sequences, respectively. T2�

values were calculated according to the relationship 1/T2� �

1/T2* � 1/T2.

ROI Analysis. Local metabolite concentrations NAA, tCr, and

Cho, as a ratio to tissue water, together with the spectral line width

and tissue relaxation times T2 and T2�, were determined by using

mean values over ROIs at 13 locations within each hemisphere:

the frontal and parietal WM, centrum semiovale, splenium of the

corpus callosum (SCC), hand motor cortex (HK), occipital GM,

putamen, pallidum, thalamus, pons ventral (BSv), pons dorsal

(BSd) at the level of the upper pons, and cerebellar white matter at

the axial level of the midcerebellar peduncle and cerebellar poste-

rior lobe. Metabolite values obtained from spectra with a line

width of �12 Hz or with a signal-to-noise ratio of 	5 were not

sampled. Paired t tests showed that there were significant differ-

ences (P 	 .05) of up to 10% between the bihemispheric values at

several ROIs. However, considering the limitations of the sample

size related to the handedness (54 for right-handed versus 6 for

left-handed), the left and right values for each ROI were averaged

for further analysis. Due to local magnetic field distortion caused

by neighboring structures containing bone and air, ROIs at the

genu of the corpus callosum and caudate nucleus were not con-

sidered. All ROIs were carefully drawn within a single section on

T1-weighted images (for metabolite measurements) and T2-

weighted images (for quantitative MR imaging measurements) as

a circle with an area of 29 � 4 mm2, which was manually located

according to anatomic landmarks to exclude partial volume ef-

fects. ROI measurements on the relaxation time maps were made

by using ImageJ software (National Institutes of Health, Bethesda,

Maryland),13 while those on the metabolites were done with the

ROI tool in the Metabolic Imaging and Data Analysis software.

No CSF correction was made considering that the ROIs were

placed within brain tissue.
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Statistical Analysis
For each ROI, the 2-sided t tests with Bonferroni correction (sig-

nificance level, � �.05/3 �.017) were used to estimate sex differ-

ences of the measured local metabolite concentrations or trans-

verse relaxation times. A linear regression analysis was used to

estimate the age-dependence of the measured values, and the

Pearson correlation test was used to test for possible correlations

between changes of local metabolite concentrations and local

transverse relaxation times (ie, to quantify the degree to which

they are related). For linear regression analysis and for the Pear-

son correlation test, a low significance level of .01 was used to

avoid accidental associations. Statistical analyses were performed

with SPSS, Version 21 (IBM, Armonk, New York).

RESULTS
Locations of each selected ROI in the right-brain hemisphere are

shown in Fig 1 as white filled circles on the T2-weighted images of

a 31-year-old volunteer, where sample spectra in the parietal

white matter and occipital gray matter are also shown. Metabolite

maps of NAA, Cho, and tCr and maps of transverse relaxation

times were obtained for all subjects for further ROI analyses.

The values of NAA, Cho, tCr concentrations, and T2 and T2�

were measured at each ROI on the corresponding maps of metab-

olites or relaxation times for all subjects. The group mean values

of each age group obtained in corresponding ROIs are shown in

Fig 2, where both metabolite concentrations and the transverse

relaxation times show clear differences between the ROIs, indicat-

ing that the brain metabolite content or relaxation times are brain

region– dependent.

Two-sided t tests revealed no significant sex differences for

most measures with the exceptions of NAA concentrations and

T2� in BSd, tCr concentrations in HK, and T2� in the cerebellar

posterior lobe and centrum semiovale. Therefore, values for male

and female subjects were combined for most ROIs, and those

showing significant sex differences were analyzed separately for

men and women. While the spectral line width at all ROIs did not

reveal any significant correlation to age, linear regression analysis

revealed significant (P 	 .01) changes of metabolite concentra-

tions and transverse relaxation times with age in most of the se-

lected brain structures, as shown in the Table: NAA concentration

was significantly decreased in the occipital GM, putamen, SCC,

and BSv, with amounts varying from �16% to �26% within the

observed 5 decades, and showed a trend of reduced values in the

centrum semiovale (R � �0.292, P � .024) and parietal WM

(R � �0.288, P � .026) and the thalamus (R � �0.301, P � .019)

(not shown). tCr concentration was reduced significantly in the

putamen (�17%) and dorsal brain stem (�16%) and showed a

tendency of increase in frontal WM (R � 0.27, P � .044) (not

shown). Cho concentration in selected ROIs did not change sig-

nificantly with age but had a small increase in frontal WM (R �

0.261, P � .054). T2 decreased with age in the SCC (�14%) and

FIG 1. Locations of each selected ROI in the right brain hemisphere displayed as white filled circles on the T2-weighted images, respectively, and
sample spectra from the parietal white matter and occipital gray matter of a 31-year-old volunteer. The numbering represents the ROIs in the
hand motor cortex (1), centrum semiovale (2), splenium of the corpus callosum (3), cerebellar white matter (4) and posterior lobe (5), brain stem
ventral (6) and dorsal (7), frontal white matter (8), putamen (9), pallidum (10), thalamus (11), parietal white matter (pWM, 12), and occipital gray
matter (oGM, 13), respectively.
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increased in the cerebellar white matter (12%), and T2� decreased

in occipital GM (�23%), putamen (�47%), and hand motor

cortex (�20%) and increased in the SCC (35%) with age.

In Fig 3, the values of metabolite concentrations (top) and

tissue transverse relaxation times (bottom) measured at the ROIs

of the occipital GM, putamen, and pallidum are drawn according

to age, together with the corresponding results of linear regression

analysis: The NAA and T2� in the occipital GM and the NAA, tCr,

and T2� in the putamen revealed linear reductions with age

(P 	 .01, Table), while tCr, Cho, and T2 in the occipital GM and

Cho and T2 in the putamen did not show any age dependence.

The results measured in the pallidum showed a tendency of de-

FIG 2. Group mean values of metabolite concentrations and tissue transverse relaxation times (y axis) with SDs for age group 1 (21–30 years),
group 2 (31– 40 years), group 3 (41–50 years), group 4 (51– 60 years), and group 5 (61–70 years) are shown. The ROIs are as described in Fig 1.

Significant associations (P < .01) of the regional metabolite concentrations and transverse relaxation times with age, derived with
linear regressions

ROI Parameter Meana SD R P No.b Intercept Slope Variation in 50 Yr (%)c

Occipital GM NAA 13.2 1.6 �0.40 .002 59 15.16 �0.04 �16
T2� 56.7 9.4 �0.45 .000 60 69.67 �0.30 �23

Putamen NAA 13.2 1.5 �0.51 .000 60 15.54 �0.05 �19
tCr 10.2 1.4 �0.39 .002 60 11.89 �0.04 �17
T2� 55.1 13.1 �0.68 .000 60 83.44 �0.66 �47

Pallidumd T2� 32.3 6.4 �0.34 .005 40 41.53 �0.24 �26e

HK T2� 63.6 10.5 �0.35 .007 60 76.72 �0.28 �20
SCC NAA 10.9 1.9 �0.36 .005 60 13.01 �0.05 �19

T2 105.1 9.3 �0.47 .000 60 118.50 �0.31 �14
T2� 57.5 7.4 0.40 .002 60 45.14 0.36 35

CbWM T2 120.5 8.3 0.45 .000 60 108.93 0.26 12
BSv NAA 13.4 2.4 �0.42 .003 50 16.73 �0.08 �26
BSd tCr 9.2 1.3 �0.35 .010 53 10.64 �0.03 �16

Note:—R indicates the Pearson correlation coefficient.
a In ratio to internal water for metabolites and in milliseconds for relaxation times.
b Values of several ROIs were not sampled for all subjects (n 	 60) due to artifacts.
c In ratio to the values at 20 years of age.
d The values for subjects older than 60 years were not sampled for linear regression.
e Variation in 40 years. Significant linear relation of T2� to age in the pallidum was found for the ages between 20 and 60 years (P 	 .01), but not for the whole age range (21–70
years, P � .01).
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creased tCr with age (R � �0.28, P � .04 � .01) and no significant

age correlation for NAA, Cho, and T2. T2� values in the pallidum

were the lowest ones in comparison with all other ROIs and re-

vealed a linear reduction with ages from 20 to 60 years (�26%)

(P 	 .01, Table), though without further significant reduction for

older than 60 years of age (P � .73). The Pearson correlation tests

showed significant positive correlations (R � 0.53, P 	 .01) be-

tween NAA concentrations and T2� in the occipital cortical gray

matter, between NAA concentrations and T2� (R � 0.55, P 	 .01),

and between tCr concentration and T2� (R � 0.50, P 	 .01) in the

putamen. Weak correlations between NAA concentrations and T2

(R � 0.30, P � .02) and between NAA concentrations and T2� (R �

�0.27, P � .03) were found in the SCC.

DISCUSSION
Previous studies have examined associations of brain metabolite

concentrations with age in selected brain structures with varying

results,1 but few of these studies have examined a large number of

brain anatomic structures. To our knowledge, no previous studies

have examined possible associations with tissue relaxation times.

The metabolite concentrations determined in this study agree in

general with those reported by using single-voxel spectroscopy,

with NAA being the largest component in the cerebrum and tCr,

the largest component in cerebellum, while the Cho concentra-

tion is the smallest in both regions,14,15 though in this study the

measurements were obtained in multiple regions by using only a

single MR spectroscopic acquisition. The T2 and T2� values found

in this study are also comparable with those previously published,

with T2� being shortest in the supratentorial deep gray matter,

and T2, longest in the cerebellum.6,16

With combined whole-brain 1H-MRSI and quantitative MR

imaging measurements, this study determined for the first time,

simultaneously, the age-related metabolite concentrations and

tissue transverse relaxation times at multiple supratentorial and

infratentorial structures in the healthy human brain, which have

the potential to provide a reference basis for future studies to

identify pathologic alterations in patients. Additionally, with a

significance level of .01, variable age dependences of the metabo-

lite concentrations and the tissue relaxation times within the brain

have been found. With increasing age, NAA changed the most

among the 3 metabolites, with concentrations decreasing signifi-

cantly in 4 ROIs (occipital GM, putamen, SCC, and BSv), while

the tCr concentration decreased significantly in 2 ROIs (putamen,

BSd). Cho concentration revealed only a tendency to increased

values in the frontal white matter. Although the metabolite T2s

were not directly measured, the observations of no significant

correlations between age and spectral line width for all ROIs in-

dicate that the changes in metabolite T2s with age are negligible.

Thus, the possible influence on local metabolite concentrations

FIG 3. Values of the metabolite concentrations (top) and tissue transverse relaxation times (bottom) of all subjects measured at the ROIs of
occipital GM, putamen, and pallidum drawn according to the age, where NAA and T2� in the occipital GM and NAA, tCr, and T2� in the putamen
reveal linear reductions with age (P 	 .01 with the value of each slope being given in the Table), while tCr, Cho, and T2 in the occipital GM and
Cho and T2 in putamen do not show an age dependence. No significant age correlations were found in the pallidum both for metabolites and
relaxation times, but a significant linear reduction of T2� with age was found up to 60 years of age (P 	 .01 with the value of each slope being given
in the Table).
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caused by variations of metabolite T2s with age was not consid-

ered. For transverse relaxation times, the aging effect was most

obvious for T2�, which showed significant age-related changes in

4 ROIs, the occipital GM, putamen, hand motor cortex, and SCC,

and some changes in the pallidum, while T2 significantly changed

with age in only 2 ROIs (SCC and cerebellar white matter).

These observations indicate that NAA and T2� are sensitive to

brain aging. Moreover, the observed age-related metabolic and

microstructural changes were strongly brain region– dependent:

The most significant changes occurred in the putamen (reducing

NAA and tCr concentrations and T2�) and the SCC (reducing

NAA concentrations and T2, and increasing T2�), indicating that

both structures are vulnerable to metabolic and microstructural

aging. These observations are in line with previous reports that

both the putamen and corpus callosum play important roles con-

cerning age-related cognitive and motor impairment.17,18

Decreased brain NAA with age in several brain structures has

also been reported previously by different authors.3,19,20 It has

been suggested that decreased NAA concentrations reflect re-

duced neuronal attenuation or neuronal function.19,21 Both rea-

sons could be responsible for our observations of age-related NAA

concentration reductions. While the age-related reductions of

NAA concentration are frequently reported, findings for Cho and

tCr in relation to the age reported until now are more divergent.

Raininko and Mattsson,22 in a single-voxel spectroscopy study at

1.5T, found age-related reduction of NAA concentration, but age-

independent Cho concentrations and tCr concentrations in cere-

bral supraventricular white matter. Charles et al20 found lower

NAA, Cho, and tCr concentrations in the cortical and subcortical

gray matter of older subjects but not in the white matter. In a

single-voxel spectroscopy study at 1.5T on 50 healthy subjects

20 –70 years of age, Brooks et al19 found that the NAA decreased

significantly with age in the interhemispheric tissue of the medial

frontal lobe, with an overall decrease of 12% between the third

and seventh decades, and the concentrations of Cr and Cho did

not change significantly with age. Similar to our findings in the

brain stem (decreased NAA concentrations at the BSv and de-

creased tCr concentrations at the BSd), an age-related decline of

NAA and a trend toward decreased tCr concentrations in the up-

per brain stem were also observed by Moreno-Torres et al23 in a

single-voxel spectroscopy study on 57 healthy subjects from 23 to

79 years of age. Therefore, more MR spectroscopy studies under

standardized conditions will be necessary to obtain more precise

and comparable values for multicenter studies to clarify these di-

vergent findings.

It is interesting to compare our results with the lobar mean

metabolite content derived by Maudsley et al,3 with the same

spin-echo-planar spectroscopic imaging technique on a different

sample of healthy volunteers. While our ROI measurements in the

frontal WM for NAA (reduced with age), Cho, and tCr concen-

trations (both showed a tendency of increase with age) are con-

sistent with their observations of age-related reduction of lobar

mean NAA concentrations and an increases of lobar mean tCr and

Cho concentrations,3 we found that the tCr concentration was

reduced with increasing age in the BSd and putamen, whereas the

Cho concentration did not show significant age-related changes

in the selected ROIs. These discrepancies may be caused by a

regional dependence of age-related metabolic distributions

within the lobar structures that was observable only for ROI mea-

surements, as revealed also by a study using both 2D-MR spec-

troscopy and single-voxel spectroscopy. With 2D MR spectros-

copy in the centrum semiovale, Gruber et al24 found a decrease of

3.1% per decade for NAA and an increase of 3.6% per decade for

Cho, while with single-voxel spectroscopy located in the frontal

lobe, they found a positive correlation between tCr and age, but

only a trend of increased Cho with age in the frontal lobe, indi-

cating again the inhomogeneity of metabolite distributions even

within a brain lobe.

The tissue transverse relaxation parameters reflect molecular-

level relaxation mechanisms and are sensitive to microstructural

variations in tissue, such as changes of the free water content. For

example, reduced free water corresponds to shortened T2 in the

maturing brain,4,25 while pathologic demyelination or neurode-

generation resulting in increased free water content is associated

with prolonged T2.26-28 In line with these facts, our observations

of age-related increase of T2 in cerebellar white matter (R � 0.45)

may, therefore, reflect an age-related increase of free water within

this region, whereas the decrease of T2 at SCC (R � �0.47) may

indicate a loss of free water content within that region, though the

exact mechanism behind these changes is not yet clear. Siemonsen

et al5 found, in a retrospective study of 55 adults (12–90 years of

age; mean age, 54 � 20), an age-related decrease of T2� in the

lentiform nucleus (R � �0.69) and no age correlation in the

thalamus and parietal white matter, which are consistent with our

observations that T2� showed a strong negative linear correlation

to age in the putamen (R � �0.68) and no correlation with age in

the thalamus and parietal white matter.

Our findings that T2 and T2� values in the motor and oc-

cipital cortices were comparable and lowest in the pallidum are

consistent with an earlier study on T2 by Jara et al29 and with

regional distribution of nonheme iron in the report by Hall-

gren and Sourander,30 in which the iron content in the motor

and occipital cortices was similar while the pallidum had the

largest amount of iron. A decrease of T2� in the deep gray

matter has been suggested as a marker of increased iron depo-

sition,5,7,8 while cortical T2� is considered to provide informa-

tion about the local concentration of deoxyhemoglobin, which

is reduced due to age-related variations of cerebral autoregu-

lation and increased deoxyhemoglobin in elderly subjects.31-33

An increase of T2� in the normal-appearing white matter of

patients with multiple sclerosis was attributed to reduced me-

tabolism.7 Correspondingly, our observations of correlated

decreases of T2� and NAA concentrations (R � 0.53) in the

occipital GM may indicate an association of an age-related

increase of deoxyhemoglobin and reductions of neuronal at-

tenuation and/or function in the occipital gray matter. The

correlated decreases of T2� with NAA and tCr concentrations

(R � 0.55 and 0.50, respectively) in the putamen may indicate

associations of age-related increase of iron deposition (de-

creased T2�) and reductions of neuronal attenuation and/or

function (reduced NAA concentrations) and a decrease of en-

ergy metabolism (reduced tCr concentrations) in the deep gray

matter, while the observed increase of T2� with age in the white

matter of the SCC may reflect reduced metabolism with age,
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consistent with the observations of an age-related reduction of

NAA concentrations and T2 in the SCC. Also our observation

of a smaller change in T2� values in the pallidum for ages older

than 60 could be an indication of the metabolic function slow-

ing with increased age. The evidence of an age-related increase

of iron deposition with reduced neuronal function and energy

metabolism in the putamen and age-related reduction of neu-

ronal function, metabolism, and free water in the SCC may

make the putamen and corpus callosum more vulnerable to

neurodegenerative diseases.

There are several limitations to this study. The differences be-

tween the left and right hemispheres and the possible effect of

handedness were not considered because of the limited sample

size. Due to differences of section thickness (interpolated section

thickness of 5.6 mm for metabolite maps versus 3 mm for T2

maps), the spatial volumes of ROIs obtained on metabolite maps

did not match exactly those on quantitative MR imaging maps.

The effect of partial volume contributions from neighboring

structures and CSF was also not taken into account. This was,

however, minimized by using a small ROI that was visually placed

to avoid these contributions. An additional limitation is that sub-

jects older than 70 years were not included due to difficulties in

subject recruitment. To overcome these limitations, a study with a

larger sample size and more selected brain-specific structures is

necessary.

CONCLUSIONS
This study has demonstrated that age-related metabolic and mi-

crostructural changes in the human brain are regionally depen-

dent and more apparent in the cerebrum than in the cerebellum.

Correlations between both processes are evident in the gray mat-

ter. These results could be used as references for future study on

patients.
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ORIGINAL RESEARCH
ADULT BRAIN

High-Resolution 7T MR Imaging of the Motor Cortex in
Amyotrophic Lateral Sclerosis

X M. Cosottini, X G. Donatelli, X M. Costagli, X E. Caldarazzo Ienco, X D. Frosini, X I. Pesaresi, X L. Biagi, X G. Siciliano,
and X M. Tosetti

ABSTRACT

BACKGROUND AND PURPOSE: Amyotrophic lateral sclerosis is a progressive motor neuron disorder that involves degeneration of both
upper and lower motor neurons. In patients with amyotrophic lateral sclerosis, pathologic studies and ex vivo high-resolution MR imaging
at ultra-high field strength revealed the co-localization of iron and activated microglia distributed in the deep layers of the primary motor
cortex. The aims of the study were to measure the cortical thickness and evaluate the distribution of iron-related signal changes in the
primary motor cortex of patients with amyotrophic lateral sclerosis as possible in vivo biomarkers of upper motor neuron impairment.

MATERIALS AND METHODS: Twenty-two patients with definite amyotrophic lateral sclerosis and 14 healthy subjects underwent a
high-resolution 2D multiecho gradient-recalled sequence targeted on the primary motor cortex by using a 7T scanner. Image analysis
consisted of the visual evaluation and quantitative measurement of signal intensity and cortical thickness of the primary motor cortex in
patients and controls. Qualitative and quantitative MR imaging parameters were correlated with electrophysiologic and laboratory data
and with clinical scores.

RESULTS: Ultra-high field MR imaging revealed atrophy and signal hypointensity in the deep layers of the primary motor cortex of patients
with amyotrophic lateral sclerosis with a diagnostic accuracy of 71%. Signal hypointensity of the deep layers of the primary motor cortex
correlated with upper motor neuron impairment (r � �0.47; P � .001) and with disease progression rate (r � �0.60; P � .009).

CONCLUSIONS: The combined high spatial resolution and sensitivity to paramagnetic substances of 7T MR imaging demonstrate in vivo
signal changes of the cerebral motor cortex that resemble the distribution of activated microglia within the cortex of patients with
amyotrophic lateral sclerosis. Cortical thinning and signal hypointensity of the deep layers of the primary motor cortex could constitute
a marker of upper motor neuron impairment in patients with amyotrophic lateral sclerosis.

ABBREVIATIONS: ALS � amyotrophic lateral sclerosis; ALSFRS-R � ALS Functional Rating Scale-Revised; DPR � disease progression rate; HS � healthy subjects;
M1 � primary motor cortex; UHF � ultra-high field; UMN � upper motor neuron

Amyotrophic lateral sclerosis (ALS) is a progressive motor

neuron disorder that entails degeneration of both upper and

lower motor neurons,1 producing fasciculation, muscle wasting

and weakness, increased spasticity, and hyperreflexia.

Upper motor neuron (UMN) impairment in ALS can be de-

tected from clinical signs such as brisk reflexes and spasticity;

however, the masking effect of the lower motor neuron involve-

ment that reduces muscle strength and reflexes may make it hard

to reveal clinical evidence of pyramidal involvement. Electro-

physiologic investigations, such as prolongation of central motor

conduction time in motor-evoked potentials in transcranial mag-

netic stimulation, may detect the upper motor neuron involve-

ment, but results are conflicting and these measures are not a

sensitive tool or a useful indicator of disease severity or progno-

sis.2-4 Therefore, a robust in vivo biomarker of UMN impairment,

though desirable,5 is not available.

The hallmark of UMN pathology in ALS is depopulation of the

Betz cells in the motor cortex and axonal loss within the descend-
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ing motor pathway associated with myelin pallor and gliosis of the

corticospinal tracts.6

Conversely, also, characteristic of ALS pathology similar to

that in other neurodegenerative disorders is the occurrence of a

neuroinflammatory reaction, consisting of activated glial cells,

mainly microglia and astrocytes, and T-cells.7 In transgenic

mouse models of mutant SOD1-associated familial ALS, reac-

tive microglial cells and astrocytes actively contribute to the

death of motor neurons.7

Moreover, a significant association between cortical micro-

gliosis and UMN damage has been described by using PET with a

radioligand for microglia.8

Recently, an ex vivo study with Perls’ DAB staining detected

intracellular and extracellular iron deposits in the motor cortex of

patients with ALS. Iron in the form of ferritin is detected in acti-

vated microglia (CD68�) in the middle and deep layers of the

motor cortex, sparing the superficial layers.9

Gradient recalled-echo T2* sequences, which can provide sig-

nal magnitude, phase, and their combination in susceptibility-

weighted imaging,10 are considered the most appropriate tech-

nique to visualize small amounts of uniformly distributed iron,

such as ferritin,11,12 and are the most sensitive sequences for de-

tecting the low signal intensity in the precentral cortex in patients

with ALS.13

The introduction of ultra-high field (UHF) MR imaging

equipment greatly increases the sensitivity to susceptibility phe-

nomena and allows obtaining in vivo spatial resolution of approx-

imately 200 �m, which enables determination of the cortical

layers.14

The aims of our study were to measure the thickness of the

primary motor cortex (M1) and to describe the distribution of the

iron-related signal changes in the M1 of patients with ALS as a

possible in vivo biomarker of UMN impairment by using targeted

high-resolution gradient recalled-echo T2* sequences at UHF.

MATERIALS AND METHODS
Patients and Controls
Twenty-two patients (5 women and 17 men; mean age, 61 � 10

years) with a diagnosis of definite ALS (limb onset) according to

the revised El Escorial diagnostic criteria15 were enrolled (On-line

Table 1). Patients with dementia were excluded by administering

the Mini-Mental State Examination16 and the Frontal Assessment

Battery,17 as short and rapid bedside tests for a screening of cog-

nitive, behavioral, and global executive dysfunction. Clinical his-

tory and standard neurologic and psychiatric assessment were

used to rule out possible neuropsychiatric comorbidities and

other neurodegenerative diseases.

Patients underwent CSF and plasma laboratory analysis to re-

spectively assess concentration of �-amyloid, �, and p-� neuronal

proteins and some peripheral oxidative stress biomarkers such as

advanced oxidation protein products, ferric-reducing ability of

plasma, and thiols.18 Neurophysiologic investigation included

motor-evoked potentials with calculations of central conduction

time, cortical latency, and cortical silent period. Disease severity

was evaluated by using the ALS Functional Rating Scale-Revised

(ALSFRS-R) (range, 0 – 48),19 the Medical Research Council scale

for segmentary muscle strength (range, 0 –130),20 and a compos-

ite semiquantitative arbitrary score of UMN burden (UMN score;

range, 0 –33) (On-line Table 2).8,21,22 Disease duration was ex-

pressed in months from symptom appearance to MR imaging

acquisition, while disease progression rate (DPR) was calculated

according the following formula: (48 � ALSFRS-R)/Disease

Duration.23

Fourteen right-handed healthy subjects (HS), age-matched

with patients (8 women and 6 men; mean age, 58 � 12 years),

were enrolled to compare the cerebral motor cortex morphology

with respect to patients with ALS. HS were volunteers who had no

history of psychiatric and neurologic disorders; their neurologic

examination findings were normal.

All patients and controls gave their informed consent to the

enrollment and diagnostic procedures on the basis of the adher-

ence to an experimental protocol “Clinical Impact of Ultra-High

Field MR Imaging in Neurodegenerative Diseases Diagnosis”

(RF-2009-1546281) approved and funded by Italian Ministry of

Health and cofunded by the Health Service of Tuscany. The study

was approved by the local competent ethics committee.

MR Imaging Acquisition
MR imaging experiments were performed on a 7T MR950

scanner (GE Healthcare, Milwaukee, Wisconsin) equipped with

a 2CH-TX/32CH-RX head coil (Nova Medical, Wilmington,

Massachusetts).

The MR imaging protocol included a high-resolution 2D mul-

tiecho gradient-recalled sequence with TE � 10 ms and 20 ms,

TR � 500 ms, flip angle � 15°, NEX � 2, section thickness � 2

mm, FOV � 112 mm, and in-plane resolution � 250 �m, tar-

geted to the M1, oriented in the axial plane, and covering the

cerebrum from the vertex to the internal capsule. The total acqui-

sition time was 7 minutes 32 seconds.

Image Analysis

Visual Inspection and Subjective Assessment. Two expert neuro-

radiologists (M.Cosottini and I.P.) blinded to the clinical status of

subjects visually evaluated, independently, images on the basis of

morphologic criteria.

The M1 in the precentral gyrus was identified on UHF MR

images for the presence of the “hand knob.”24 The anatomy of the

cerebral motor cortex at the level of the M1 was evaluated on the

basis of accepted cognition sourcing from anatomic atlases25 and

MR imaging studies26,27 and atlases28 at UHF. The normal anat-

omy of the M1 at UHF MR imaging consists of deeper cortical

layers identified as a slight hypointense band immediately subja-

cent to a thinner superficial hyperintense layer. The subcortical

hypointense line corresponding to U-fibers appears smooth, and

the gray-white junction, poorly demarcated (Fig 1A, -B).

When the M1 anatomy differed from such configurations, and

namely the M1 deeper layers were particularly thin23,29 and/or

hypointense9,30 (Fig 1D, -E), images were judged as belonging to

patients with ALS.

Sensitivity, specificity, positive predictive value, negative pre-

dictive value, and diagnostic accuracy in distinguishing patients

and HS were calculated for each reader. Interobserver agreement

was calculated with the Cohen � statistic.
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Differences in UMN scores between correctly diagnosed and

misdiagnosed patients were evaluated by a Mann-Whitney U test.

Quantitative Assessment. For each cerebral hemisphere, thick-

ness and signal intensity of the deeper layers of the M1 were mea-

sured in 4 anatomic regions corresponding to the Penfield’s areas

of foot, leg, hand, and face (Fig 1C, -F).31 Signal intensities were

measured by using oval ROIs of 4 mm2 and were normalized with

respect to those of the superficial cerebral cortex of the left precu-

neus. Measurement of cortical thickness was obtained by tracing,

with an electronic caliper, a line encompassing the deep layer of

the M1. The measurements of signal intensity and cortical thick-

ness for each subject were then averaged to obtain mean values

from both cerebral hemispheres.

Quantitative data of cortical thickness and the signal intensity

of the M1 were compared between patients and HS by using a

Mann-Whitney U test. In the group of patients, the relationship

between morphometric parameters (mean values of cortical

thickness and signal intensity) and clinical scores (ALSFRS-R,

Medical Research Council scale, disease duration, and DPR) and

the electrophysiologic (central conduction time, cortical latency,

cortical silent period) and laboratory (ferric reducing ability of

plasma, advanced oxidation protein products, plasma thiols) data

was evaluated by the Spearman rank correlation coefficient. Cor-

tical thickness and signal intensity of the M1 for each Penfield’s

area of hand, leg, and foot were correlated to the correspondent

UMN score by using the Spearman rank correlation coefficient.

Using the median of DPR as a cutoff, we divided patients on

the basis of the progression rate into 2 groups: “faster” and

“slower.” A Mann-Whitney U test was applied to investigate dif-

ferences in morphometric parameters between the 2 groups.

RESULTS
Four patients and 1 healthy control subject were excluded from

the analysis due to the presence of severe motion artifacts.

FIG 1. Normal anatomy. In vivo UHF high-resolution gradient recalled-echo T2* sequence acquisition of the pre- and postcentral gyri (A) and
its schematic representation (B) in healthy subjects. The postcentral gyrus resembles the classic ex vivo UHF MR imaging appearance of the
unimodal sensory cortices: a low signal intensity tier corresponding to heavily myelinated intracortical layer IV (external band of Baillarger)
(arrows) and a subcortical hypointensity (arrowheads) corresponding to arcuate U-fibers demarcating the gray-white matter junction.56 The
cortical ribbon of M1 (bracket) as the functional counterpart of Brodmann area 435 is thicker than S157because it is agranular36 and contains the
giant Betz pyramidal cells. The superficial hyperintense layer in MR imaging (dots) is due to the lightly myelinated superficial layers relative to
the more heavily myelinated deep layers.58 M1 does not have an intermediate sharp hypointense line as in S1 but shows a more widespread slight
hypointensity of the deeper cortical layer corresponding to its astriate myeloarchitecture.59,60 The deeper layers of M1 are not easily distin-
guished from the underlying white matter due to the heavily myelinated M1 cortex.32,58 ALS features. UHF high-resolution gradient recalled-
echo T2* sequence acquisition of the pre- and postcentral gyri in a patient with ALS (D) and the corresponding schematic view (E). Beneath a
preserved superficial cortical layer (dots), the deep layers in M1 are thinner and more hypointense (bracket) than those in healthy subjects and
show an inconstant track appearance. The M1 signal hypointensity in ALS could be due to paramagnetic effects of the iron-containing microglia
within the deep motor cortex. The method adopted for quantitative measurement of signal intensity and thickness in a healthy subject (C) and
in patients with ALS (F) is reported. Quantitative assessments of the deep layers of M1 are obtained by drawing an oval ROI within them for the
signal intensity measurement and a line with an electronic caliper for the thickness quantification.
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In the remaining 18 patients, the mean values were 40 � 5 for

ALSFRS-R, 9 � 10 for the UMN score, 118 � 13 for the Medical

Research Council scale, 16 � 12 for disease duration, and 0.68 �

0.47 for DPR.

Visual Inspection and Subjective Assessment
At visual inspection, reader 1 detected hypointensity and thinning

of the deeper layers of the M1 in 12 of 18 patients with ALS and in

3 of 13 HS. Sensitivity, specificity, positive predictive value, neg-

ative predictive value, and diagnostic accuracy in distinguishing

patients and HS on the basis of morphologic criteria were 67%,

77%, 80%, 63%, and 71%, respectively.

Reader 2 detected hypointensity and thinning of the deeper

layers of the M1 in 9 of 18 patients with ALS and in zero of 13 HS.

Sensitivity, specificity, positive predictive value, negative predic-

tive value, and diagnostic accuracy in distinguishing patients and

HS on the basis of morphologic criteria were 50%, 100%, 100%,

59%, and 71%, respectively.

The Interobserver agreement was good (0.61, Cohen �

statistic).

On the basis of both readings, the UMN score was significantly

higher (P � .003 and P � .028, respectively) in correctly diag-

nosed patients (13 � 10 and 14 � 10, respectively) than in mis-

diagnosed ones (1 � 1 and 4 � 8, respectively) (On-line Fig 1A, -B

and On-line Tables 3– 6).

Also, the DPR was higher on the basis of both readings (P �

.019 and P � .066, respectively) in correctly diagnosed patients

(0.85 � 0.48 and 0.87 � 0.49, respectively) than in misdiagnosed

ones (0.33 � 0.20 and 0.48 � 0.38, respectively).

Quantitative Assessment
Cortical thickness was significantly (P � .001) lower in patients

(mean value � 1.5 mm) than in HS (mean value � 2 mm)

(On-line Fig 1C) and showed a moderate correlation with the

UMN score (r � �0.59; P � .001) (Fig 2A). Cortical thickness

had a weaker correlation with DPR (r � �0.47; P � .051) and

ALSFRS-R (r � 0.49; P � .039) (Fig 2B, -C).

Signal intensity did not differ between patients with ALS and

HS (On-line Fig 1D) but correlated with UMN score (r � �0.47;

P � .001), DPR (r � �0.60; P � .009), and ALSFRS-R (r � 0.45;

P � .061) (Fig 2D–F).

Signal intensity in the subgroup of patients with faster DPR

was significantly lower than that in the slower DPR subgroup (P �

.024), while no significant difference in cortical thickness was

found between subgroups of patients (On-line Fig 2).

No significant correlations were found between morphomet-

ric parameters and either motor-evoked potential indices (central

motor conduction time and cortical silent period) or the ferric-

reducing ability of plasma, advanced oxidation protein products,

and thiols.

DISCUSSION
UHF MR Signal in M1 of Controls and Patients with ALS
UHF MR imaging allows an in vivo evaluation of the inner struc-

ture of the cerebral motor cortex of patients with ALS and con-

trols. The gradient recalled-echo T2* sequence at 7T provides

information on the architectural organization of the human cor-

tex in vivo,32 due to the iron and myelin contribution to T2*

contrast.26 Because myelin and iron in the form of ferritin are

strongly co-localized in the intracortical myelinated fibers,33 the

MR signals across the cortical gray matter reflect myelin content

and myeloarchitecture.34 The normal anatomy of the M1 (Brod-

mann area 4)35 at UHF depends on its peculiar architecture: The

large cortical thickness, inconspicuous lamination pattern, low

cell density, and the absence of a clear boundary between layer VI

FIG 2. Correlations in patients with ALS between morphometric parameters (thickness and signal intensity of deeper layers of M1) and clinical
scores (UMN score, DPR, and ALSFRS-R). The UMN score ranges from zero to 8 because it refers to a single limb and not to the overall evaluation.
Correlations between morphometric parameters and UMN score were calculated by taking into account the clinical score of each limb of every
patient and signal intensity and thickness of the corresponding areas of M1.
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and white matter36 correspond to the MR imaging findings of the

motor cortex as shown in Fig 1A, -B.

In patients with ALS, in accordance with previous ex vivo UHF

images of the affected cerebral cortices,9 we revealed a rim of

signal hypointensity with an inconstant track appearance beneath

a preserved superficial hyperintense cortical layer (Fig 1D, -E).

The decreased signal intensity of the motor cortex on T2*-

weighted images in patients with ALS may represent ferritin be-

cause at postmortem examination, the precentral cortex showed

intensely stained microglia and macrophages after antiferritin an-

tibody staining.13 Until now, cortical hypointensity in vivo

seemed to involve the motor cortex in a full-thickness fashion at

both conventional37 and UHF9 MR imaging. Our targeted UHF

MR imaging high-resolution study, as well as the ex vivo UHF

imaging, demonstrated that in patients with ALS, the signal hy-

pointensity is confined to the deeper layers of the cerebral cortex,

the same structures in which several studies have shown an in-

creased number of microglial cells resulting from local prolifera-

tion of resident microglia.38

PET with radioligand-binding biomarkers of activated micro-

glia revealed that areas with the highest microglial activation in

patients with ALS were the motor cortices,39 thus corresponding

to the distribution of signal changes and atrophy that we have

detected in our group of patients.

Cortical Thickness in the M1 of Patients with ALS
Cortical atrophy in ALS has been revealed in several voxel-based

morphometry works40-42 by manual or automated measurements

of the cortical thickness and has been interpreted as a structural

surrogate of UMN degeneration.23 In particular, the regional

grade of atrophy in different areas of M1 corresponds to a soma-

totopic functional disability supporting the concepts of cortical

focality and motor phenotype heterogeneity.43 In line with previ-

ous results, our data confirmed the thinning of the M1 in patients

with ALS and the correlation between the cortical atrophy and the

UMN burden, but we observed that the alteration is confined to

the deeper cortical layers rather than the full-thickness cortex.

Moreover, cortical atrophy and signal hypointensity of the M1 in

patients with ALS are in line, respectively, with the reduction of

N-acetylaspartate and the increase of myo-inositol44 as an expres-

sion of the neurodegenerative phenomena and gliosis.

MR Imaging of M1: Biomarker for Diagnosis or Prognosis
Several conventional MR imaging studies subjectively evaluated

the cortical morphology and signal changes in patients with

ALS.37,45-49 These studies using full-thickness measures of corti-

cal signal changes were limited by low specificity because similar

findings are age-related and can also be detected in subjects with-

out ALS.50 Although our approach permitted the evaluation of

the inner structure of the cerebral motor cortex, the diagnostic

accuracy (71%) and the sensitivity (67% and 50% for reader 1 and

reader 2, respectively) of M1 morphologic changes remain

unsatisfactory.

Unlike electrophysiologic data, in which a correlation with

UMN impairment has never been demonstrated,51 in our study,

the quantitative analysis showed that increased image hypointen-

sity and the atrophic deep motor cortex both correspond to

greater UMN involvement. The correlation between the signal

intensity and the UMN score and the fact that the UMN score was

significantly higher in correctly diagnosed patients than in misdi-

agnosed ones support the hypothesis that hypointensity is a

marker of UMN degeneration rather than of ALS.

This relationship influences the diagnostic accuracy of MR

imaging, which remains modest because the correct diagnosis of

ALS based on cortical signal changes depends on the amount of

UMN impairment in sampled patients. The variable impairment

of UMNs in ALS explains why decreased signal intensity in ALS

has been reported at a variable extent, ranging from 93%37 to

30%.13

The cortical signal intensity correlates with DPR and could

constitute a prognostic marker of the disease. Although we inter-

pret signal intensity as an expression of activated microglia, we do

not know the pathologic mechanism that regulates the disease

progression in our patients.

Translational research in mutant SOD1 transgenic mice shows

that microglial cells become activated before motor neurons dis-

appear and well before clinical disease onset.52 Moreover SOD

mutant levels in microglia regulate the rate of disease progres-

sion.53 The correlation between cortical signal hypointensity as a

presumptive marker of activated microglia and DPR could con-

stitute the basis of a longitudinal study of microgliosis in patients

with ALS, widening the pathogenic scenario of the causes of this

disease and offering novel targets for therapeutic development.

To understand whether the neuroinflammatory reaction could be

a therapeutic target in ALS, a reliable biomarker able to investigate

and monitor the neuroinflammatory response to motor-neuron

degeneration with time would be desirable. Besides laboratory

inflammatory markers in the CSF54 and PET studies by using

microglial ligands, high-resolution UHF MR imaging might pro-

vide alternative relevant information on neuroinflammation.

In ALS, biomarkers of disease or prognosis would be para-

mount for patient management and therapeutic implications.5

Advanced neuroimaging techniques provide an opportunity to

assess disease pathophysiology and promise new biomarkers.55

The introduction of the UHF MR imaging of the cerebral cortex in

evaluating patients with ALS could be an adjunctive tool in a

multimodal approach to the research of biomarkers.5

The main limitation of the present study is the small sample

of patients, which affects the statistical power. A further limi-

tation is the impossibility of enrolling patients with advanced

disease for logistic reasons related to their disability, which

would probably have provided information on the course of

the disease.

CONCLUSIONS
The combined high spatial resolution and sensitivity to paramag-

netic substances of 7T MR imaging demonstrate in vivo signal

changes of the cerebral motor cortex that resemble the distribu-

tion of activated microglia within the cortex of patients with ALS.

Reduced cortical thickness and signal hypointensity of the M1

deep layers could constitute a marker of UMN impairment in

patients with ALS. Further studies with a larger sample of patients

would be desirable to confirm the UHF MR imaging results in

motor neuron disorders.
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36. Brodmann K. Beiträge zur histologischen Lokalisation der
Grosshirnrinde: Erste Mitteilung—Die Regio Rolandica. J Psychol
Neurol 1903;2:79 –107

37. Oba H, Araki T, Ohtomo K, et al. Amyotrophic lateral sclerosis: T2
shortening in motor cortex at MR imaging. Radiology 1993;189:
843– 46 CrossRef Medline

38. Gowing G, Philips T, Van Wijmeersch B, et al. Ablation of prolifer-
ating microglia does not affect motor neuron degeneration in

460 Cosottini Mar 2016 www.ajnr.org

http://dx.doi.org/10.1080/14660820310011250
http://www.ncbi.nlm.nih.gov/pubmed/13129799
http://dx.doi.org/10.1016/0022-510X(95)00056-8
http://www.ncbi.nlm.nih.gov/pubmed/7595614
http://dx.doi.org/10.1016/j.clinph.2007.09.143
http://www.ncbi.nlm.nih.gov/pubmed/18164242
http://dx.doi.org/10.1016/B978-0-444-53497-2.00045-0
http://www.ncbi.nlm.nih.gov/pubmed/24112924
http://dx.doi.org/10.1016/S1474-4422(14)70167-X
http://www.ncbi.nlm.nih.gov/pubmed/25453462
http://dx.doi.org/10.1212/01.WNL.0000058901.75728.4E
http://www.ncbi.nlm.nih.gov/pubmed/12707426
http://dx.doi.org/10.1016/S1474-4422(11)70015-1
http://www.ncbi.nlm.nih.gov/pubmed/21349440
http://dx.doi.org/10.1016/j.nbd.2003.12.012
http://www.ncbi.nlm.nih.gov/pubmed/15056468
http://dx.doi.org/10.1371/journal.pone.0035241
http://www.ncbi.nlm.nih.gov/pubmed/22529995
http://www.ncbi.nlm.nih.gov/pubmed/19039041
http://dx.doi.org/10.1007/978-1-61737-992-5_11
http://www.ncbi.nlm.nih.gov/pubmed/21279605
http://dx.doi.org/10.1111/jon.12127
http://www.ncbi.nlm.nih.gov/pubmed/24888543
http://dx.doi.org/10.1080/146608200300079536
http://www.ncbi.nlm.nih.gov/pubmed/11464847
http://dx.doi.org/10.1016/0022-3956(75)90026-6
http://www.ncbi.nlm.nih.gov/pubmed/1202204
http://dx.doi.org/10.1007/s10072-005-0443-4
http://www.ncbi.nlm.nih.gov/pubmed/15995827
http://dx.doi.org/10.1007/s00415-006-0301-1
http://www.ncbi.nlm.nih.gov/pubmed/17426914
http://dx.doi.org/10.1016/S0022-510X(99)00210-5
http://www.ncbi.nlm.nih.gov/pubmed/10540002
http://www.ncbi.nlm.nih.gov/pubmed/1549632
http://www.ncbi.nlm.nih.gov/pubmed/14143329
http://dx.doi.org/10.1371/journal.pone.0105753
http://www.ncbi.nlm.nih.gov/pubmed/25144708
http://dx.doi.org/10.1136/jnnp-2013-306839
http://www.ncbi.nlm.nih.gov/pubmed/25121571
http://dx.doi.org/10.1093/brain/120.1.141
http://www.ncbi.nlm.nih.gov/pubmed/9055804
http://dx.doi.org/10.1073/pnas.0610821104
http://www.ncbi.nlm.nih.gov/pubmed/17586684
http://dx.doi.org/10.3389/fnhum.2011.00019
http://www.ncbi.nlm.nih.gov/pubmed/21373360
http://dx.doi.org/10.1136/jnnp-2011-300909
http://www.ncbi.nlm.nih.gov/pubmed/21965521
http://dx.doi.org/10.1002/jmri.24121
http://www.ncbi.nlm.nih.gov/pubmed/23564606
http://dx.doi.org/10.1016/j.neuroimage.2012.01.053
http://www.ncbi.nlm.nih.gov/pubmed/22270354
http://dx.doi.org/10.1073/pnas.0911177107
http://dx.doi.org/10.1148/radiology.189.3.8234713
http://www.ncbi.nlm.nih.gov/pubmed/8234713


amyotrophic lateral sclerosis caused by mutant superoxide dismu-
tase. J Neurosci 2008;28:10234 – 44 CrossRef Medline

39. Corcia P, Tauber C, Vercoullie J, et al. Molecular imaging of micro-
glial activation in amyotrophic lateral sclerosis. PLoS One 2012;7:
e52941 CrossRef Medline

40. Agosta F, Pagani E, Rocca MA, et al. Voxel-based morphometry
study of brain volumetry and diffusivity in amyotrophic lateral
sclerosis patients with mild disability. Hum Brain Mapp 2007;28:
1430 –38 CrossRef Medline

41. Mezzapesa DM, Ceccarelli A, Dicuonzo F, et al. Whole-brain and
regional brain atrophy in amyotrophic lateral sclerosis. AJNR Am J
Neuroradiol 2007;28:255–59 Medline

42. Cosottini M, Pesaresi I, Piazza S, et al. Structural and functional
evaluation of cortical motor areas in amyotrophic lateral sclerosis.
Exp Neurol 2012;234:169 – 80 CrossRef Medline

43. Bede P, Bokde A, Elamin M, et al. Grey matter correlates of clinical
variables in amyotrophic lateral sclerosis (ALS): a neuroimaging
study of ALS motor phenotype heterogeneity and cortical focality.
J Neurol Neurosurg Psychiatry 2013;84:766 –73 CrossRef Medline

44. Foerster BR, Pomper MG, Callaghan BC, et al. An imbalance be-
tween excitatory and inhibitory neurotransmitters in amyotrophic
lateral sclerosis revealed by use of 3-T proton magnetic resonance
spectroscopy. JAMA Neurol 2013;70:1009 –16 CrossRef Medline

45. Goodin DS, Rowley HA, Olney RK. Magnetic resonance imaging in
amyotrophic lateral sclerosis. Ann Neurol 1988;23:418 –20 CrossRef
Medline

46. Ishikawa K, Nagura H, Yokota T, et al. Signal loss in the motor cortex
on magnetic resonance images in amyotrophic lateral sclerosis.
Ann Neurol 1993;33:218 –22 CrossRef Medline

47. Cheung G, Gawel MJ, Cooper PW, et al. Amyotrophic lateral
sclerosis: correlation of clinical and MR imaging findings. Radiol-
ogy 1995;194:263–70 CrossRef Medline

48. Thorpe JW, Moseley IF, Hawkes CH, et al. Brain and spinal cord MRI
in motor neuron disease. J Neurol Neurosurg Psychiatry 1996;61:
314 –17 CrossRef Medline

49. Hecht MJ, Fellner F, Fellner C, et al. Hyperintense and hypointense

MRI signals of the precentral gyrus and corticospinal tract in ALS: a
follow-up examination including FLAIR images. J Neurol Sci 2002;
199:59 – 65 CrossRef Medline

50. Cosottini M, Cecchi P, Piazza S, et al. Mapping cortical degeneration
in ALS with magnetization transfer ratio and voxel-based mor-
phometry. PLoS One 2013;8:e68279 CrossRef Medline

51. Yokota T, Yoshino A, Inaba A, et al. Double cortical stimulation in
amyotrophic lateral sclerosis. J Neurol Neurosurg Psychiatry 1996;61:
596 – 600 CrossRef Medline

52. Hall ED, Oostveen JA, Gurney ME. Relationship of microglial and
astrocytic activation to disease onset and progression in a trans-
genic model of familial ALS. Glia 1998;23:249 –56 CrossRef Medline

53. Boillée S, Yamanaka K, Lobsiger CS, et al. Onset and progression in
inherited ALS determined by motor neurons and microglia. Science
2006;312:1389 –92 CrossRef Medline

54. Mitchell RM, Freeman WM, Randazzo WT, et al. A CSF biomarker
panel for identification of patients with amyotrophic lateral sclero-
sis. Neurology 2009;72:14 –19 CrossRef Medline

55. Foerster BR, Welsh RC, Feldman EL. 25 years of neuroimaging in
amyotrophic lateral sclerosis. Nat Rev Neurol 2013;9:513–24
CrossRef Medline

56. Fatterpekar GM, Naidich TP, Delman BN, et al. Cytoarchitecture of
the human cerebral cortex: MR microscopy of excised specimens at
9.4 Tesla. AJNR Am J Neuroradiol 2002;23:1313–21 Medline

57. Meyer J, Roychowdhury S, Russell EJ, et al. Location of the central
sulcus via cortical thickness of the precentral and postcentral gyri
on MR. AJNR Am J Neuroradiol 1996;17:1699 –706 Medline

58. Glasser MF, Van Essen DC. Mapping human cortical areas in vivo
based on myelin content as revealed by T1- and T2-weighted MRI.
J Neurosci 2011;31:11597– 616 CrossRef Medline

59. Vogt O. Die myeloarchitektonische Felderung des Menschlichen
Stirnhirns. J Psychol Neurol 1910;15:221–32

60. Braitenberg V. Die Gliederung der Stirnhirnrinde auf Grund ihres
Markfaserbaus (Myeloarchitektonik). In: Rehwald E, ed. Das Hirn-
trauma. Stuttgart: Thieme; 1956:183–203

AJNR Am J Neuroradiol 37:455– 61 Mar 2016 www.ajnr.org 461

http://dx.doi.org/10.1523/JNEUROSCI.3494-08.2008
http://www.ncbi.nlm.nih.gov/pubmed/18842883
http://dx.doi.org/10.1371/journal.pone.0052941
http://www.ncbi.nlm.nih.gov/pubmed/23300829
http://dx.doi.org/10.1002/hbm.20364
http://www.ncbi.nlm.nih.gov/pubmed/17370339
http://www.ncbi.nlm.nih.gov/pubmed/17296989
http://dx.doi.org/10.1016/j.expneurol.2011.12.024
http://www.ncbi.nlm.nih.gov/pubmed/22226599
http://dx.doi.org/10.1136/jnnp-2012-302674
http://www.ncbi.nlm.nih.gov/pubmed/23085933
http://dx.doi.org/10.1001/jamaneurol.2013.234
http://www.ncbi.nlm.nih.gov/pubmed/23797905
http://dx.doi.org/10.1002/ana.410230424
http://www.ncbi.nlm.nih.gov/pubmed/3382182
http://dx.doi.org/10.1002/ana.410330214
http://www.ncbi.nlm.nih.gov/pubmed/8434885
http://dx.doi.org/10.1148/radiology.194.1.7997565
http://www.ncbi.nlm.nih.gov/pubmed/7997565
http://dx.doi.org/10.1136/jnnp.61.3.314
http://www.ncbi.nlm.nih.gov/pubmed/8795607
http://dx.doi.org/10.1016/S0022-510X(02)00104-1
http://www.ncbi.nlm.nih.gov/pubmed/12084444
http://dx.doi.org/10.1371/journal.pone.0068279
http://www.ncbi.nlm.nih.gov/pubmed/23874570
http://dx.doi.org/10.1136/jnnp.61.6.596
http://www.ncbi.nlm.nih.gov/pubmed/8971106
http://dx.doi.org/10.1002/(SICI)1098-1136(199807)23:3<249::AID-GLIA7>3.0.CO;2-#
http://www.ncbi.nlm.nih.gov/pubmed/9633809
http://dx.doi.org/10.1126/science.1123511
http://www.ncbi.nlm.nih.gov/pubmed/16741123
http://dx.doi.org/10.1212/01.wnl.0000333251.36681.a5
http://www.ncbi.nlm.nih.gov/pubmed/18987350
http://dx.doi.org/10.1038/nrneurol.2013.153
http://www.ncbi.nlm.nih.gov/pubmed/23917850
http://www.ncbi.nlm.nih.gov/pubmed/12223371
http://www.ncbi.nlm.nih.gov/pubmed/8896626
http://dx.doi.org/10.1523/JNEUROSCI.2180-11.2011
http://www.ncbi.nlm.nih.gov/pubmed/21832190


ORIGINAL RESEARCH
ADULT BRAIN

MR Elastography Demonstrates Increased Brain Stiffness in
Normal Pressure Hydrocephalus

X N. Fattahi, X A. Arani, X A. Perry, X F. Meyer, X A. Manduca, X K. Glaser, X M.L. Senjem, X R.L. Ehman, and X J. Huston

ABSTRACT

BACKGROUND AND PURPOSE: Normal pressure hydrocephalus is a reversible neurologic disorder characterized by a triad of
cognitive impairment, gait abnormality, and urinary incontinence that is commonly treated with ventriculoperitoneal shunt place-
ment. However, multiple overlapping symptoms often make it difficult to differentiate normal pressure hydrocephalus from other
types of dementia, and improved diagnostic techniques would help patient management. MR elastography is a novel diagnostic tool
that could potentially identify patients with normal pressure hydrocephalus. The purpose of this study was to assess brain stiffness
changes in patients with normal pressure hydrocephalus compared with age- and sex-matched cognitively healthy individuals.

MATERIALS AND METHODS: MR elastography was performed on 10 patients with normal pressure hydrocephalus and 21 age- and
sex-matched volunteers with no known neurologic disorders. Image acquisition was conducted on a 3T MR imaging scanner. Shear waves
with 60-Hz vibration frequency were transmitted into the brain by a pillowlike passive driver. A novel postprocessing technique resistant
to noise and edge artifacts was implemented to determine regional brain stiffness. The Wilcoxon rank sum test and linear regression were
used for statistical analysis.

RESULTS: A significant increase in stiffness was observed in the cerebrum (P � .001), occipital lobe (P � .001), parietal lobe (P � .001), and
the temporal lobe (P � .02) in the normal pressure hydrocephalus group compared with healthy controls. However, no significant
difference was noted in other regions of the brain, including the frontal lobe (P � .07), deep gray and white matter (P � .43), or cerebellum
(P � .20).

CONCLUSIONS: This study demonstrates increased brain stiffness in patients with normal pressure hydrocephalus compared with age-
and sex-matched healthy controls; these findings should motivate future studies investigating the use of MR elastography for this
condition and the efficacy of shunt therapy.

ABBREVIATIONS: NPH � normal pressure hydrocephalus; MRE � MR elastography

Normal pressure hydrocephalus (NPH) is a potentially treat-

able condition characterized by cognitive impairment, gait

abnormality, and urinary incontinence. A recent large epidemio-

logic study reported a dramatic increase in the prevalence of NPH

after 80 years of age with only a minority of these cases undergoing

treatment.1 With the progressive aging of our population, a con-

tinued increase in the prevalence of NPH can be expected in the

future.

Multiple overlapping signs and symptoms among different

types of cognitive impairment, such as NPH, Alzheimer disease,

and vascular dementia2-4 create diagnostic challenges in these pa-

tients. These challenges will motivate the development and inves-

tigation of novel noninvasive imaging techniques to serve as di-

agnostic tools for identifying patients with NPH. The reversibility

of neurologic symptoms after shunt tube placement supports the

theory that deranged CSF circulation could play a role in NPH

pathophysiology. Hypothetically, CSF accumulation may lead to

local compression on the brain and can be the cause of this disor-

der.4 Therefore, recent studies have targeted hemodynamic and

CSF circulation alterations and are investigating their role in in-

tracranial pressure changes, which may be the cause of neurologic

symptoms in NPH.5-7

Although there is variability in the diagnosis of NPH, a high-

volume lumbar tap with improvement of clinical symptoms as-
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sessed by video studies obtained before and after the procedure is

considered the most sensitive test for NPH at our institution.

Several groups have shown that there is a strong correlation be-

tween surgical outcomes of shunt placement and a patient’s re-

sponse to a high-volume lumbar tap.5,8-13 However, several fac-

tors, including time intervals between CSF taps, CSF leaks, and

the subjective nature of both the diagnosis and therapeutic re-

sponse, may result in ambiguity in the interpretation of the re-

sults. Another disadvantage of a lumbar tap is the invasive nature

of the test, with associated potential complications such as head-

ache, infection, and CSF leakage.14 Neuroimaging currently has a

prominent role in the diagnosis, assessment of therapy response,

and monitoring of disease progression in patients with NPH. Dis-

proportionate enlargement of cerebral ventricles, the Sylvian fis-

sure, and the basal cistern in relation to the degree of cortical

atrophy is the conventional MR imaging finding suggestive of

NPH.15

MR elastography (MRE) is an MR imaging– based technique

that noninvasively measures the mechanical properties of tissues

in vivo. It has been shown that pressure changes that alter tissue

elasticity are detectable by MRE.16,17 Therefore, the purpose of

this study was to investigate possible brain stiffness changes in

patients with NPH compared with age- and sex-matched healthy

controls.

MATERIALS AND METHODS
This study was approved by our institutional review board, and all

subjects provided informed written consent before recruitment

and imaging.

Subjects
Ten patients with NPH (5 women and 5 men) with a mean age of

71 years (range, 67–79 years) were studied. All subjects were di-

agnosed with NPH on the basis of clinical symptoms and enlarged

ventricles out of proportion to the size of the sulci (anatomic MR

imaging) and improvement of symptoms following high-volume

lumbar tap (Table 1). After undergoing MRE, all patients underwent

CSF shunt surgery, and 9 of 10 patients experienced a remarkable

improvement in symptoms after the procedure, which further sup-

ports the NPH diagnosis. Twenty-one cognitively healthy individuals

without known neurologic disorders, 11 women and 10 men with a

mean age 74 years (range, 67–80 years), served as the healthy control

group. The healthy control group was obtained from a subset of

subjects previously recruited from a longitudinal study of aging who

were imaged with MRE.18,19

MRE
Studies were performed on a 3T scanner (GE Healthcare, Mil-

waukee, Wisconsin) by using a single-shot, flow-compensated,

spin-echo EPI pulse sequence. Shear waves were introduced

into the brain from an active driver engine located outside the

scan room through a soft pillowlike passive driver placed un-

der the subject’s head within an 8-channel receive-only head

coil.20 The frequency of vibration was 60 Hz, and the MRE

sequence was performed by using the following parameters:

TR/TE � 3600/62 ms; FOV � 24 cm; bandwidth � � 250 kHz;

72 � 72 imaging matrix reconstructed to 80 � 80; 3� parallel

imaging acceleration; frequency encoding in the anteroposte-

rior direction; 48 contiguous 3-mm-thick axial sections; one

4-G/cm 18.2-ms zero- and first-order moment nulled motion-

encoding gradient on each side of the refocusing radiofre-

quency pulse synchronized to the motion; motion encoding in

the positive and negative x, y, and z directions; and 8 phase

offsets sampled during 1 period of the 60-Hz motion (the ac-

quisition time was �7 minutes). The acquired images had

3-mm isotropic resolution.

Image Processing
We applied a previously published MRE postprocessing pipeline

that masks out voxels with contributions from CSF, minimizes

partial volume and edge effects, attempts to correct areas of low

MR signal-to-noise ratio and low wave amplitude, and has previ-

ously been shown to have a coefficient of variation of �1% for

global brain stiffness and �2% for the lobes of the brain and the

cerebellum.21 Key features of the processing are the following:

registration of the MRE data to a standard anatomic atlas, apply-

ing the vector curl operation on the first temporal harmonic of the

acquired displacement field to reduce the effects of longitudinal

waves and boundaries; adaptive filters for all derivative calcula-

tions to reduce partial volume effects at boundaries; and careful

masking of the results from regional boundaries to minimize edge

effects and contamination from CSF. The curl is a mathematic

operation on a vector field (in this case, the displacement field

with motion in all 3 directions). It is a combination of deriva-

tives that quantifies rotational deformation (eg, shear waves),

which is the only signal of interest in MRE, but suppresses all

compressional deformation (eg, longitudinal waves). Last, an

elastogram (map of stiffness, defined as wave speed squared

times attenuation) was calculated by applying the direct inver-

sion algorithm to the smoothed curl wave field. Additionally

2-phase offset images were acquired with zero motion ampli-

tude to calculate the signal-to-noise ratio. We calculated the

median stiffness of different ROIs in the brain. Each ROI was

generated by applying a warped lobar atlas to a T1-weighted

image. ROIs were then registered to the magnitude data ob-

tained from the MRE as described previously.22 The full post-

processing pipeline to produce elastograms was applied sepa-

rately to each ROI. The ROIs investigated in this study

included the cerebrum (whole brain excluding cerebellum);

frontal, temporal, parietal, occipital lobes; deep gray matter/

white matter (GM/WM) (insula, deep gray nuclei, and white

matter tracts); and the cerebellum.

Table 1: Patient distribution based on clinical manifestations and
clinical response to treatment

Manifestation Distribution
Clinical symptoms 100% Gait disturbance

80% Cognitive problems
50% Urinary incontinence

High volume CSF tap 100% Improvement of clinical
symptoms

Response to shunt treatment 90% Improvement of clinical
symptoms

10% No improvement
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Statistical Analysis
To compare brain tissue stiffness between patients with NPH and

healthy controls, we used a Wilcoxon rank sum test; a P value

� .05 was considered statistically significant. A linear regression

test was used to determine whether sex and age introduced a sig-

nificant bias in the brain stiffness of the healthy control cohort.

RESULTS
The average median stiffness value of the cerebrum among pa-

tients with NPH was 2.64 � 0.1 kPa, which was significantly

higher than the stiffness of the cerebrum in healthy controls

(2.55 � 0.1 kPa) (P � .001) (Fig 1). Significant increased stiffness

was also observed in the occipital lobe (P � .001), the parietal lobe

(P � .001), and the temporal lobe (P � .02) in the NPH group

(Figs 2 and 3). However, no significant difference was noted in

other regions of the brain including the frontal lobe (P � .07),

deep GM/WM (P � .43), or the cerebellum (P � .20) (Table 2).

Brain stiffness of the healthy control group was fitted to a linear

regression model to assess possible confounding factors of age

and sex in the specific age range. A trend with age was found as in

previous work,19 though in this age range it did not reach statis-

tical significance (P � .1). There was no significant linear relation-

ship between sex and brain stiffness in our healthy control group

(P � .8).

DISCUSSION
In our study, patients with NPH demonstrated a significant in-

crease of stiffness in the cerebrum and occipital, parietal, and

temporal lobes compared with age- and sex-matched healthy

controls. Although there is a significant difference between pa-

tients with NPH and healthy controls (Fig 1), there is too much

overlap between the groups to be useful on an individual patient

basis. Our findings stand in contrast to those of Streitberger et

al,23 who observed a significant decrease in the cerebral stiffness in

patients with NPH compared with age- and sex-matched healthy

controls. This discrepancy may be attributed to differences in the

acquisition and postprocessing techniques. In our study, we re-

ported 3-mm isotropic full-volume datasets segmented into ana-

tomic lobes, while Streitberger et al took 3 adjacent 6-mm-thick

sections and segmented them into global and periventricular re-

gions. A considerable volume of the ROIs of Streitberger et al

included the frontal lobes, which, in our work, showed a trend

toward decreased stiffness in patients with NPH (though it did

not reach significance). Other differences between the technique

of Streitberger et al and ours, including differences in scanner

hardware; processed data resolutions (1.5 � 1.5 � 6 mm versus

3 � 3 � 3 mm); TE (149 versus �60 ms); number of time points

(32 versus 8); and a processing approach that attempts to mini-

mize CSF contamination and edge effects in this study, could

potentially introduce SNR differences and stiffness estimation

variations between the 2 techniques.

The physiology of NPH is dynamic, complex, and not well-

understood, which makes it difficult to deduce a concrete mech-

anism behind the brain stiffening observed in this study. NPH

generally refers to ventricular enlargement with normal opening

pressure on lumbar puncture. However, overnight intermittent

elevation of the intracranial pressure has been detected in patients

with NPH, suggesting that increased intracranial pressure may

play a role in the pathophysiology of NPH.24 In addition, Alperin

et al25 reported a linear pressure-volume relationship between the

volumetric blood flow rate and intracranial pressure changes with

a consistent elastance index. On the basis of these findings, ven-

tricular dilation is thought to occur at the expense of the com-

pressible compartment as interstitial and intracellular fluids are

“squeezed” out of parenchymal pores. Brain tissue compression

can cause tissues to move into the nonlinear elastic regime, caus-

ing stiffening, which would support our findings. Furthermore,

corresponding cellular changes, such as a higher ratio of cytoskel-

etal matrix to interstitial and intracellular fluid has been reported,

as well as a more compressed capillary and venous channel ma-

trix, all of which could contribute to parenchymal stiffening and a

loss of compliance.26,27

In this study, we found a significant increase in stiffness in the

occipital, parietal, and temporal lobes, while lower elasticity val-

ues were measured in the frontal lobe and deep GM/WM areas in

patients with NPH compared with healthy controls. Although

these latter findings did not reach significance, it attracted our

attention toward possible underlying changes that may contrib-

FIG 1. Summary of cerebral stiffness for the healthy controls (NC) and
patients with normal pressure hydrocephalus. Lines represent the av-
erage stiffness for each group, and the circles represent the cerebral
median stiffness for each individual patient.

FIG 2. Mean of the median stiffness and SD of brain regions in pa-
tients with normal pressure hydrocephalus (black squares) and
healthy controls (red circles). Asterisks indicate regions of significant
stiffness difference between the NPH group and the healthy controls.
Front indicates frontal lobe; Occp, occipital lobe; Par, parietal lobe;
Temp, temporal lobe; W/GM, deep white/gray matter; Cere, cere-
brum; Cbell, cerebellum.
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ute to brain softening. Several imaging and histopathologic stud-

ies reported brain tissue degeneration beyond the paraventricular

area, which was shown to be associated with acute or chronic

hydrocephalus.28-30 Ziegelitz et al31 illustrated a significant reduc-

tion in cerebral blood flow, not only in the paraventricular area

but also in the basal medial frontal cortex and deep gray matter in

patients with NPH compared with healthy controls. In addition,

they reported a positive correlation between decreased cerebral

blood flow and the severity of clinical symptoms. Bugalho and

Alves32 suggested that predominant frontal lobe white matter le-

sions observed by T2-weighted MR imaging may be a cause of

irreversible symptoms in NPH. Therefore, the combination of

factors such as reduced blood flow, tissue degeneration, and the

development of white matter lesions could result in tissue soften-

ing in some regions, which may be overcompensation for com-

pressional stiffening effects.

Further evidence of these competing factors can be found in

the diffusion-tensor imaging literature. DTI studies investigating

microstructural changes in NPH have illustrated region-depen-

dent neuronal changes throughout the brain. They have reported

that neuronal integrity changes in the periventricular area, in-

cluding the corticospinal tract, are consistent with changes sec-

ondary to mechanical compression and tend to reverse after shunt

treatment. However, neuronal integrity changes in the frontal

lobe white matter, corpus callosum, and deep gray matter are

compatible with degenerative changes, which remain unchanged

after treatment.6,7,29,32-34 Furthermore, previous brain MRE

studies on Alzheimer disease and multiple sclerosis have illus-

trated that decreased brain tissue stiffness is associated with neu-

rodegenerative changes.20,33,34 Similarly, in this study, we hy-

pothesized that the decreased stiffness in the frontal lobe and deep

GM/WM may be attributed to the underlying neurodegenerative

process resulting from NPH or reduced blood flow.13,24,35,36 In-

FIG 3. MRE image comparison of patients with NPH and healthy controls. T2 FLAIR images (top row) and MRE images (middle row) of a
67-year-old man with NPH. MRE of age- and sex-matched healthy controls (bottom row) shows increased stiffness in the patients with NPH
compared with the healthy controls, especially in the parietal and occipital regions.

Table 2: MRE stiffness results
Healthy Control
Brain Stiffness

(kPa)
NPH Brain

Stiffness (kPa) P Value
Frontal lobe 2.75 � 0.16 2.66 � 0.13 .07
Occipital lobe 2.75 � 0.16 3.08 � 0.28 �.001
Parietal lobe 2.45 � 0.12 2.66 � 0.17 .001
Temporal lobe 2.73 � 0.15 2.80 � 0.14 .02
Deep GM/WM 3.01 � 0.29 2.91 � 0.20 .43
Cerebrum 2.55 � 0.11 2.65 � 0.10 .001
Cerebellum 2.23 � 0.13 2.21 � 0.09 .20
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creased pressure in these areas, producing elevated stiffness, due

to ventricle enlargement may also contribute to a limited measur-

able reduction in stiffness. This theory is also compatible with

clinical and neuroanatomic studies suggesting that cognitive im-

pairment in NPH corresponds to irreversible changes in the deep

GM/WM frontal subcortical areas, which is unlikely to improve

after shunt treatment.37,38 Also, Freimann et al39 have reported

no significant change in stiffness after shunt tube placement in

patients with NPH. These results should motivate future investi-

gation into the relationship between regional brain stiffness and

shunt placement outcomes.

CONCLUSIONS
Brain MRE of patients with NPH revealed increased brain tissue

stiffness in the cerebrum and the occipital, parietal, and temporal

lobes compared with age- and sex-matched healthy controls. Al-

though not significant, decreased stiffness was observed in the

frontal lobe and deep GM/WM of patients with NPH compared

with healthy controls. This specific pattern of stiffness alteration

will motivate future studies investigating the role of compressibil-

ity and degenerative changes in the development of NPH. In the

future, MRE could potentially be implemented as a valuable di-

agnostic and prognostic tool for NPH and therapy response.
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ORIGINAL RESEARCH
ADULT BRAIN

Automated Cross-Sectional Measurement Method of
Intracranial Dural Venous Sinuses

X S. Lublinsky, X A. Friedman, X A. Kesler, X D. Zur, X R. Anconina, and X I. Shelef

ABSTRACT

BACKGROUND AND PURPOSE: MRV is an important blood vessel imaging and diagnostic tool for the evaluation of stenosis, occlusions,
or aneurysms. However, an accurate image-processing tool for vessel comparison is unavailable. The purpose of this study was to develop
and test an automated technique for vessel cross-sectional analysis.

MATERIALS AND METHODS: An algorithm for vessel cross-sectional analysis was developed that included 7 main steps: 1) image regis-
tration, 2) masking, 3) segmentation, 4) skeletonization, 5) cross-sectional planes, 6) clustering, and 7) cross-sectional analysis. Phantom
models were used to validate the technique. The method was also tested on a control subject and a patient with idiopathic intracranial
hypertension (4 large sinuses tested: right and left transverse sinuses, superior sagittal sinus, and straight sinus). The cross-sectional area and
shape measurements were evaluated before and after lumbar puncture in patients with idiopathic intracranial hypertension.

RESULTS: The vessel-analysis algorithm had a high degree of stability with �3% of cross-sections manually corrected. All investigated
principal cranial blood sinuses had a significant cross-sectional area increase after lumbar puncture (P � .05). The average triangularity of
the transverse sinuses was increased, and the mean circularity of the sinuses was decreased by 6% � 12% after lumbar puncture.
Comparison of phantom and real data showed that all computed errors were �1 voxel unit, which confirmed that the method provided
a very accurate solution.

CONCLUSIONS: In this article, we present a novel automated imaging method for cross-sectional vessels analysis. The method can
provide an efficient quantitative detection of abnormalities in the dural sinuses.

ABBREVIATIONS: IIH � idiopathic intracranial hypertension; LP � lumbar puncture

Idiopathic intracranial hypertension (IIH) (also known as

“pseudotumor cerebri”) is a disorder of increased intracranial

pressure without clinical, laboratory, or radiologic evidence of an

intracranial space-occupying lesion or cerebral sinus vein throm-

bosis, predominantly affecting women of childbearing age with

obesity. The annual incidence of IIH in the general population is

estimated between 1 and 2 per 100,000. However, the incidence

has risen to 3.5–12 per 100,000 in women 20 – 44 years of age, and

among women with obesity in this age group, it has climbed to

7.9 –21 per 100,000.25,30

To rule out occlusion or stenosis in patients with IIH, per-

forming CTV and cerebral MRV is now accepted. However, draw-

backs to CTV include concerns about radiation exposure, poten-

tial for iodine contrast material allergy, and issues related to the

use of contrast in the setting of poor renal function. In some

settings, MRV is preferable to CTV because of these concerns.27

Doppler sonography is not considered a standard for the current

study.26

Cross-sectional changes in the cerebral venous system in pa-

tients with IIH have received increased attention in recent years.

In �90% patients with IIH, there is stenosis in the transverse

dural sinuses,1-5 and after medical treatment and normalization

of the intracranial pressure in patients with IIH, there is no change

in venous diameter.6 However, another study presented cases of

IIH in which an increase in venous diameter occurred after lum-

bar puncture (LP); in 1 patient, there was a decrease in venous

diameter after stopping a CSF leak with a blood patch.7 In agree-

ment with a previous study, another study showed narrowing of

the transverse sinuses on MRV in all patients with IIH and an
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increased diameter of the cerebral sinuses after LP.1,8 This change

was different for all patients and was more prominent at the right

than left transverse sinus. All venous sinuses had an increased diam-

eter in response to LP, and this change was not confined to the trans-

verse sinuses.8 In some patients with IIH, all dural sinuses appeared

narrowed over long distances; this appearance gave the impression

that these sinuses were compressed.9-11 After we normalized against

intracranial hypertension, the sinus volumes increased to normal

values. However, there is controversy about the observation of the

dynamic behavior of the sinus diameter.12-15

A novel “venous distension sign” for the diagnosis of intracra-

nial hypotension30 has recently been introduced. The cross-sec-

tional contour of the transverse sinus normally has a triangular

inferior border. In cases of intracranial hypotension, the inferior

border acquires a distended appearance with a convex bulging.

However, the estimation of the venous distension sign was per-

formed on the basis of whether the latter was present or absent for

each image set. In the present study, we propose using circularity

and triangular-shape characteristics to quantify contour changes

of the dural sinuses.

MRV is an important tool for blood vessel imaging and for the

evaluation of stenosis (abnormal narrowing), occlusion, or aneu-

rysms. Yet no accurate image-processing tool for quantitative

measurement of the size and shape of the sinuses has so far been

developed, to our knowledge. In previous reports, the sinuses

were only estimated by using a descriptive, subjective method (ie,

according to the impression of the radiologist). The main purpose

of this study was to develop a technique for the accurate point-to-

point assessment of cross-sectional alterations in cerebral sinuses

before and after LP in patients with IIH. The method was vali-

dated by using computer models. A single control CT and MRV

data were used for validating the technique. The method was im-

plemented in 4 patients with IIH who were internally controlled

against themselves (before and after LP).

MATERIALS AND METHODS
Subjects
Images of 4 female patients with IIH were retrospectively included

in the study. The mean age of the examinees was 33.7 � 10 years;

mean body mass index, 27.9 � 7.6. Patients with IIH were diag-

nosed according to modified Dandy criteria.7,28 Each participant

underwent 2 MR imaging examinations: One was performed be-

fore the LP and another after. The timeframe for obtaining the

second MR imaging was not to exceed 48 hours post-LP. Opening

pressure on LP was �250 mm H2O in all patients. The LP was

performed by a neurologist with the patient under local anesthe-

sia with lidocaine 1%, with the patient lying in the lateral decub-

itus position. Opening pressure was measured, and 10 mL of CSF

was withdrawn. This study was conducted according to a protocol

approved by the local ethics committee at Soroka University Med-

ical Center, Diagnostic Imaging Department (Beer-Sheva, Israel).

Image Acquisition
A patient with IIH, a control subject, and 2 phantoms each had

MR imaging performed with a 1.5T scanner (Intera; Philips

Healthcare, Best, the Netherlands) by using a 6-channel head coil

for sensitivity encoding. A contrast-enhanced 3D spoiled gradi-

ent-echo sequence (T1WI) was used for imaging. The sequence

parameters were the following: TR, 5.7 ms; TE, 1.75 ms; section

width, 2 mm (reconstructed to 1 mm); in-plane resolution,

0.74 � 1.05 mm; flip angle, 40°; sensitivity encoding reduction

factor, 2.5; and scan time, 40.8 seconds. In addition, a single con-

trol subject and phantoms were used for validating the technique.

The former had both an MR imaging and a contrast-enhanced

head CT scan (in-plane resolution, 0.556 mm; section thickness, 1

mm; iopromide, Ultravist [Bayer HealthCare, Berlin, Germany],

300 mg/mL with a dose of 2 mL per kg; scan delay, 40 seconds after

injector application).

The algorithm for vessel cross-sectional analysis included 7

main steps: 1) image registration, 2) masking, 3) segmentation, 4)

skeletonization, 5) cross-sectional planes, 6) clustering, and 7)

cross-section analysis.

The implementation of the algorithm used Matlab (Math-

Works, Natick, Massachusetts).

Image Processing

Image Registration (Step 1). The MRV images before and after LP

from patients with IIH were used. The images were mapped to a

standard brain29 to avoid artifacts due to head movements and to

allow accurate pixel-based comparison among scans and even

among patients for group study analysis. The registration method

applied mutual information (that measured the amount of infor-

mation that one variable contained about the other) to measure

statistical dependence between image intensities of correspond-

ing voxels in both images (SPM12; http://www.fil.ion.ucl.ac.uk/

spm/software/spm12; Matlab). Mutual information was assumed

maximal when the images were geometrically aligned. Image

transformation was restricted to rigid-body transformation only.

Masking (Step 2). A masking procedure was used to extract si-

nuses from the brain volume and separate them from other tissues

of similar intensity. The brain mask was created by using a seg-

mentation routine (SPM12). Three objects were created because

of this procedure: gray matter, white matter, and CSF. These objects

were combined. Morphologic closing, simply defined as dilation fol-

lowed by erosion with the same structuring element for both opera-

tions, was applied to create a solid brain mask by removing all re-

maining gaps and inner spaces of the combined object.

Segmentation (Step 3). This step included segmentation of si-

nuses in the brain mask volume of interest. The integrated seg-

mentation procedure developed in this study combined global

and local image information (Fig 1).

Before applying the segmentation method, noise was reduced

by filtering the data with a 3D Gaussian smoothing function with

support and � that approximated the size of background texture

(support � 1 voxel; � � 2 voxels).

The set of edges, detected with the Canny method17 combined

with the globally segmented region,16 was used as an initial seed

object. Starting with the seed object, the final vessel region was

iteratively grown by appending to each seed the neighboring vox-

els that had intensities similar to the seed. To this end, the original

gray-scale intensities of the seed object were dilated in 3D with a

sphere-shaped structuring element that had a small radius (2 vox-

els). The gray-scale dilation was used to compute the local maxi-
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mum-intensity values in every structuring element for the 26-

neighborhood. The Gaussian-weighted values of dilated

intensities served as local thresholds. Voxels connected to the seed

object with gray values higher than the local threshold values were

appended to the seed object. The described procedure was run

iteratively until no more voxels could be added. This region-

growing part of the algorithm was adapted, in part, from a method

previously described.18,19

The edge inclusion criteria were developed to reduce the risk

of thickening the sinuses. Only strong edges were considered true

edges and included in the final vessel object (Fig 2).

Skeletonization (Step 4). The 3D MultiStencils Fast Marching

Method was applied to extract a central path of the segmented

vessel object (Fig 2).20-22 The method was used to calculate the

shortest distance from a list of points to all other voxels in the

image by solving the Eikonal equation. This method gave more

accurate distances by using second-order derivatives and cross-

neighbors. The skeletonization procedure was implemented in

custom-built code (Matlab) and C code. The number of skeleton

branches was determined automatically from the maximum di-

ameter of the vessel object. The termination condition for the new

branched search occurred when the length of the new branch was

smaller than the diameter of the largest vessel.

Cross-Sectional Planes (Step 5). Each skeleton branch was

smoothed by using a cubic smoothing spline to provide continu-

ous derivatives at every point. The moving reference frame of the

orthonormal vectors of Serret23 and

Frenet23,24 was used to describe a branch

curve �(t):

T(t) � ��(t)/���(t)�,
where T(t) was the unit tangent vector at

every point t.

The unit normal vector to the cross-

sectional plane took the form

N(t) � T(t).

The cross-sectional plane at every

skeleton point t (xt, yt, zt) was deter-

mined by the point itself and N(t) at that

point (Fig 2). To minimize computa-

tional time, we extracted cross-sections

from small portions of the segmented

vessel object by application of a disc-

shaped mask at each point t. To define

the size of the disc-shaped mask, we calculated the Euclidean dis-

tance transform map of the vessel object. To this end, each skele-

ton voxel was assigned a number that was the distance between

the voxel itself and the nearest background (zero) voxel. The di-

ameter of the disc-shaped mask was estimated as 4�the distance

transform value at point t.

Clustering (Step 6). Some vessel cross-sections may have in-

cluded an intersection with other sinuses; therefore, to separate a

single-vessel cross-section from the other sinuses, we developed a

special clustering procedure. Component labeling was applied to

select the connected vessel object with the centroid at point t. This

operation allowed detection of an initial vessel shape by removing

all disconnected elements. The attached components were sepa-

rated from the initial vessel object (Fig 3).

This procedure included several substeps. The Euclidean dis-

tance transform map of the vessel object was calculated (Fig 3). To

create catchment basins for the further watershed transform, we

calculated differences between the maximal distance transform

value and the distance transform map. All nonobject pixels were

set to zero. The watershed transform was performed (Fig 3), and

the watershed region containing the central point t was identified.

An overlay of the outer boundary of the vessel object onto a gray-

scaled plane was used for visual inspection of separation.

Cross-Section Analysis (Step 7). The boundary points of vessel

cross-sections detected in the previous step were used to derive

FIG 2. Segmentation and skeletonization. A, Segmented sinus object. B, Superimposition of
skeleton branches (shown in different colors) with the segmented vessel object (transparent red).
C, Typical definition of the cross-sectional planes for a single skeleton branch (blue line). D,
Typical extraction of a cross-sectional plane from image volume.

FIG 1. Integrated segmentation procedure. A, Gray-scale image. B, Global threshold region (red). Only thick sinuses could be detected by using
this method. C, Edge detection. D, Region-growing segmentation. The method allowed the detection of most of the thin, low-intensity sinuses.
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geometric measurements, including circumference, area, cir-

cularity, and triangularity. The circumference (Lt) and area

(At) were directly calculated as polygon length and area. Cir-

cularity, which was a parameter of shape compactness, was

defined as

Circularity � 4 �At / Lt
2.

Triangularity of the vessel cross-section was estimated as

Triangularity � At_fit / At,

where At_fit was the area of the largest triangle inscribed in the

polygon.

Validation of the Method
Validation experiments were performed to evaluate the perfor-

mance of the presented algorithm. The method was validated with

2 phantom silicon catheters filled with the contract agent Gd-

DTPA and 1 digitally created phantom. The silicon catheters had

inner diameters of 1.5 and 3 mm and were scanned at an isometric

resolution of 0.5 mm.

The diameters of all phantoms were digitally expanded by 5

mm each. The expansion of the catheters was done by morpho-

logic dilation by using a spheric structural element (radius � 2.5

mm). The automatic procedure described (steps 3–7) was applied

to reconstruct phantom cross-sections with altered diameters.

To test the accuracy, potential bias, and reproducibility of the

calculation routine, we compared the actual phantom diameters

with the computed ones.

Method Application
The sinus analysis algorithm was initially tested on 4 patients.

Only 4 large sinuses were chosen for the analysis (right and left

transverse sinuses, superior sagittal sinus, and straight sinus). The

images before and after LP were aligned with standard brain, and

FIG 3. Clustering procedure for removal of intersecting or touching sinuses (yellow arrow points to adjacent components). A, A single
cross-sectional plane extracted from the image volume. The vessel object had an attached component. B, An overlay of the initial segmented
vessel object onto a gray-scaled image at the extracted cross-sectional plane. C, The Euclidean distance transform map. D, The watershed
transform. E, The final result of the separation procedure (red line) overlaid onto the original data.

FIG 4. Changes in cross-sectional areas between images before and after LP in IIH. Left: Typical shape-changed areas for a single cross-section
(red line, before LP; cyan line, after LP). Middle: Each skeleton point was assigned with a value of percentage difference of cross-sectional areas
before and after LP. Right: Superimposition of before (red, nontransparent) and after (transparent) LP vessel objects reconstructed for the 4 main
sinuses (right and left transverse sinuses, superior sagittal sinus, and straight sinus). No cross-sectional data analysis was performed at vessel
intersections (shown as gaps).

Table 1: Cross-sectional area measurements in the principal
cerebral sinusesa

Sinus

Cross-Sectional Area (mm2)

Before LP After LP
Right transverse 40 � 21b (4–76) 52 � 22 (6–79)
Left transverse 45 � 20b (7.5–78) 52 � 23 (8–78)
Superior sagittal 52 � 21b (17–88) 54 � 21 (17–88)
Straight 23 � 13b (2–45) 30 � 16 (4–48)

a N � 4 patients. Data are reported as mean (range).
b Significant difference (P � .05) between measurements before and after LP.
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the skeletonization procedure was applied only to the segmented

vessel object after LP. To minimize computational time, we per-

formed the cross-sectional calculations at every other skeleton

point of the sinuses selected for analysis (step distance, 2 mm

between skeleton points).

Statistical Methods
The comparison of the cross-sectional area, triangularity, and cir-

cularity between before and after LP was performed with a t test.

P � .05 was considered significant.

RESULTS
The sinus analysis algorithm showed a high degree of stability

with �3% of cross-sections manually corrected. The automated

algorithm was completed in �10 minutes, including all steps of

the cross-sectional analysis in which 350 cross-sections were an-

alyzed for each patient.

Distribution of the percentage difference before and after LP

(Fig 4) showed that the patient with IIH had bilateral narrowing of

the lateral part of the transverse sinus, with a more prominent

right-than-left transverse sinus. All investigated principal cranial

blood sinuses had a significant cross-sectional area increase after

LP (P � .05) (Table 1). Typical behavior of the cross-sectional

area measured along blood sinuses

showed narrowing regions in all 4 inves-

tigated sinuses before LP, which were

expanded after LP (Fig 5).

As an application of the method, sta-

tistical distribution of the sinus cross-

sectional circularity and triangularity

was tested; the shape of the sinuses be-

came slightly more triangular after LP.

The mean triangularity of the transverse

sinuses was increased, and the mean cir-

cularity of the sinuses was decreased by

6% � 12% after LP (Table 2).

In addition, cross-sectional vessel

analysis was performed for CT and MR

imaging data of a control patient (Fig 6).

The mean percentage difference of the

calculated areas along 4 large sinuses was

12% � 14%.

To evaluate the accuracy of the algo-

rithm, we compared the diameters cal-

culated from the phantom images and

real ones. There were �100 cross-sec-

tions calculated along each phantom

skeleton curve. All computed errors were �1 voxel unit, which

showed that this method provided a very accurate solution (Table

3). In addition, the behavior of the algorithm was tested by alter-

ing the size of the phantoms. For this purpose, the phantoms were

digitally expanded by morphologic dilation with a spheric struc-

tural element. The relative diameter changes were calculated at

each cross-section across the phantom skeletons. To various de-

grees, all errors in measurement were dependent on the phantom

diameter. Phantoms with wider diameters were associated with

smaller measurement errors. This was reasonable because the seg-

mentation and calculation errors depended on image resolution

and object size.

DISCUSSION
The principal aim of this study was to develop an automated

method for the point-to-point cross-sectional analysis and com-

parison of blood sinuses. The accuracy of the sinus segmentation

was determined by visual assessment. For this purpose, an overlay

of a segmented image onto the gray-scale image was examined for

each section. The advantage of the proposed hybrid segmentation

method is that it combined global and local image statistical in-

formation. The global segmentation method made use of global

optimality criteria and might produce significant results but typ-

ically might have poor localization of the regional boundaries.

This outcome occurred because the criteria used were based on

statistics obtained from all pixels in the entire image region and

did not reflect local characteristics. In contrast, the local region-

growing method offered accurate boundary localization but usu-

ally did not have sufficient global information.

The goal of the proposed integrated segmentation method was

to combine global and regional edge information to enable the use

of both image-wide statistics and local edge responses. The results

of this method were segmented regions with accurate boundary

FIG 5. Typical cross-sectional area plot along 4 principal cranial blood sinuses before (blue) and
after (red) LP.

Table 2: Cross-sectional shape-change measurements in the
principal cerebral sinusesa

Sinus

Cross-Sectional Shape Measurement (mm2)

Before LP After LP

Circularity Triangularity Circularity Triangularity
Right transverse 72 � 11 61 � 9 66 � 13 64 � 11
Left transverse 75 � 11b 59 � 8 71 � 12 62 � 10
Superior sagittal 77 � 10 60 � 8 77 � 12 59 � 8
Straight 84 � 16b 60 � 6 78 � 17 62 � 9

a N � 4 patients. Data are reported as means.
b Significant differences (P � .05) between measurements before and after LP.
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localizations at places where the edge-detection operators pro-

duced reasonably strong responses.

This proposed segmentation technique helped create con-

nected and homogeneous segmented sinus objects.

Precise detection of the centerline of the vessel object (skele-

ton) is important for the accurate detection of cross-sectional

planes across the vessel objects. The skeletonization method used

in this study computed subvoxel precise skeletons by using a fast-

marching method. The very robust, fully automatic technique did

not depend on the complexity of the skeleton structure (number

and curvature of branches) and was not limited to tubular struc-

tures with roughly circular cross-sections.

The present automated algorithm may run without user inter-

vention. Therefore, a special 2-step clustering technique was de-

veloped for rendering the vessel cross-sectional circumference.

The technique was tested across all analyzed cross-sections by

visual inspection of the automatically detected clusters overlaid

onto vessel cross-sectional planes. Qualitatively, visual inspection

showed a high capability for accurate identification of vessel cir-

cumference. Furthermore, the method was automatic and did not

require fine-tuning of the initially determined input parameters

such as filters, global thresholds, and morphologic distances for

each sample or patient in the study. These input parameters may

vary with different scan protocols and may be affected by scan

resolution. Thus, preliminary adjustment of the input parameters

may be necessary before applying the procedure to a study.

As an additional input option during the skeletonization step,

the user is asked to select a specific sinus (skeleton branches) for

further analysis. There are several methods of vessel selection,

including automatic (vessel length, maximal diameter, or the en-

tire skeleton) and manual selection. In addition, the user can de-

fine the calculation step or distance value between the 2 next skel-

eton points where the cross-sectional data will be calculated.

All 4 sinuses increased their diameter in response to LP, not

only the transverse sinuses. In agreement with a previous report,8

this finding suggests that intracranial pressure and volume

changes influence all sinuses.

The recently discovered venous distension sign phenomenon

FIG 6. Cross-sectional vessel analysis for both CT and MR imaging data of a control patient. Top: Segmented sinus object with an overlaid
central line. Bottom: Calculated cross-sectional areas along central lines of the sinuses. Right: MR imaging data. Left: CT data.

Table 3: Average error, SD, and maximum error for phantom data used to validate the methodsa

Phantom Catheter ID (mm)

Diameter Measurement
Relative Diameter Change

after Digital Expansion Image
Resolution (mm)Mean (mm) Maximum Error (mm) Mean (mm) Maximum Error (mm)

1.5-mm catheter 1.5 0.2 � 0.3 0.46 0.1 � 0.2 0.31 0.5
3.0-mm catheter 3 0.06 � 0.2 0.23 0.04 � 0.08 0.16 0.5

Note:—ID indicates inner diameter of catheter.
a Data are reported as mean or value.
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was not yet given for quantification.27 The recognition of the ve-

nous distension sign was somewhat subjective on the basis of

reader interpretation and was categorized as absent or present.

The proposed shape quantification circularity and triangularity

parameters can provide a quantitative measure of the phenom-

ena. In addition, the venous distension sign can also be measured

by estimation of whether the shape is more concave or convex. In

agreement with a previous review,30 the shape of the sinuses tends

to become slightly more triangular (or less circular) after LP. Po-

tentially, the technique can be applied for evaluation of normal

cross-sectional contour variation of the normal dural sinuses.

Cross-sectional area plots before and after LP demonstrate

changes along the vessels. They can be helpful in revealing the

most prominent cross-sectional change regions following LP. The

presented method can be applied to characterize the sinuses of a

healthy population with normal MR imaging findings and create

normograms of them. Therefore, comparison of the IIH sinus

characteristics with the norm can be critical in establishing patho-

logic conditions with changes in the intracranial pressure.

We have developed the special clustering procedure for sepa-

ration of a single-vessel cross-section from the other sinuses.

However, there still could be some complicit intersections de-

fined. This definition may result in some sharp peaks on cross-

sectional area plots, but one can remove the peaks by smoothing

them out.

The limitation of the presented method is related to the small

number of patients enrolled in the study. Therefore, a larger scale

study is warranted to validate our findings.

CONCLUSIONS
A quantitative method to evaluate the size of the dural sinuses of

the brain has not been described yet, and estimation of change in

the size of the sinuses—whether the sinus is narrow or wide—is

decided subjectively according to the impression of the reader in a

descriptive method. The method presented and tested here is fast

and accurate and can be used in cross-sectional vessel analysis in

different vascular systems. Implementation of the technique can

provide new insight on the mechanisms underlying the develop-

ment of IIH.
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Retrospective Analysis of Delayed Intraparenchymal
Hemorrhage after Flow-Diverter Treatment: Presentation of a

Retrospective Multicenter Trial
X A. Benaissa, X C. Tomas, X F. Clarençon, X N. Sourour, X D. Herbreteau, X L. Spelle, X S. Gallas, X A.-C. Januel, X A.L. Gaultier,

and X L. Pierot

ABSTRACT

BACKGROUND AND PURPOSE: Intracranial aneurysm treatment with flow diverters has shown satisfying results in terms of aneurysm
occlusion, and while some cases of delayed intraparenchymal hemorrhage have been described, no systematic analysis of the risk factors
affecting its occurrence has been conducted in a large series of patients. This retrospective analysis of delayed intraparenchymal hemor-
rhage after flow-diverter treatment is a multicenter, retrospective study using a large series of treated patients to analyze factors affecting
the occurrence of delayed intraparenchymal hemorrhage.

MATERIALS AND METHODS: Patients treated with flow diverters and presenting with delayed intraparenchymal hemorrhage were
included from December 2007 to December 2014 in 7 participating centers in France. Patient and aneurysm characteristics were recorded
as were characteristics of bleeding (size, lateralization, and time to bleed), treatment, and clinical outcome after 1, 3, and 6 months.

RESULTS: Delayed intraparenchymal hemorrhage occurred in 11 patients between 1 and 21 days after the procedure. In 10 of these patients,
hemorrhages were ipsilateral to the treated aneurysms. Five of the 11 underwent surgery, and 9 of the 11 had good clinical outcomes at 6
months (mRS �2).

CONCLUSIONS: The pathogenesis of delayed intraparenchymal hemorrhage occurring after flow-diverter treatment remains unclear.
The multidisciplinary management of delayed intraparenchymal hemorrhage yields a relatively low morbidity-mortality rate compared
with the initial clinical presentation.

ABBREVIATIONS: FD � flow diverter; DIPH � delayed intraparenchymal hemorrhage

During recent decades, endovascular treatment has become

the first-line treatment for intracranial aneurysms.1-3 Never-

theless, treatment of giant, wide-neck, and fusiform aneurysms

remains difficult and has evolved with the use of balloon- or stent-

assisted coiling, flow diverters (FDs), and flow disrupters.4 The

use of FDs has shown promising results in the treatment of com-

plex and recanalized aneurysms.5,6 However, thromboembolic

complications and aneurysm rupture can occur during and after

FD treatment.7-10 More recently, cases of delayed intraparenchy-

mal hemorrhage (DIPH) have also been reported with potential

serious worsening.11-15 To date, the clinical presentation, etio-

pathogeny, and management of this complication are not well-

understood, and published series of DIPH cases have included a

limited number of patients and did not analyze precisely aneu-

rysm, procedural, and postprocedural factors that may affect the

occurrence of such complications.

The aim of this retrospective study was to describe and analyze

the clinical presentation, modalities of treatment, and outcomes

in a series of 11 patients who presented with DIPH.

MATERIALS AND METHODS
Patient Selection
From 2007 to 2014, patients treated with a flow diverter and

who presented with DIPH after treatment were retrospectively

included from 7 French interventional neuroradiologic centers

(Pitié-Salpétrière, Tours, Reims, Nantes, Créteil, Toulouse,

and Beaujon). Because of the study design, informed consent

was waived. Flow-diverter treatment was decided after a mul-
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versitaires of Créteil, Créteil, France; Department of Neuroradiology (A.-C.J.), Cen-
tres Hospitaliers Universitaires of Toulouse, Toulouse, France; and Department of
Neuroradiology (A.L.G.), Centres Hospitaliers Universitaires of Nantes, Nantes,
France.

Please address correspondence to Laurent Pierot, MD, Service de Neuroradiologie,
Hopital Maison Blanche, 45, Rue Cognacq Jay, 51092 Reims Cedex, France; e-mail:
lpierot@chu-reims.fr

http://dx.doi.org/10.3174/ajnr.A4561

AJNR Am J Neuroradiol 37:475– 80 Mar 2016 www.ajnr.org 475

http://orcid.org/0000-0002-2721-5023
http://orcid.org/0000-0002-9360-6743
http://orcid.org/0000-0002-6442-8239
http://orcid.org/0000-0002-5935-5100
http://orcid.org/0000-0002-4533-4296
http://orcid.org/0000-0002-6748-8528
http://orcid.org/0000-0003-2053-2293
http://orcid.org/0000-0003-4910-6386
http://orcid.org/0000-0001-5466-5428
http://orcid.org/0000-0002-2523-4909


tidisciplinary decision-making process. The study received in-

stitutional review board approval.

Endovascular Procedure
For all patients, the treatment was performed with the patient

under general anesthesia by an experienced interventional neuro-

radiologist with at least 5 years’ experience. The 3D reconstruc-

tion and 2D working projections were used to measure the parent

artery, allowing selection of the FD size. A 6F long sheath or a 6F

guiding catheter was used via transfemoral access. The precise

type of introducer sheath and/or guiding catheter used during the

procedure was not systematically registered in the procedure re-

ports. A coaxial system catheter was used for stent navigation,

with a guiding catheter (or sheath) in which a delivery microcath-

eter was inserted. A 0.027-inch inner diameter Marksman micro-

catheter (Covidien, Irvine, California) was used for the Pipeline

Embolization Device (Covidien), a 0.040-inch inner diameter

Surpass microcatheter (Stryker Neurovascular, Kalamazoo,

Michigan) was used for the Surpass FD, and a 0.021-inch inner

diameter Vasco �21 microcatheter (Balt Extrusion, Montmor-

ency, France) was used for the Silk FD (Balt Extrusion). The FD

was used to cover the aneurysm neck. The correct deployment was

controlled by DSA and CT angiography.

One periprocedural complication was described (initial mis-

deployment of the FD that further opened spontaneously). No

immediate postprocedural complications were observed. No per-

foration of a distal vessel or hemorrhagic or thromboembolic

events were encountered.

Short-Term and Midterm Clinical and Imaging Follow-Up
We reviewed the following characteristics of the DIPH: time to

bleed, location, lateralization, size, associated lesions, clinical

signs, and treatment. Clinical outcomes of each patient were eval-

uated according to mRS scores before FD treatment and at 1, 3,

and 6 months. All patients underwent brain imaging during their

hospital stay (CT or MR imaging).

RESULTS
Population
From 2007 to 2014, 449 patients were treated with FDs in the 7

participating French university centers. Among these, 11

(2.4%) presented with DIPH after FD treatment and were ret-

rospectively included. A precedent series including 4 of these

11 patients has already been published.14

The group consisted in 4 men and 7 women ranging in age

from 30 to 61 years (mean, 46.1 � 9.9 years; median, 46.0

years). Five had known histories of arterial hypertension, and 7

were smokers. All had mRS scores of zero before FD treatment.

Nine aneurysms treated with FDs in these participating centers

were unruptured.

Aneurysm Data. Nine aneurysms were situated in the ICA (3 cav-

ernous ICAs and 6 supracavernous ICAs), and 2 were situated in

the posterior cerebral circulation (1 basilar artery and 1 vertebral

artery; Fig 1). Eight aneurysms were saccular, and 3 were fusiform.

Four were small (�10 mm), and 7 were large or giant (�10 mm).

The 8 saccular aneurysms ranged in size from 4.2 to 30 mm

(mean, 12.4 � 7.7 mm; median, 11 mm), and the necks of the

aneurysms ranged from 2.5 to 13 mm. Three had already been

treated with coils (2 patients) or coils and a stent (1 patient), and

2 were initially ruptured.

Flow Diverters
We used 3 types of FDs: Pipeline (Covidien), Surpass (Stryker

Neurovascular), and Silk (Balt Extrusion). The 11 aneurysms

were treated with 15 FDs (9 by using a single FD, 1 with 2 FDs,

and 1 with 4 FDs). Among the 15 FDs used, 11 were Pipeline, 3

were Surpass, and 1 was Silk, used in 8, 2, and 1 patient,

respectively.

Antiplatelet Regimen

Preprocedure. Six patients had a dual-antiplatelet regimen

(clopidogrel and aspirin), and 5 had single clopidogrel therapies.

Among the 6 patients with dual-antiplatelet therapy, aspirin was

started 1–7 days before the procedure in variable doses. Clopi-

dogrel was started 5– 6 days before the procedure at 75 mg/day in

9 patients. In the remaining 2, clopidogrel was started 1 day before

the procedure with a loading dose of 450 mg. The efficacy of the

antiaggregation therapy was checked in 5 patients (Multiplate an-

alyzer; Roche, Basel, Switzerland). Among these 5 patients, 4 had

normal platelet function response. In the remaining patient,

moderate resistance led to an increase in the clopidogrel dose.

Perprocedure. Periprocedural heparinization was used in all

cases. Six patients had a loading dose of aspirin at the beginning of

the procedure (including the 5 patients who had single antiplate-

let treatment before the procedure and 1 patient who received

dual-antiplatelet therapy before treatment).

Postprocedure. Dual-antiplatelet therapy (75 mg/day of clopi-

dogrel and 160 mg/day of aspirin) was continued postprocedur-

ally. Postprocedural heparinization was maintained in 6 patients

during the 24 hours following the procedure. The clinical status of

all patients remained unchanged after the FD procedure. Three

patients underwent CT after the procedure and showed no hem-

orrhagic complications. Two had MRI showing no immediate

ischemic complications.

Intraparenchymal Hemorrhage Characteristics
DIPH occurred between 1 and 21 days (mean, 7.7 � 6.6 days;

median, 7 days) after FD treatment. Hemorrhage was revealed

by hemiparesis in 6 patients, aphasia in 4, headache in 2, and

visual acuity loss in 1 patient. All hemorrhages were anatomi-

cally remote from the treated aneurysm (Fig 1). In 10 patients,

the hematomas were located in the same region and on the

same side. In 1 patient, the hematoma was located in the left

superficial temporal lobe after the treatment of a sacciform

basilar artery aneurysm.

The average size of the greater length of the intraparenchy-

mal hematomas was 50.5 mm (range, 17–90 mm; median, 50 �

20.8 mm). In 5 patients, the DIPH was associated with a sub-

dural or extradural hematoma. In all the patients with DIPH,

clopidogrel was stopped and aspirin was maintained (75 mg/

day) to prevent FD thrombosis. Five patients underwent sur-

gery after receiving platelet transfusion.
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Clinical Course
Nine patients had good clinical outcomes at 6 months (mRS �2).

A severe disability remained in 1 patient (mRS 5) who had a right

temporal voluminous hematoma treated by surgery. One patient

died (mRS 6). Five were treated surgically by craniectomy and

hematoma evacuation. Among them, 4 had good clinical out-

comes at 6 months. The remaining patient had a severe disability

(mRS 5). Among the 6 patients with conservative treatments, 5

had good clinical outcomes. The remaining patient died (mRS 6).

In the 10 surviving patients, vascular imaging control performed

at least 6 months after the procedure showed the FD to be patent.

DISCUSSION
To date, the occurrence of DIPH after FD treatment is a serious

adverse event that appears unpredictable. In the literature, DIPH

seems to be more frequent than delayed aneurysm rupture after

the use of an FD.13,16 In our study, the frequency of DIPH was

2.4%. Our findings are concordant with those in the literature,

which reported a rate of DIPH between 1.1% and

8.5%.11,13,14,16-18 In a recently published study including 793 pa-

tients with 906 aneurysms treated with the Pipeline Embolization

Device, the rate of intracranial hemorrhage, not including aneu-

rysm rupture, was 2.4%.19

In our study, DIPHs were revealed by headaches or focal neu-

rologic deficit (hemiparesis, aphasia, or a decrease of visual

acuity). The occurrence of DIPH seems to be independent of the

preprocedural antiplatelet regimen or the type or number of FDs

used for aneurysm treatment. The decision about whether and

when to operate in cases of DIPH remains controversial. The sur-

gical treatment of DIPH depends on the size and the location of

the hematoma, the degree of mass effect, and the clinical presen-

tation. Options available for neurosurgical treatment include he-

matoma evacuation and/or craniectomy, depending on the imag-

ing features and on the neurosurgeon’s habits. In our series, 5

patients were treated surgically, and all had craniectomies. In pa-

tients with severe clinical deterioration, elevated intracranial pres-

sure, and/or mass effect seen on CT scans, hematoma evacuation

is usually performed. The major advantages of craniectomy are

adequate exposure for removal of the clot and prevention of com-

plications such as hydrocephalus and mass effect of the blood clot.

The major disadvantage is that it may lead to further brain dam-

age.20 However, elevated intracranial pressure and poor cerebral

perfusion pressure are associated with poor outcome, which, in

these cases, supports a possible benefit from surgical intervention.

Despite the International Surgical Trial in Intracerebral Hemor-

rhage results, craniectomy in intracerebral hemorrhage remains a

matter of debate.21 Nevertheless, a recent small-sample-size study

showed that decompressive craniectomy was possible in patients

with intracerebral hematoma and it may reduce mortality.22 Pro-

spective studies are needed to clarify the benefit of surgery in the

treatment of intracerebral hematoma.

Because all patients treated with FDs have antiplatelet regi-

mens, hemorrhagic complications resulting from surgical treat-

FIG 1. A, Pretreatment angiography shows a left vertebral fusiform aneurysm. B and C, Postreatment angiography shows the placement and the
permeability of the FD. D, Postreatment CT shows no postprocedural complications, mainly no intracranial bleeding. E, CT performed 7 days
later for headache and aphasia reveals a vermian hematoma.

AJNR Am J Neuroradiol 37:475– 80 Mar 2016 www.ajnr.org 477



ment may occur. Then, the neurosurgical treatment decision has

to be made carefully. Before surgical treatment of DIPH, platelet

transfusion and stopping clopidogrel appear logical, even if no

consensus about the management of this complication is avail-

able. In our study, all of the patients who underwent an operation

had platelet transfusion and stopped clopidogrel. Aspirin was

maintained to prevent FD thrombosis.

Etiology and Pathogenesis
The cause of DIPH remains unclear and a matter of debate, but

some hypotheses have been advocated to explain the occurrence

of this complication. All hemorrhages found in this study were

remote from the treated aneurysm, and most were located in the

same region and on the same side. The location of these hemor-

rhages may be explained by the association of locoregional mech-

anisms, including flow modification, hemorrhagic transforma-

tion of ischemic lesions, or venous lesions. However, given that a

single superficial temporal DIPH occurred after treatment of a

posterior circulation aneurysm, the occurrence of DIPH may not

be explained by only local or regional hypotheses. General mech-

anisms have to be taken into account, such as the antiplatelet

regimen, to explain such hemorrhages. Therefore, DIPH is prob-

ably a consequence of the association of locoregional and general

mechanisms.

Inflammatory Reactions
In a recent study, Hu et al15 performed postmortem analysis in 3

patients who had fatal DIPHs. Microscopic analyses revealed for-

eign material occluding the small arteries within the hemorrhagic

area. The Fourier transform infrared spectroscopies showed that

this material was polyvinylpyrrolidone, a substance used in the

coating on a variety of interventional devices. No clinical ictus

preceding death and no large vascular cerebral infarcts on the

postmortem examination were observed. Thus, based on inter-

ventional cardiology literature, which described granulomas in

the perivascular soft tissues after using polyvinylpyrrolidone, the

potential role of the foreign body in the weakening and disruption

of the arterial wall leading to vessel rupture and DIPH was sug-

gested. However, neither granulomas nor inflammatory reactions

were observed in the histologic analyses of these 3 patients.

Hu et al15 suggested that polyvinylpyrrolidone was coming

from the introducer sheath used in the patients reported in this

series. Unfortunately, the precise reference of introducer sheaths

and guiding catheters used in the 7 participating centers was, in

most cases, not reported in the procedure files, making analysis of

the potential responsibility of polyvinylpyrrolidone in our cases

impossible.

Systematic anatomic-pathologic analysis of the DIPH in sur-

gically treated patients or postmortem analysis might confirm this

hypothesis or help find an explanation for this type of complica-

tion. Unfortunately, no histopathologic analysis was performed

in our cases.

Most interesting, a recent study reported 7 patients who devel-

oped MR imaging enhancing brain lesions after endovascular ce-

rebral aneurysm treatment. These lesions were mostly in the vas-

cular territory of the catheterized arteries, located in the

corticosubcortical region where small emboli usually get lodged.

On the basis of the imaging and clinical characteristics, the au-

thors suggested that these brain lesions might be the consequence

of a foreign body reaction such as aseptic abscess and granulomas.

These foreign bodies might be linked to dislodgment of the hy-

drophilic coating of the catheters used in endovascular treat-

ment.23 However, no DIPH was observed in this series.

Hemorrhagic Conversion of Ischemic Infarcts
Occurrence of DIPH can be a consequence of hemorrhagic trans-

formation of an ischemic lesion. Stroke can be the result of either

thromboembolic events during the procedure or microemboli

caused by foreign bodies.14,15,24 This mechanism may be a possi-

ble explanation for DIPH because 11 of 12 hemorrhages were

ipsilateral to the treated aneurysm. However, no clinical symptom

of an eventual cerebral stroke was described in our patients before

hemorrhage occurred. Moreover, no ischemic lesion was ob-

served on the postoperative MR imaging performed before bleed-

ing in 2 patients in our series.

Post-Flow Diversion Hyperperfusion Phenomenon
Flow diverters permit the treatment of complex or giant intracra-

nial aneurysms by using the concept of blood flow diversion, al-

lowing the conservation of the parent artery and collateral vessels.

Blood flow is modified not only in the aneurysm but also in the

parent artery and side branches.10

Using FDs for the treatment of aneurysms changes the blood

pressure waveform with a larger pulse pressure, which increases

the pressure transmitted to the aneurysm and the distal cerebral

arteries, leading to hemorrhagic complications.11

In their recent study, Gascou et al25 hypothesized that DIPH

might be a result of hyperperfusion syndrome. This syndrome is

related to a sudden increase in regional cerebral blood flow sec-

ondary to loss of cerebrovascular autoregulation. It has already

been described after surgical treatment (clipping) and endovas-

cular stent placement of intracranial aneurysms.26,27

Murakami et al28 suggested that giant aneurysms are respon-

sible for the blood flow reduction in the parent artery. After FD

treatment, the blood flow suddenly increases in the parent artery,

increasing the pressure transmitted to the distal artery, exceeding

cerebral autoregulation abilities and leading to cerebral hyperper-

fusion. This hyperperfusion could be a cause of intraparenchymal

distal bleeding and then DIPH. However, in our series, DIPH

occurred in 4 of 11 patients who had aneurysms with diameters of

�10 mm, making this hypothesis less relevant.

Antiplatelet Regimen, FD, and Stent
Antiplatelet treatment is known to increase the risk of hemor-

rhagic events and to increase the size of intraparenchymal hema-

tomas.29 Lately, antiplatelet treatment with hypertension has

been associated with the occurrence of intracranial hemor-

rhages.29 Even if hemorrhagic complications occur after stent

placement, their incidence is low, about 2.2%; no intraparenchy-

mal hemorrhage has been described remote from an aneurysm

treated with stents. Therefore, the FD probably has a specific

mechanism that may lead to intraparenchymal hemorrhage and

that could be amplified by the antiplatelet regimen. Clopidogrel

hyper-response or resistance is associated with hemorrhagic and
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thromboembolic complications, respectively, in patients treated

with stents.30,31 The evaluation of the antiplatelet response may

improve the clinical outcomes of patients treated with stents and

FDs. Unfortunately, no consensus exists about the type of test or

about how to use the results of these tests. Even if these tests were

performed systematically before FD treatment, no consensual

strategy of management is available on how to modify the preop-

erative antiplatelet regimen.

Venous Lesion
In their study, Hu et al15 also performed anatomic-pathologic

analysis of the hematomas that showed attenuation of the tunica

media of postcapillary venules with extravasated erythrocytes,

suggesting a rise in the venule pressure and a potential venous

mechanism in the occurrence of DIPH.

Cerebral venous thrombosis is a cause of parenchymal brain

hemorrhage in both children and adults.32 Cerebral venous

thrombosis is known to often be associated with an increase of the

capillary pressure, which leads to cerebral edema, increased

blood-brain barrier permeability, and hemorrhage.33 By modify-

ing the postcapillary pressure, FD placement may also induce a

higher venous pressure and then intraparenchymal hematoma.

An FD-induced venous lesion (thrombosis or pressure modifica-

tion) might be a potential explanation of hemorrhagic lesions in

DIPH. Nevertheless such hemodynamic modifications were not

clearly demonstrated, and FD placement has not been shown to

modify venous pressure. This potential mechanism is probably

the most difficult to demonstrate; thus, it is less relevant.

Limitations of the Study
First, our study included a small number of patients. However, the

frequency of DIPH is low, and this study included a higher num-

ber of patients with DIPH. Second, because of its retrospective

nature, our data remain subject to the biases of retrospective re-

view. Third, because of the different heparinization procedures

linked to a multicenter retrospective study, we did not discuss the

impact of heparin therapy on the occurrence of DIPH. Fourth,

this study analyzed the small subgroup of patients treated with

FDs and presenting with DIPH. It is indeed not representative of

the whole population in terms of periprocedural complications.

Fifth, because our goal was to describe and analyze patients with

DIPH, we have not analyzed the patients who are not known to

have DIPH. Therefore patients lost to follow-up and potentially

having a DIPH were not included, so the rate of DIPH is poten-

tially underestimated.

Evaluation of the antiplatelet response was not performed in

all patients included in the study because at the time of their

treatment, all the participating centers did not include such eval-

uations in their routine management of FD treatment. Since 2014,

evaluation of the antiplatelet response has been performed in

most the centers.

CONCLUSIONS
Flow-diverting devices offer an alternative treatment for large and

complex aneurysms. Nevertheless, DIPH seems to be an unex-

pected potential complication. The pathogenesis of this compli-

cation remains unclear, even though new hypotheses have

emerged in the past few years. The multidisciplinary management

of DIPH provides a relatively low morbidity-mortality rate com-

pared with the initial clinical presentation.
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ORIGINAL RESEARCH
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Intravenous C-Arm Conebeam CT Angiography following
Long-Term Flow-Diverter Implantation: Technologic Evaluation

and Preliminary Results
X S.C.H. Yu, X K.T. Lee, X T.W.W. Lau, X G.K.C. Wong, X V.K.Y. Pang, and X K.Y. Chan

ABSTRACT

BACKGROUND AND PURPOSE: A noninvasive investigation with high spatial resolution and without metal artifacts is necessary for
long-term imaging follow-up after flow-diverter implantation. We aimed to evaluate the diagnostic value of conebeam CT angiography
with intravenous contrast enhancement in the assessment of vascular status following implantation of the Pipeline Embolization Device
and to analyze the preliminary results of vascular status following long-term Pipeline Embolization Device implantation.

MATERIALS AND METHODS: This was an ongoing prospective study of consecutive patients with intracranial aneurysms treated with the
Pipeline Embolization Device. Patients with a modified Rankin Scale score of 4 –5 were excluded. The median and interquartile range of the
time interval of Pipeline Embolization Device implantation to conebeam CT angiography with intravenous contrast enhancement were
56.6 and 42.9 – 62.4 months, respectively. Conebeam CT angiography with intravenous contrast enhancement was performed with the
patient fully conscious, by using a C-arm CT with a flat panel detector.

RESULTS: There were 34 patients and 34 vascular segments. In all 34 cases, contrast effect and image quality were good and not
substantially different from those of intra-arterial conebeam CTA. Metal artifacts occurred in all 14 cases with coil masses; the Pipeline
Embolization Device was obscured in 3 cases. In all 34 cases, there was no residual aneurysm, no vascular occlusion, 1 vascular stenosis (50%),
good Pipeline Embolization Device apposition to the vessel, and no Pipeline Embolization Device–induced calcification. All 28 Pipeline
Embolization Device– covered side branches were patent.

CONCLUSIONS: Conebeam CT angiography with intravenous contrast enhancement is potentially promising and useful for effec-
tive evaluation of the vascular status following intracranial flow diverters. The Pipeline Embolization Device for intracranial aneu-
rysms is probably safe and promising for long-term placement, with favorable morphologic outcome and without delayed
complications.

ABBREVIATIONS: CBCT � conebeam CT; CBCTA � conebeam CT angiography; IACBCTA � conebeam CT angiography with intra-arterial contrast enhancement;
IVCBCTA � conebeam CT angiography with intravenous contrast enhancement; PED � Pipeline Embolization Device

The Pipeline Embolization Device (PED; Covidien, Irvine, Cal-

ifornia) as a flow diverter has been introduced for the treat-

ment of intracranial aneurysms.1-6 To date, knowledge on the

anatomic status of the post-PED vascular segment as revealed

on DSA is mainly limited to within 6 –12 months.1,2,4,5,7,8 Fol-

low-up DSA with a longer duration of 18 –24 months has been

reported in only 2 studies.6,9 Beyond 24 months, post-PED

vascular status has been studied only with MR imaging,10 but

CT angiography or MR angiography is not desirable for this

purpose owing to metal artifacts from the PED and suboptimal

spatial resolution.11,12 The long-term status of the post-PED

vascular segment and the covered side branches beyond 24

months remains unknown. The use of DSA to assess long-term

post-PED vascular status is probably not practical because pa-

tients tend to refuse an invasive investigation when they do not

see an immediate clinical need; such limitations could be an

important cause of lack of long-term angiographic data. There
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is, therefore, a need for a noninvasive technique with multipla-

nar cross-sectional imaging capability for simultaneous visu-

alization of the PED and the vessel lumen, to allow adequate

examination of the PED-paved vascular segment.

The use of conebeam CT angiography with intravenous con-

trast enhancement (IVCBCTA) for patient monitoring following

placement of flow diverters has been reported and found to be

feasible and potentially useful.13-15 We aimed to evaluate the di-

agnostic value of IVCBCTA in the assessment of post-PED vascu-

lar status and to analyze the preliminary results of vascular status

following long-term PED implantation.

MATERIALS AND METHODS
Study Design
This was part of a prospective study that aimed to evaluate the

long-term radiologic outcome of PED implantation. The study

had been approved by the institutional review board, con-

ducted in accordance to the Declaration of Helsinki and the

International Conference on Harmonisation Good Clinical

Practice. Consecutive patients with intracranial aneurysms

treated with the PED between September 2008 and December

2011 were invited to participate in this study according to the

chronologic order of the date of PED implantation. Patients

who gave consent to the study were included. Patients with a

modified Rankin Scale score of 4 or 5 at the time of this study,

between October and December of 2014, were excluded be-

cause it is unethical to overburden this group of patients with

an investigation that does not directly benefit them; moreover,

the increased risk of motion artifacts due to the increased like-

lihood of restlessness and noncompliance among these pa-

tients was also a concern. The study objectives were to evaluate

the diagnostic value of IVCBCTA in the assessment of post-

PED vascular status and to analyze the preliminary results of

vascular status following long-term PED implantation.

Imaging Protocol
The patients were positioned supine with the head placed on a

rubber head mold for stability. The patient’s head and the rub-

ber mold were bound to the floating tabletop with 3 external

immobilization straps set on the forehead and mandible. The

contrast arrival time from the right antecubital vein to the

cervical carotid arteries was predetermined specifically for

each individual patient with a test dose of 15 mL of iohexol

(Omnipaque, 350 mg I/mL; GE Healthcare, Piscataway, New

Jersey) delivered at 4 mL/s through an 18-ga catheter by using

a power injector. DSA was performed at 1 frame/s in the frontal

projection. Before conebeam CT (CBCT), 80 mL of Om-

nipaque, 350 mg I/mL, was injected at a rate of 4 mL/s. CBCT

scanning was activated following contrast injection at a time

lag equivalent to the contrast arrival time. CBCT was per-

formed by using biplane DSA equipment (Allura FD20/20;

Philips Healthcare, Best, the Netherlands) that consisted of a

C-arm-mounted CT unit and a digital flat panel detector. A

nontruncated CT volume was created at a detector format of 48

cm, a projection matrix of 1024 � 792 pixels without pixel

binning, 2464 � 1904 photodiodes, scintillator thickness of

550-�m, scanning time of 20 seconds, 622 projections, an ac-

quisition range of 240°, and 0.38° angular increment. The de-

tector entrance-dose setting was 149.0 nGy/projection. The

respective raw data were transferred to the XperCT (Philips

Healthcare) workstation for reconstruction. At the default

zoom factor of 140% and default resolution of 3843, voxels of

467 �m3 were created at a pixel pitch of 254 �m. A second

reconstruction on a specific area of interest was performed at

33% zoom and 3843 resolution to create voxels of 65 �m3.

Reconstruction took approximately 30 seconds. The isotropic

volume data of the PED-paved vascular segment were dis-

played at a thickness of 0.2– 0.27 mm, examined at multiplanar

cross-sectional projections, and included the longitudinal and

axial sections of the vascular segment, with manipulation of

the parameters of metal or soft-tissue algorithms. 3D imaging

was used to define the location of the PED in relation to bone

structures, the location of embolization coils in relation to the

PED, and the orientation of beam-hardening artifacts in rela-

tion to the PED.

Control Conebeam CT Angiography with Intra-Arterial
Contrast
The image quality of IVCBCTA was evaluated by comparing

IVCBCTA with conebeam CTA with intra-arterial contrast en-

hancement (IACBCTA), which was performed on another date

in 10 randomly selected patients as a control. The IACBCTA

was performed with the internal carotid artery or the proximal

vertebral artery catheterized for contrast delivery and the pa-

tient under general anesthesia. Omnipaque, 30 mg I/L 40 mL,

was delivered with a power injector at 2 mL/s for 20 seconds.

The scanning time was 20 seconds. The difference in image

quality of IVCBCTA compared with IACBCTA was evaluated

by 2 neuroradiologists who were blinded to the nature of the

images and drew conclusions by consensus. Each of the 10

pairs of conebeam CT angiography (CBCTA) images was rated

as “no difference or subtle difference” or “substantial differ-

ence” regarding the quality of contrast enhancement, motion

artifacts, and metal artifacts due to the PED. Interobserver

agreement on the ratings was estimated with � statistics.16

Study Subjects
There were 34 patients, including 12 men and 22 women. The

average age was 61.9 � 10.3 years. The mean, median, and

interquartile range of PED insertion to IVCBCTA time interval

was 54.2 � 11.3, 56.6, and 42.9 – 62.4 months, respectively.

Thirty-four vascular segments were involved, 32 of them lo-

cated at the internal carotid artery C2–3, C3– 4, C4 –5, C6, or

C4 – 6. The other 2 were located at segments 3– 4 of the verte-

bral artery. Seven vascular segments were covered with 2 PEDs,

and 27 segments were covered with 1 PED. In 28 of these 34

cases, 1 or 2 side branches were covered by the PED; in total, 32

side branches were covered. In 11 of these 34 vascular segments

that had been treated with the PED for cerebral aneurysms, coil

embolization had been performed for the same cerebral aneu-

rysm. The average aneurysm size was 7 � 5.3 mm. IVCBCTA

was successfully completed in all 34 patients without adverse

effects.
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Study Parameters
The study end points for the diagnostic value of IVCBCTA in-

cluded the quality of intravascular contrast that was rated as

“good” or “suboptimal,” the presence of motion artifacts, and the

presence of metal artifacts due to the PED. The study end points

for post-PED vascular status included the presence of residual

aneurysms, the presence of vascular occlusion or stenosis, good

PED apposition to vessel wall without any gapping, the presence

of intimal calcification of the PED-paved segment, and the pa-

tency of the PED-covered vascular branch. Imaging findings were

reviewed by 2 neuroradiologists who drew conclusions by con-

sensus. Interobserver agreement on the evaluation of the diagnos-

tic value of CBCTA and post-PED vascular status was estimated

with the � statistics.16

Statistical Analysis
Descriptive statistics were performed on the variables of patient

demographics, the time interval of PED implantation to

IVCBCTA, and all the study parameters. Interobserver agreement

on the rating of the image quality of IVCBCTA compared with

IACBCTA, the evaluation of the diagnostic value of CBCTA, and

the evaluation of the post-PED vascular status was estimated with

� statistics, in which a � value of 0.81– 0.99 signified almost per-

fect agreement.16

RESULTS
Comparison of IVCBCTA and IACBCTA
In the 10 pairs of images, there was no substantial difference between

IVCBCTA and IACBCTA regarding the quality of contrast enhance-

ment, motion artifacts, and metal artifacts due to the PED (Fig 1).

There was perfect agreement between the 2 neuroradiologists on the

ratings.

Diagnostic Value of CTA
In all 34 cases, the quality of the intravascular contrast effect of

IVCBCTA was good (� � 1) and there were no motion artifacts

(� � 1) (Table). In all 20 cases in which there were no emboliza-

tion coils in the cerebral aneurysm, metal artifacts were not pres-

ent (� � 1). In all 14 cases in which embolization coils were

present, metal artifacts were present (� � 1). The metal artifacts

were due to the coil mass, extended from the coil mass, and were

orientated in the plane parallel to the direction of x-ray beams (Fig

2). In 3 of these 14 cases, all or part of the PED-paved vascular

segment was oriented within the plane of metal artifacts and was

obscured by the metal artifacts so that the status of these vascular

segments could not be assessed. In the other 11 cases with metal

artifacts due to the coil mass, the PED-paved vascular segment

could still be well-depicted on CBCT (� � 1) (Fig 2).

Post-PED Vascular Status
Apart from the 3 vascular segments that were obscured by metal

artifacts, all of the other 31 vascular segments could be assessed

with IVCBCTA for vascular status (Table). There was no evidence

of residual aneurysms in all 31 cases (� � 1) (Fig 3). Vascular

occlusion was absent in all cases (� � 1). Vascular stenosis of any

degree occurred in only 1 case in a 79-year-old man 40 months

after PED implantation (� � 1). The stenosis was 46% (residual

lumen, 1.4 mm; normal segment, 2.6 mm) and was located at the

distal end of the PED at C6 of the internal carotid artery (Fig 4).

The PED was well-apposed to the vessel wall and conformed to

FIG 1. CBCTA with intra-arterial contrast shows the absence of motion artifacts and good contrast opacification of the vascular structures. The
same image quality is also observed with IVCBCTA. A, Metal artifacts (asterisk) and the origin of ophthalmic artery (white arrow) are depicted
on intra-arterial CBCTA. B, Features of contrast enhancement within the internal carotid artery and the hypoattenuated wall of the internal
carotid artery (white arrow) within the enhanced cavernous sinus are indistinguishable from those depicted on intravenous CBCTA. C, In a
59-year-old man who underwent implantation of 1 PED 68 months ago, IVCBCTA shows the presence of metal artifacts (white asterisk) not
affecting the PED-paved vascular segment to be assessed. Focal calcification can be depicted near the lower end of the PED (white arrow). The
ophthalmic artery covered by the PED is well-preserved and well-depicted (white arrowheads).

Study results
Study End Points

(Total No. of Cases for Assessment) Result �

Diagnostic value of IVCBCTA
Good contrast quality (34) 34 (100%) 1
Motion artifacts present (34) 0 1

Obscuration of PED-paved segment
due to metal artifact

Embolization coil present (14) 3 1
Embolization coil absent (20) 0 1

Post-PED vascular status
Presence of residual aneurysm (31) 0 1
Presence of vascular occlusion (31) 0 1
Presence of vascular stenosis (31) 1 (3.2%) 1
Good PED apposition to vessel

wall (31)
31 (100%) 1

Intimal calcification of the PED-paved
segment (31)

0 1

Patency vascular branch (28) 28 (100%) 1
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the vascular curvature in all cases (� � 1) (Fig 5). Focal calcifica-

tion of 2– 4.4 mm in length occurred in 5 cases, all located at the

vessel wall outside the PED (� � 1) (Figs 2C and 5A, -B). Calcifi-

cations occurred bilaterally at corresponding sites in all 5 cases. All

were present on the plain CT before PED implantation. These

features signified atherosclerotic calcification rather than PED-

induced calcification. Four of 32 PED-covered side branches were

obscured by metal artifacts, and their

patency could not be assessed; all of the

other 28 PED-covered side branches

were patent (� � 1) (Figs 2C and 5B–D).

DISCUSSION
Compared with multidetector row CT,

CBCT can provide superior spatial reso-

lution, which is distinctly advantageous

for imaging intracranial vessels, espe-

cially those with calcified atherosclerotic

plaques, cerebral aneurysms, and endo-

vascular stents.17,18 CBCT has a similar

contrast resolution for high-contrast

structures but a slightly inferior contrast

resolution for low-contrast structures

compared with multidetector row CT,

though the difference is negligible for

most clinical applications.17,19 The radi-

ation dose of CBCT for the head is gen-

erally lower than that of multidetector

row CT.20 For example, in sinus imag-

ing, the effective radiation doses of

CBCT and multidetector row CT were

0.17 and 0.87 mSv, respectively.18 How-

ever, the image noise in CBCT images

was 54.8%–70.6% higher than that in

multidetector row CT images.19 CT

number uniformity and accuracy were

also worse with the CBCT scanner.21

Noncontrast CBCT has been used

for intraoperative monitoring of neu-

roendovascular interventional proce-

dures22,23; it was found useful for

visualization and characterization of in-

tracranial stents that are notoriously

low-profile and radiopaque.24 In-stent

restenosis, calcified plaque, and stent-

vessel interface that are not visualized by

radiography or DSA can be depicted

with CBCT.24

Intra-arterial CBCTA has been

used to image intracranial stents and

was found to be useful in simultaneous

imaging of the stent and the parent

vessel.25 In the assessment of the de-

gree of in-stent restenosis following a

nitinol stent, intra-arterial CBCTA

was found to correlate well with histol-

ogy in an in vivo swine experiment.

Intracranial CBCTA also correlated well with DSA in assessing

in-stent restenosis following intracranial stents or PEDs in

clinical studies.26 The accuracy of intra-arterial CBCTA in as-

sessing the status of PED apposition to the vessel wall has been

validated with catheter-based optical coherence tomography

endoscopy in in vivo canine models.27 The use of IVCBCTA as

a noninvasive imaging alternative for the assessment of the

FIG 2. How the PED-paved vascular segment can still be depicted in the presence of coil-induced
metal artifacts is illustrated in the following 2 cases. A, In a 67-year-old woman who had a giant
aneurysm at C6 and received coil embolization 4 times with 23 coils (total length, 275 cm),
including 1 stent-assisted coil embolization, the aneurysm recurred and was treated with 2 PEDs
implanted at C4 – 6. IVCBCTA was performed 55 months after PED implantation. Although the
large coil mass in close proximity induced intense metal artifacts, the PED-paved vascular seg-
ment is not affected because it lies outside the plane of metal artifacts (white asterisks) parallel
to the direction of the conebeam x-ray. The PED is seen well-apposed to the vessel wall and
conforming to the vascular curvature. The hypoattenuated wall of the internal carotid artery
(white arrow) allows the vessel to be differentiated from the contrast-enhanced cavernous sinus.
B, In a 57-year-old man who underwent coil embolization (total length, 20 cm) for a cerebral
aneurysm and subsequently underwent PED implantation at C6 for aneurysm recurrence,
IVCBCTA was performed 72 months afterward, which showed the PED-paved vascular segment
unaffected by metal artifacts (white asterisk), despite the presence of the coil mass (white arrow)
in close proximity. The PED is seen well-apposed to the vessel wall and conforming to the vascular
curvature.

FIG 3. In a 68-year-old woman with a 21-mm saccular aneurysm located at the ophthalmic
segment (C6) of the internal carotid artery as shown on DSA (A), follow-up IVCBCTA 56 months
after PED implantation shows no evidence of residual cavity or wall of the aneurysm (white
asterisk, B). In a 69-year-old woman with a 13-mm saccular aneurysm located at the communicat-
ing segment (C7) of the internal carotid artery as shown on DSA (C), follow-up IVCBCTA 52
months after PED shows no evidence of a residual cavity of the aneurysm but evidence of a
residual wall of the aneurysm (white arrows, D).
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vascular status following flow diverters is an attractive idea that

has been put into practice recently.13-15

To date, the experience of intravenous CBCTA on the assess-

ment of flow diverters is still very limited; it is restricted to 14

patients in 3 reports.13-15 In 2 of these reports that originated from

the same group, IVCBCTA was acquired with a 10-second pro-

gram (Axion Artis dBA, Siemens AG, Healthcare Sector, Forch-

heim, Germany).13,14 In the other report, a 20-second program

(Allura FD20/20; Philips Healthcare), the same as that being used

in the current study, was used.15 A longer acquisition time of 20

seconds instead of 10 seconds allows a

better image signal producing a better

image quality, while there is an increased

chance of image-quality degradation

due to motion artifacts, especially in the

absence of general anesthesia.

The results of the current study

showed that with the use of a 20-second

program (Allura FD20/20; Philips Health-

care), the contrast effect of IVCBCTA

was good and not substantially different

from that of IACBCTA in assessing

PED-paved vascular segments. Despite a

long acquisition time of up to 20 sec-

onds, the images could be free of motion

artifacts with the use of external immo-

bilization straps, which was demon-

strated consistently in all 34 patients

without exception.

The problem of motion artifacts due

to long acquisition times could likely be

solved. We, therefore, believe that intra-

venous CBCTA is potentially a promis-

ing technique useful for effective evalu-

ation of intracranial vessels following

implantation of flow diverters in an out-

patient setting without general anesthe-

sia. However, metal artifacts due to

beam-hardening, scattered radiation,

sampling, and noise artifacts remain a

problem in CBCT in the presence of em-

bolization coils.25 When the ROI is lo-

cated in proximity to the coils and be-

comes obscured by metal artifacts, the

diagnostic value of CBCT is greatly di-

minished, though the presence of a coil

mass in close proximity to a vascular

segment does not necessarily preclude

the possibility of good-quality imaging

of the vascular segment with IVCBCTA,

provided the vascular segment is ori-

ented outside the plane of metal artifacts

when CT is performed. The possibility

of good quality imaging of the vascular

segment despite the presence of metal

artifacts was demonstrated in 11 of 14

patients with intracranial coil masses

(Fig 2). If the location of the coil mass in relation to the PED-

paved vascular segment can be identified and taken into account
in the positioning of the patient’s head in relation to the x-ray
beam for CBCTA, the detrimental effect of metal artifacts on the
CT image of the vascular segment can be reduced. Moreover,
techniques to reduce metal artifacts due to the coil mass in CBCT
are being developed.28,29

The post-PED vascular status following long-term PED im-
plantation has been evaluated in 34 cases by using intravenous
CBCTA as part of an ongoing study. These preliminary results

FIG 4. The only case of vascular stenosis occurred in a 79-year-old man who underwent implan-
tation of 1 PED at 40 months before IVCBCTA. The stenosis (white arrow) can be well-depicted
between the PED and the contrast-enhanced arterial lumen when the vascular segment C6 is
examined in cross-sections perpendicular to the long axis (A) or in a longitudinal section (B).

FIG 5. Good PED apposition to the vessel wall, good PED conformity to the vascular curvature,
and preservation of the covered side branch can be illustrated in the following 3 patients. In a
66-year-old woman who underwent implantation of 1 PED 42 months ago, IVCBCTA (A) shows
good PED apposition to the vessel wall and good conformity to the vascular curvature, with focal
calcification at the wall of C5 outside the PED (white arrow). B, Good PED apposition to the vessel
wall and focal calcification are shown again at another cross-sectional plane, in which the oph-
thalmic artery covered by the PED is well-preserved and well-depicted (white arrowheads). C, In
a 68-year-old woman who underwent implantation of 1 PED 52 months ago, IVCBCTA shows good
PED apposition to the vessel wall and good conformity to the vascular curvature. The hypoat-
tenuated wall of the internal carotid artery (white arrow) allows the vessel to be differentiated
from the contrast-enhanced cavernous sinus. D, In an 81-year-old woman who underwent im-
plantation of 1 PED 51 months ago, IVCBCTA shows good PED apposition to the vessel wall and
good conformity to the vascular curvature. The ophthalmic artery covered by the PED is well-
preserved and well-depicted (white arrowheads).
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showed very promising outcomes of complete aneurysm occlu-
sion in all cases, absence of parent artery occlusion, a low stenosis
(46% stenosis) rate of 3.2% (1/31), complete PED apposition to
vessel wall in all cases, absence of PED-induced calcification, and
absence of occlusion of the PED-covered side branch. These find-
ings indicated very favorable morphologic outcome and absence
of delayed complications following long-term PED placement.

The small number of cases in the current report was a limita-
tion for the assessment of post-PED vascular status; there was also
a selection bias in patients with modified Rankin Scale scores of 4
or 5. We present these early findings because we believe the find-
ings are conclusive and unlikely to differ significantly when the
entire ongoing study is completed.

CONCLUSIONS
IVCBCTA is potentially a promising technique that is useful for

effective evaluation of the status of intracranial arteries following

implantation of flow diverters; the PED for intracranial aneu-

rysms is probably promising and safe for long-term placement,

with very favorable morphologic outcome without delayed

complications.
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ORIGINAL RESEARCH
INTERVENTIONAL

Posterior Inferior Cerebellar Artery Patency after
Flow-Diverting Stent Treatment

X M.R. Levitt, X M.S. Park, X F.C. Albuquerque, X K. Moon, X M.Y.S. Kalani, and X C.G. McDougall

ABSTRACT

BACKGROUND AND PURPOSE: The rate of PICA occlusion after flow-diverting stent placement for vertebral and vertebrobasilar artery
aneurysms is not known. The purpose of this study is to determine the medium-term rate of PICA patency and risk factors for occlusion
after such aneurysm treatment.

MATERIALS AND METHODS: Patients were identified who had vertebral or vertebrobasilar artery aneurysms and who were treated by
placing a flow-diverting stent across the PICA ostium. Demographic and procedural factors associated with stent placement were
recorded. Patency of the PICA was evaluated immediately after stent placement and on follow-up angiography.

RESULTS: Thirteen patients with vertebral or vertebrobasilar artery aneurysms were treated in the study period, of whom 4 presented
with subarachnoid hemorrhage. The average number of devices that spanned the PICA ostium was 1.77 (range, 1–3), with no immediate PICA
occlusions. There were no postoperative strokes in the treated PICA territory, although there was 1 contralateral PICA-territory stroke of
unclear etiology without clinical sequelae. In 11 patients with follow-up angiography at a mean of 10.6 months (range, 0.67–27.9 months), the
PICA patency rate remained 100%.

CONCLUSIONS: Flow-diverting stent placement across the PICA ostium in the treatment of vertebral and vertebrobasilar artery aneu-
rysms may not result in immediate or midterm PICA occlusion.

ABBREVIATION: FDS � flow-diverting stent

The initial studies of safety and efficacy of flow-diverting stents

(FDSs), such as the Pipeline Embolization Device (Covidien,

Irvine, California), for the treatment of intracranial aneurysms

primarily focused on anterior circulation aneurysms.1 The appli-

cation of an FDS in posterior circulation aneurysms remains con-

troversial due to an increased risk of thrombotic and hemorrhagic

complications.2-4 The location of some vertebral and vertebro-

basilar aneurysms in relation to the PICA often necessitates stent

placement across the arterial ostium, theoretically risking PICA

occlusion with resultant brain stem infarction. The immediate

and midterm rate of branch occlusion of the PICA after FDS

placement has not been described.

MATERIALS AND METHODS
This study was approved by the institutional review board of St.

Joseph’s Hospital and Medical Center. Review of our prospective

endovascular data base was performed, and all the patients with

vertebral and vertebrobasilar artery aneurysms who were treated

between May 2011 and May 2015 with an FDS in which one or

more devices spanned the ostium of the PICA were identified.

Patient demographics, aneurysm rupture status, the number of

stent devices deployed, the presence of adjunctive aneurysm coil-

ing, antiplatelet medication reactivity testing, and the postopera-

tive stroke rate were recorded. Initial postprocedure and fol-

low-up angiography images were reviewed to determine the

immediate and midterm PICA patency rate after FDS placement.

All but one of the patients with unruptured aneurysms were

pretreated with aspirin (325 mg/day) and clopidogrel (75 mg/

day) for at least 3 days before the procedure. Patients with

ruptured aneurysms were treated with a single 0.125 mg/kg

intraprocedural bolus of intravenous or intra-arterial abcix-

imab after stent placement instead of dual antiplatelet pre-

treatment. Platelet inhibition testing was used to determine

patient response to aspirin and clopidogrel. All the patients
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were maintained on antiplatelet therapy for 6 months after the

index procedure, after which only aspirin (81 mg/day) was

continued.

The technique of FDS deployment has been described previ-

ously.5 All endovascular procedures were performed with the pa-

tient under general anesthesia, with neurophysiologic monitor-

ing, and via transfemoral transarterial access. Intravenous

heparin was administered to maintain an activated clotting time

of at least 250 seconds. Multiple devices were placed at the discre-

tion of the surgeon for optimal aneurysm coverage. In cases in

which aneurysm coils were placed, a separate microcatheter was

jailed within the aneurysm dome before FDS placement.

RESULTS
Thirteen patients (mean age, 61.3 � 12.4 years) met inclusion

criteria. The average aneurysm size was 9.3 � 4.9 mm in maximal

dimension, and 4 of 13 (30.8%) were ruptured at presentation.

There were no instances of AICA-PICA complex. One of the 9

patients with an unruptured aneurysm refused clopidogrel pre-

treatment and only took aspirin 325 mg/day. Platelet inhibition

testing results showed that no patients had aspirin resistance and

that 3 patients had clopidogrel resistance. Two of these 3 patients

were switched to prasugrel (10 mg/day), and 1 patient with a

history of deep venous thrombosis was maintained on preopera-

tive warfarin (5 mg/day).

In 6 patients (46%), the aneurysm involved the PICA origin (4

in whom the PICA origin arose from the neck of the aneurysm,

and 2 in whom the PICA arose from the dome of the aneurysm);

in the remaining 7 patients (54%), the PICA origin was either

distinctly proximal or distal to the aneurysm. Between 1 and 3

FDS devices (mean, 1.77) were implanted. Two of 13 procedures

(15.4%) included adjuvant aneurysm coiling; both were only par-

tially coiled because both aneurysms incorporated the PICA

origin into the aneurysm dome. There were no periprocedural

neurologic complications.

A review of the angiography immediately after stent deploy-

ment demonstrated PICA patency in all 13 procedures. Two

patients were lost to follow-up, and the remaining 11 patients

underwent follow-up angiography (mean, 10.6 months; range,

0.67–27.9 months). There were no instances of PICA occlusion or

stenosis on follow-up angiography. The rate of aneurysm obliter-

ation at follow-up was 72.7% (8/11 patients), and there was 1 case

(9.1%) of a patient with mild in-stent stenosis.

DISCUSSION
We showed that the rate of immediate and midterm patency of the

PICA was high after FDS treatment of vertebral and vertebrobasi-

lar artery aneurysms. There were no clinical sequelae from span-

ning the PICA ostium with one or more devices and no specific

risk factors associated with PICA occlusion.

Branch occlusion after FDS placement is an uncommon oc-

currence. A large series of 178 aneurysms treated with FDSs found

a 1.4% (2/140) rate of branch occlusion at follow-up, in both cases

posterior communicating arteries.6 Similarly, Moon et al7 re-

ported an ophthalmic artery occlusion rate of 3.5% (1/29) in a

series of periophthalmic artery aneurysms treated by FDS that

remained clinically silent. However, other researchers reported a

higher occlusion rate. Puffer et al8 studied 20 patients after FDS

placement for internal carotid artery aneurysms and found that

15% of ophthalmic arteries had slow or absent flow immediately

after FDS placement, with subsequent occlusion in 21% at fol-

low-up angiography. No patients developed any clinical deficit

from ophthalmologic occlusion. Another study, of 49 patients

with 68 carotid aneurysms, found an overall branch occlusion rate

of 4.4% (4% of ophthalmic and 7.1% of posterior communicating

arteries) without clinical sequelae at follow-up angiography.9 A

study of 11 patients with 13 carotid aneurysms in which the pos-

terior communicating artery ostium was covered by one or more

FDSs found an occlusion rate of 27%, with an additional 18%

with diminished flow.10 Finally, 2 reports with a combined total of

43 anterior choroidal arteries spanned by at least 1 FDS in the

treatment of carotid aneurysms documented 2 branch occlusions

(4.7%) at follow-up, without clinical sequelae.11,12 No study

found a significant association between branch occlusion and the

number of FDS devices placed across vessel ostia.

There are limited studies of posterior circulation aneurysms

treated with FDSs, only one of which (Gascou et al13) specifically

reported the patency of the PICA. This series of 59 patients with 66

aneurysms in various locations found a 3% overall occlusion rate

and 16.2% branch vessel stenosis rate at follow-up. The FDS

spanned the PICA ostium in 6 patients (9.1%); none of these

PICAs were occluded on immediate or follow-up angiography,

though stenosis was seen in 2 of 6 patients at the 12-month follow-

up. In contrast, we did not observe any PICA stenosis in the 11

patients with follow-up angiography, though our average fol-

low-up was only 10.6 months.

Neurologic deficit is rare after branch occlusion by FDS place-

ment.13-15 Two patients in the series from Gascou et al13 had

infarction after coverage of the middle cerebral artery perforators

and the anterior division of the middle cerebral artery bifurcation,

respectively. Three patients with basilar tip aneurysms (in which

the FDS was placed from the P1 segment to the midbasilar artery)

had brain stem perforator-related infarction among a series of 32

posterior circulation aneurysms treated by FDS.15 Finally, a pa-

tient with a complex A1 segment aneurysm treated by FDS awoke

from the procedure with perforator-related infarction.14 Despite

acute or subacute presentation of infarction, perforator occlusion

was not observed during angiography at the time of FDS place-

ment in any of the above complications.

The low rate of PICA occlusion after FDS placement is likely

related to the small size of the FDS wire diameter (30 �m)16 com-

pared with the PICA diameter (mean, 1.23 mm; range, 0.5–2.5

mm).17 The average diameter of the ophthalmic artery is reported

to be between 1.75 and 2.9 mm,18,19 but it carries a substantially

higher reported rate of immediate and long-term stenosis or oc-

clusion after FDS placement. The higher radius of curvature at the

origin of the ophthalmic artery would be expected to increase,

rather than reduce, stent porosity16 compared with the relatively

straight vertebral artery segment from which the PICA originates.

Animal studies indicate a minimal but increased incidence of

branch occlusion with lower stent porosity,20 such as what might

be found after FDS implantation across the PICA ostium and with

multiple overlapping stents.21 However, our study and others did

not find an association between the number of devices and branch
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occlusion. Animal studies indicate that the perfusion demand of

tissue supplied by branch vessels that are covered by the FDS

maintains branch vessel patency.22 We hypothesized that the in-

creased volume of tissue supplied by the PICA alone demands a

higher flow rate from this artery at its ostium compared with the

relatively small amount of tissue perfused by the ophthalmic ar-

tery, and the rich collateral arterial network in the orbit may, in

addition, reduce the demand on the ophthalmic artery. However,

further animal studies are required to confirm this theory, and

caution should be exercised in the presence of aneurysms that

involve an AICA-PICA complex, the thrombosis of which could

cause significant neurologic morbidity.

CONCLUSIONS
In this small series, FDS placement across the PICA ostium in the

treatment of vertebral and vertebrobasilar artery aneurysms did

not result in immediate or midterm PICA occlusion.

Disclosures: Cameron McDougall—UNRELATED: Consultancy: Covidien, MicroVention
Inc.
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ORIGINAL RESEARCH
INTERVENTIONAL

In Vitro Evaluation of Intra-Aneurysmal, Flow-Diverter-Induced
Thrombus Formation: A Feasibility Study

K. Gester, I. Lüchtefeld, M. Büsen, S.J. Sonntag, T. Linde, U. Steinseifer, and X G. Cattaneo

ABSTRACT

BACKGROUND AND PURPOSE: Intracranial aneurysm treatment by flow diverters aims at triggering intra-aneurysmal thrombosis. By
combining in vitro blood experiments with particle imaging velocimetry measurements, we investigated the time-resolved thrombus
formation triggered by flow diverters.

MATERIALS AND METHODS: Two test setups were built, 1 for particle imaging velocimetry and 1 for blood experiments, both generating
the same pulsatile flow and including a silicone aneurysm model. Tests without flow diverters and with 2 different flow-diverter sizes
(diameter: 4.5 and 4.0 mm) were performed. In the blood experiments, the intra-aneurysmal flow was monitored by using Doppler
sonography. The experiments were stopped at 3 different changes of the spatial extent of the signal.

RESULTS: No thrombus was detected in the aneurysm model without the flow diverter. Otherwise, thrombi were observed in all
aneurysm models with flow diverters. The thrombi grew from the proximal side of the aneurysm neck with fibrin threads connected to the
flow diverter and extending across the aneurysm. The thrombus resulting from the 4.0-mm flow diverter grew along the aneurysm wall as
a solid and organized thrombus, which correlates with the slower velocities near the wall detected by particle imaging velocimetry. The
thrombus that evolved by using the 4.5-mm flow diverter showed no identifiable growing direction. The entire thrombus presumably
resulted from stagnation of blood and correlates with the central vortex detected by particle imaging velocimetry.

CONCLUSIONS: We showed the feasibility of in vitro investigation of time-resolved thrombus formation in the presence of flow
diverters.

ABBREVIATIONS: FD � flow-diverter; PIV � particle imaging velocimetry

Intracranial aneurysm treatment by flow diverters (FDs) aims at

blood clotting in the aneurysm, triggered by the reduction or

elimination of intra-aneurysmal blood flow. This therapeutic ap-

proach offers an alternative treatment for larger wide-neck aneu-

rysms, in which coil embolization is associated with high recur-

rence.1,2 Otherwise, a longer delay to complete intra-aneurysmal

thrombosis and documented cases of postprocedural bleeding3-5

suggest that the FD-driven mechanism of thrombus formation is

considerably different from that using coils. In previous studies, it

has been hypothesized that aneurysm rupture occurring in pa-

tients after treatment with FDs is a consequence of uncontrolled

flow-driven clot formation resulting in thrombus-associated au-

tolysis4 or mural destabilization of the aneurysm wall due to

thrombus evolution.6

The influence of FDs on hemodynamic properties was inves-

tigated in several in vitro experiments by particle imaging veloci-

metry (PIV). Especially, the influence of the geometry of the an-

eurysm,7,8 the stent porosity,7,9-12 the number of stents, and the

stent material8,13 on intra-aneurysmal velocity fields was exten-

sively studied. All investigations were performed with water-glyc-

erol mixtures as a blood analog fluid. The use of a transparent

fluid is inevitable because PIV is an optical method, but it fore-

stalls the possibility of investigate clotting effects. Therefore, be-

cause the thrombus-growing process influences the flow behav-

ior, PIV investigations only represent the flow conditions directly

after the insertion of FDs.

The goal of our study was the in vitro investigation of time-
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resolved formation of thrombi triggered by FDs. Although bio-

logic mechanisms, triggered by the aneurysm wall, are not de-

picted in the new in vitro model, the location and shape of

thrombus during the forming and growing process, as well as the

composition of the thrombus, were investigated for 2 different FD

configurations. Moreover, we correlated the results with PIV

measurements.

MATERIALS AND METHODS
In Vitro Aneurysm Model and Flow-Loop Setup
A simplified geometry of a lateral aneurysm was used in this study

to limit the geometric variables. The aneurysm was spheric with

an inner diameter of 6.4 mm and an oval neck of 6.8 � 5.4 mm.

These dimensions are in agreement with those in the clinical lit-

erature.14 The parent vessel had an inner diameter of 4.2 mm with

an angle of 120° at the aneurysm neck (Fig 1A). The aneurysm

models were blocks, made from silicone by a casting technique

using male casts of the aneurysm model manufactured by rapid

prototyping (Objet Eden 350V; Stratasys, Eden Prairie, Minne-

sota). We used 2 different kinds of silicone: Elastosil RT 601

(Wacker Chemie, Munich, Germany) for PIV measurements due

to opacity requirements and Elastosil RT 625 (Wacker Chemie)

for blood experiments due to hemocompatibility. For all models,

the FD Derivo Embolization Device (Acandis GmbH & Co. KG,

Pforzheim, Germany) with inner diameters of 4.5 and 4.0 mm

(called FD-4.5 and FD-4.0) was used. The device is composed of

24 nitinol wires with a diameter of 40 �m and an electropolished

and annealed surface, characterized by approximately a 50-nm

thin layer of oxides and nitrides/oxynitrides. The wires at the dis-

tal end of the FD run in loops back to the proximal end, where the

wires end openly, resulting in a mesh of 2 � 24 wires.

For the PIV measurements, 3 models were used (empty and

loaded with FD-4.5 and FD-4.0, respectively). For blood experi-

ments, we used 10 models: 4 empty, 2 loaded with FD-4.5, and 4

loaded with FD-4.0. The FD-4.5 was oversized and axially

stretched, which led to an increase of cell

size, whereas the FD-4.0 was fitted with

an outer diameter of approximately 4.2

mm within the parent vessel without ra-

dial compression. With a braiding angle

of 75° in the completely expanded state,

mean porosities within the model were

72% and 65% for FD-4.5 and FD-4.0,

respectively, according to geometric cal-

culation, whereas manual loading of the

devices in the model led to heterogene-

ities and variability of local porosity. The

models were placed in a flow loop,

which consisted of a pulsatile-operated

blood pump (deltastream DP3; Medos

Medizintechnik, Stolberg, Germany)

and a compliance/reservoir (Fig 1C). All

components were connected by PVC

tubing and connectors made of polycar-

bonate. Pump, compliance pressure,

and resistance were adjusted to achieve

an average volume flow rate of

V̇ � 220
mL

min
, according to a flow rate

between that of the internal carotid artery and the media carotid

artery15-17 and a pressure curve behind the pump between 80 and

120 mm Hg, as shown in Fig 1B. The average volume flow rate

(T110; Transonic Systems, Ithaca, New York) was recorded di-

rectly behind the pump; and the pressure curve (SP844; Mem-

scap, Crolles, France) upstream, downstream of the aneurysm

model, and both was accordingly adjusted. The intraluminal

mean Reynolds number, Womersley number, and pulsatility in-

dex as defined in Hoi et al,15 were 358, 6.0, and 1.19, respectively.

The whole test setup was temperature-controlled at 45°C for PIV

measurements and 37°C for blood experiments.

PIV Measurements
A PIV system (Dantec Dynamics, Skovlunde Denmark) was

added to the test setup described above. The PIV system included

an Nd:Ylf laser (Pegasus; NewWave, Fremont, California), a light

sheet optic (80X70, Dantec Dynamics, Skovlundet, Denmark),

and a CMOS camera (1280 � 1024 pixels, Redlake, X3 mol/L-

M-4; IDT, Tallahassee, Florida) positioned perpendicular to the

laser light sheet and a traverse for microaccurate movement of the

whole system.

A mixture of glycerol and distilled water (55.8%–44.2% by

weight) at 45°C was used as working fluid. At these parameters, the

refractive index matches that of silicone (nsilicone � nwater/glycerol �

1.404); this avoids distortion of the recorded images. Additionally,

the viscosity of this fluid [�water-glycerol � (3.5395 � 0.0417) mPas]

corresponds to that of high sheared blood (�blood � 3.6 mPas),

allowing similar flow properties.18

Neutrally buoyant polystyrene tracer particles, 10 �m in

diameter and containing Rhodamine B (MF-RhB-polymer

particles; Microparticles, Berlin, Germany), were added to the

water-glycerol mixture. The particles were illuminated by a

laser light sheet, and particle images were captured with the

FIG 1. A, Silicone model with an inserted FD. B, Pressure curve upstream of the aneurysm model.
C, Flow loop.
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camera. The maximum fluorescence emission wavelength of

the tracer particles was 584 nm. With a suitable filter, the laser

light with a wavelength of 527 nm could be filtered to increase

image quality. Ten pump cycles were recorded. Measurements

without the FD were recorded in “single image mode” with a

frequency of 100 Hz, and measurements with the FD in dou-

ble-image mode with a time difference between the 2 images

varied from 100 to 950 �s. To generate the velocity fields, we

divided the recorded images into small areas of interrogation.

Using a cross-correlation algorithm, we calculated displace-

ment vectors for each area of interrogation for subsequent im-

ages. The resulting vector fields had a resolution of 70 � 70

�m. They were averaged for the 10 pump cycles by using the

software Matlab (MathWorks, Natick, Massachusetts). The ve-

locity fields were recorded in the sagittal and transverse planes

of the aneurysm, the last 3.2 mm below the top of the aneu-

rysm. In this study, we concentrated on the velocity field at the

systolic pressure peak, corresponding to time t0 of the pressure

wave (Fig 1B).

Blood Experiments
All parts of the test setup were cleaned for 1 hour according to a

standardized in-house cleaning procedures with 40% 2-propanol

at room temperature and rinsed with distilled water and saline

solution.

The blood was collected from the cervical artery of slaughter-

house pigs. It was immediately anticoagulated with Clexane mul-

tidose (Sanofi-Aventis Pharma Deutschland, Frankfurt, Ger-

many) with concentrations of 2000 or 4000 IU/L. Because

coagulation activity is very dependent on the blood used, concen-

tration was varied during the study to allow a visualization of

thrombus formation in a feasible time window of a maximum

duration of 12 hours. However, the influence of the anticoagulant

concentration on the thrombus formation was not an aim of this

study, and only the results of experi-

ments with the same anticoagulant con-

centration were compared. Blood count

was determined before and after the

blood experiments by using a hematol-

ogy analyzer (Celltac-� MEK-6450; Ni-

hon Kohden, Tokyo, Japan). Through-

out the experiments, the flow in the

aneurysm was monitored with the help

of a color Doppler sonography system

(Vivid I; GE Healthcare, Milwaukee,

Wisconsin) by recording changes in the

Doppler signal in magnitude and spatial

expansion. The sonographic probe was

placed on top of the silicone model, al-

lowing monitoring of the whole aneu-

rysm region (Fig 1C).

To analyze the structure of the FD-

induced thrombi at different growing

phases, 3 study end points were defined

on the basis of the changes in the spatial

extent of the signal: 1) beginning, 2) ap-

proximately 50%, and 3) nearly com-

plete reduction of the spatial extent of

the signal. For 2 FD-4.0s, the tests were stopped at the first end

point to investigate the early anchoring of the thrombus to the FD.

Additionally, FD-4.5 and FD-4.0 were both investigated at the

second and third end points to compare the development of the

resulting thrombi for different mesh porosities. For the empty

models, in which no thrombus formation was expected, 2 end

points were defined at 5 and 12 hours after starting the experi-

ment. After we reached each end point, the time was recorded, the

blood flow was interrupted, and the aneurysm model was rinsed

with 100 mL of phosphate buffer solution (pH � 7.4), preserved

in formaldehyde (4%) for 24 hours, and dehydrated in ascending

concentrations of propanol (30%, 50%, 70%, 90%, 100%, 100%).

Finally, the silicone model was opened, and pictures were taken.

The thrombi arising at the third end point were taken out and

embedded in paraffin; sections were cut (HM 360; Thermo Fisher

Scientific, Waltham, Massachusetts) and stained with H&E for

histology.

RESULTS
PIV Measurements
The velocity fields for the systolic flow, recorded in the sagittal and

transverse planes, are shown in Fig 2. Without the FD, the fluid

entered the aneurysm distally and moved along the aneurysm wall

until leaving it at the proximal side on the sagittal plane. The

velocities at the distal side were higher than those at the proximal

side. The area of the slowest velocities was close to the center of the

aneurysm, where a vortex occurred. On the transverse plane, the

velocity field was irregular. The maximal flow velocity, detected

on the transverse plane, was 0.14 m/s. A similar velocity field on

the sagittal plane was observed in the model with FD-4.5. How-

ever, the maximum velocities were reduced to 0.04 m/s. The vor-

tex area with the slowest velocities within the aneurysm was

smaller and closer to the parent vessel. In the transverse plane, a

FIG 2. Results of the PIV measurements. The velocity fields for the systolic flow are recorded in
the sagittal and transverse planes.
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very irregular and symmetric velocity field occurred, with a vortex

in the distal area of the aneurysm extending across the whole neck

width. The FD-4.0 led to a different velocity profile, with the high-

est velocities appearing symmetric at both distal and proximal

sides and closer to the FD compared with both previous models.

In addition, in this model, the fluid en-

tered the aneurysm on the distal side.

Furthermore, maximum flow velocities

were reduced to 0.005 m/s. The velocity

field in the transverse plane was much

more symmetric than that without the

FD and with FD-4.5, with significant re-

duction of the velocities.

Blood Experiments
An overview of the performed experi-

ments is listed in the Table.

Four models without FDs were

tested with anticoagulant concentra-

tions of 2000 IU/L (O-A, O-C) and 4000

IU/L (O-B, O-D). No signal change was

detected, so the blood flow was inter-

rupted at the end points of 5 hours

(O-A, O-B) and 12 hours (O-C, O-D).

No thrombi were detected after the

models were rinsed.

In experiments with the first end

point (4.0-A, 4.0-B), either no throm-

bus or the beginning of a thrombus at

the proximal side was found in the

neck area (Fig 3). Second end point

experiments (4.0-C, 4.5-C) led to a fi-

brin network, which anchored to the

FD at the proximal side of the aneu-

rysm and extended across the aneu-

rysm to the upper distal wall (Fig 3).

This was observed for both FDs,

whereas it was more pronounced for

FD-4.0. When the sonography signal

no longer existed (4.0-D, 4.5-D), a red

cap-shaped thrombus could be ob-

served for the FD-4.0. The thrombus had fibrin strands con-

nected to the proximal part of the FD (Fig 3) but showed a gap

to the rest of the FD surface, which remained patent. In com-

parison, the thrombus resulting from the FD-4.5 appeared as
erythrocyte-rich, which almost completely filled the aneurysm.

FIG 3. Thrombi after the blood experiments. Experiments 4.0-A and 4.0-B show no thrombus or
the beginning of a thrombus; 4.0-C and 4.5-C show a fibrin network, anchored at the proximal side
of the aneurysm in the FD and extended across the aneurysm up to the upper distal wall; 4.0-D
shows a red cap-shaped thrombus that has fibrin strands connected to the proximal part of the
FD; and 4.5-D shows an apparently erythrocyte-rich thrombus with a very soft consistency, which
almost completely fills the aneurysm. Degree of magnification: 5� (left images), 40� (right
images).

Overview of the performed blood experiment

Name of
Triala FD

Clexane
Concentration

(IU/L)

Platelet Count,
Start of Trial

(103/�L)

Platelet Count,
End of Trial

(103/�L)

Hematocrit
Value, Start of

Trial (%)
Hematocrit Value,

End of Trial (%) Duration

Qualitative
Spatial Extent of

the Doppler
Signal at End of

Trialsb

O-A None 2000 205 220 41.3 39.5 5 h 2 min
O-B None 4000 220 211 45.2 44.3 5 h 1 min
O-C None 2000 212 213 39.2 46.4 12 h 2 min
O-D None 4000 214 377 41.3 15.0 12 h 4 min
4.0-A FD-4.0 2000 235 345 42.6 20.4 4 h 9 min
4.0-B FD-4.0 2000 340 290 38.7 40.8 11 h 58 min
4.0-C FD-4.0 2000 270 225 38.7 40.1 3 h 4 min
4.0-D FD-4.0 4000 245 250 40.1 42.1 12 h 42 min
4.5-C FD-4.5 2000 270 355 44.2 38.0 11 h 10 min
4.5-D FD-4.5 4000 265 295 36.3 31.8 9 h 51 min

a O-A and O-B are after 5 hours; O-C and O-D are after 12 hours; 4.0-A and 4.0-B are the first end point; 4.0-C and 4.5-C are the second end point; and 4.0-D and 4.5-D indicate
no sonography signal at the end of the trial (third end point).
b The gray area in the aneurysm represents the spatial extent of the Doppler ultrasound signal.
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After we removed the silicone model, the thrombus collapsed
because it had a very soft consistency.

The sections of both thrombi showed a similar structure
(Fig 4). Fibrin- and platelet-rich areas and erythrocyte-rich areas

could be identified and could be clearly distinguished from each
other. The sections of the thrombus that developed in the exper-
iment with FD-4.5 showed a larger amount of erythrocyte-rich
areas in comparison with the thrombus from FD-4.0. However,
even here, fibrin- and platelet-rich areas were clearly visible. In all
trials with FDs, a thin layer of thrombi on the FD was observed.
Mostly, the thrombi appeared as white, fibrin- and platelet-rich
and accumulated partially between the stent struts of the FD; but
also red, erythrocyte-rich areas could be found sporadically
(4.0-B, 4.0-C).

The blood values (Table) of the individual experiments were
within the measurement accuracy of the blood count system and
the expected change of blood values in an in vitro experiment.
However, in 2 experiments, the hematocrit value dropped notice-
ably during the experiment (O-D and 4.0-A), and in 3 experi-
ments, the platelet count increased (O-D, 4.0-A, and 4.5-C).

DISCUSSION
Many in vitro PIV studies investigated the influence of FDs on

hemodynamic properties,7-13 because this method is established

for measuring flow behavior. However, when using a water-glyc-

erol mixture, which is transparent and thus enables PIV measure-

ments, one disregards the thrombus formation and its influence

on the flow. Therefore, the PIV measurement only represents the

flow conditions directly after the insertion of FDs. Moreover, the

influence of the FDs on the thrombus formation was further in-

vestigated in animal trials.19-22 However, the dynamics of intra-

aneurysmal thrombosis cannot be ob-

served in the follow-up period, which

takes several weeks, because blood flow

cannot be abruptly stopped at defined

phases of thrombus formation. In vitro

blood experiments allow arbitrarily ac-

celerating thrombus formation by ap-

propriate anticoagulant concentrations

so that we can continuously visualize the

different phases of formation and

abruptly stop the experiment for throm-

bus observation based on visualization.

We combined PIV measurements and in

vitro blood experiments monitored by

Doppler sonography for the investiga-

tion of velocity fields and thrombus for-

mation in silicone aneurysm models.
In the blood experiments, both FDs

caused thrombus formation in the aneu-

rysm model in contrast to the experi-

ments with empty aneurysm models.

We conjecture that the material triggers

the thrombus formation because fibrin-

and platelet-rich thrombi were present

on the FD surface before any thrombus

in the aneurysm was observed. There-

fore, blood flow could play an important

role in the mechanism of thrombus formation because the

thrombi prevalently arose at the same side of the FD and devel-

oped in a similar direction. Experiments that were stopped at the

first end point showed that the thrombi formation begins at the

proximal side of the aneurysm neck. Fibrin threads with entan-

gled platelets were connected to both FDs and extended across the

aneurysm. We presume a combination of flow- and surface-in-

duced coagulation because the velocities on the proximal side

were the slowest and the mesh of the FD is a good anchorage

point.

After the FDs were anchored on the proximal side of the

aneurysm, the further course of thrombi formation was differ-

ent for both FDs with different sizes and thus porosity. The

thrombus, resulting from the FD-4.0 with lower porosity, grew

along the aneurysm wall as a solid and organized thrombus

with fibrin and erythrocytes included. The thrombus seemed

to develop against flow direction detected by PIV, which was

from distal to proximal, in the region with lower and uniform

velocities. At the neck of the aneurysm, where velocities were

higher in PIV, a small thrombus-free gap was observed. The

thrombus that evolved when using the FD-4.5 showed no iden-

tifiable growing direction. The entire thrombus presumably

resulted from stagnation of blood after the formation of fibrin

through the aneurysm because it was not very stable or very

erythrocyte-rich. This finding is supported by the microtome

sections, which showed clearly defined fibrin areas and areas of

erythrocytes loosely next to each other and correlate with the

central vortex detected by PIV.

The noticeable decrease of the hematocrit value and the simulta-

neous increase in platelet count indicates hemolysis in the circuit.

FIG 4. H&E-stained sections of the thrombi resulting from experiments 4.0-D and 4.5-D. Erythrocyte-
rich areas are stained dark red, whereas fibrin-and platelet-rich areas are stained a light pink. Degree of
magnification: 5� (left images), 40� (right images).
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The blood count device identifies the individual cell types by their

sizes; therefore, cell fragments of destroyed erythrocytes are incor-

rectly identified as platelets. The hemolysis is probably caused by the

pump.

Limitations
In the PIV test setup, the particles are illuminated by a laser light

sheet that has a thickness of approximately 1 mm. Velocity com-

ponents vertical to that plane are not detected and considered.

Furthermore, in this study, only velocity components at the sys-

tolic pressure peak were considered and correlated to the results

of blood experiments. Otherwise, the velocity fields during the

whole pulsatile cycle showed similar profiles despite lower veloc-

ities (data are not included in this work).

With the blood experiments, it was possible to investigate the

occlusion of an aneurysm after insertion of an FD. The duration

of the experiment until thrombus formation was adjusted by an-

ticoagulant concentration. The maximum experiment duration

was limited to approximately 12 hours in an attempt to limit the

effect of hemolysis, particularly by the use of the pump. Moreover,

in the experiments without FDs, no coagulation occurred after the

12-hour test period. Clinical studies report that the aneurysm is

never closed by a thrombus at end-of-procedure angiography—

that is, after 1 or 2 hours,23,24 while at 6-month follow-up angiog-

raphy, complete occlusion was found in 68%–94% of pa-

tients.23,25-31 Although it is difficult to judge when the thrombus

formation begins in patients, we suppose that the process is

strongly accelerated in the in vitro setup, which potentially influ-

ences clotting mechanisms.

Dosed anticoagulation by means of Clexane aimed to allow

the in vitro use of blood for several hours and does not depict the

clinical standard of antiplatelet therapy with aspirin and

clopidogrel.

We set both test setups (PIV and blood), with and without FD,

to the same flow and pressure conditions and thus neglected the

effect of FDs on flow within the parent vessel. In addition, vessel

elasticity was neglected by using nearly rigid silicone blocks. Using

standardized aneurysm geometry, we did not consider the effect

of complex aneurysm geometry on flow pathways.

Our model does not consider the influence of real vessel biol-

ogy and, in particular, endothelial cells on flow. First, progressive

endothelialization of the FD structure would lead to a decrease in

pore size.32 Second, clotting mechanisms triggered by endothelial

cells are not reproduced in the silicone model. By use of FDs, flow

deceleration leads to a decrease of shear stress at the aneurysm

wall, which is responsible for endothelial cell–induced release of

proadhesive and prothrombotic mediators.33

In this test series only a limited amount of blood experiments

were performed to demonstrate the feasibility of the test setup. To

obtain a statistically significant comparison between different

FDs, a larger number of experiments are required.

CONCLUSIONS
In this study, we showed the feasibility of intra-aneurysmal

thrombus formation in vitro, comparing 2 different FD sizes with

an empty model and correlating the results with PIV measure-

ments. The combination of both methods can potentially im-

prove the understanding of the dynamics of thrombus formation.

Furthermore, thrombosis investigation in patient-specific models

could also support the treatment decision or device-sizing. Poten-

tial improvements of the in vitro setup and extensions of this

research field are a more detailed life detection of thrombus for-

mation by MR imaging and the development of a transparent and

coagulable PIV fluid, such as a modified platelet-rich plasma.
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ORIGINAL RESEARCH
INTERVENTIONAL

Preclinical Testing of a Novel Thin Film Nitinol Flow-Diversion
Stent in a Rabbit Elastase Aneurysm Model

X Y. Ding, X D. Dai, X D.F. Kallmes, X D. Schroeder, X C.P. Kealey, X V. Gupta, X A.D. Johnson, and X R. Kadirvel

ABSTRACT

BACKGROUND AND PURPOSE: Thin film nitinol can be processed to produce a thin microporous sheet with a low percentage of metal
coverage (�20%) and high pore attenuation (�70 pores/mm2) for flow diversion. We present in vivo results from the treatment of
experimental rabbit aneurysms by using a thin film nitinol– based flow-diversion device.

MATERIALS AND METHODS: Nineteen aneurysms in the rabbit elastase aneurysm model were treated with a single thin film nitinol
flow diverter. Devices were also placed over 17 lumbar arteries to model perianeurysmal branch arteries of the intracranial circula-
tion. Angiography was performed at 2 weeks (n � 7), 1 month (n � 8), and 3 months (n � 4) immediately before sacrifice. Aneurysm
occlusion was graded on a 3-point scale (grade I, complete occlusion; grade II, near-complete occlusion; grade III, incomplete
occlusion). Toluidine blue staining was used for histologic evaluation. En face CD31 immunofluorescent staining was performed to
quantify neck endothelialization.

RESULTS: Markedly reduced intra-aneurysmal flow was observed on angiography immediately after device placement in all aneurysms.
Grade I or II occlusion was noted in 4 (57%) aneurysms at 2-week, in 6 (75%) aneurysms at 4-week, and in 3 (75%) aneurysms at 12-week
follow-up. All 17 lumbar arteries were patent. CD31 staining showed that 75% � 16% of the aneurysm neck region was endothelialized.
Histopathology demonstrated incorporation of the thin film nitinol flow diverter into the vessel wall and no evidence of excessive
neointimal hyperplasia.

CONCLUSIONS: In this rabbit model, the thin film nitinol flow diverter achieved high rates of aneurysm occlusion and promoted tissue
in-growth and aneurysm neck healing, even early after implantation.

ABBREVIATION: TFN � thin film nitinol

Flow diverters are a relatively recent advancement in the endovas-

cular treatment of intracranial aneurysms and have expanded the

types of aneurysms addressable with endovascular techniques.1-5

Numerous different flow diverters have been approved in Europe,

and several are either approved for use or under investigation in the

United States. Each of the flow-diversion devices in current use is

constructed from braided metallic strands, typically nitinol, cobalt

chromium, and/or platinum. These devices, while promising, have

several relative disadvantages. Aneurysm occlusion may be delayed,

precise placement may be challenging because of device shortening,

�1 device is often required, and branch arteries covered by the device

may undergo occlusion.6-8

Thin film nitinol (TFN) is a biomaterial produced in pat-

terned sheets approximately 5 �m thick by using techniques

adapted from the microelectronics industry. Previous reports

have demonstrated that TFN has unique mechanical properties,

excellent biocompatibility, and a low profile that make it well-

suited for use in endovascular devices.9-11 Potential advantages of

a flow-diverting stent based on TFN technology include the ability

to fabricate devices with much higher pore densities and a lower

percentage of metal coverage than is achieved with current-gen-

eration devices based on braided wire technology. The purpose of

this study was to test a novel TFN-based flow-diverting stent in a

rabbit model of saccular aneurysms.

Received June 9, 2015; accepted after revision August 12.

From the Department of Neurointerventional Radiology (Y.D., D.D., D.F.K., D.S.,
R.K.), Mayo Clinic, Rochester, Minnesota; and NeuroSigma Inc. (C.P.K., V.G., A.D.J.),
Los Angeles, California.

This work was supported by NeuroSigma Inc. and a National Institutes of Health
Grant (R41 NS074576).

Paper previously presented at: American Society of Neuroradiology Annual Meet-
ing and the Foundation of the ASNR Symposium, April 25–30, 2015; Chicago,
Illinois.

Please address correspondence to Yonghong Ding, MD, Department of Radiology,
Mayo Clinic, 200 First St SW, Rochester, MN, 55905; e-mail: ding.yonghong@
mayo.edu

Indicates open access to non-subscribers at www.ajnr.org

http://dx.doi.org/10.3174/ajnr.A4568

AJNR Am J Neuroradiol 37:497–501 Mar 2016 www.ajnr.org 497

http://orcid.org/0000-0003-4329-3192
http://orcid.org/0000-0003-4051-6450
http://orcid.org/0000-0002-8495-0040
http://orcid.org/0000-0002-9676-232X
http://orcid.org/0000-0002-0838-8164
http://orcid.org/0000-0002-3422-3486
http://orcid.org/0000-0002-2277-1813
http://orcid.org/0000-0002-6786-9953


MATERIALS AND METHODS
Aneurysms (n � 19) were created in New Zealand white rab-

bits. Our Institutional Animal Care and Use Committee ap-

proved all animal procedures. The detailed procedure for an-

eurysm creation has been described previously.12 Briefly,

anesthesia was induced with an intramuscular injection of ket-

amine (35 mg/kg), xylazine (6 mg/kg), and acepromazine (1.0

mg/kg) and was maintained with 2.5%–3.0% isoflurane con-

veyed in 100% oxygen. Using a sterile technique, we exposed

and ligated the right common carotid artery distally. A 1- to

2-mm bevelled arteriotomy was made, and a 5F AVANTI vas-

cular sheath (Cordis, Miami Lakes, Florida) was advanced ret-

rogradely in the right common carotid artery to a point ap-

proximately 3 cm cephalad to the origin of right common

carotid artery. Fluoroscopy (Advantx; GE Healthcare, Milwau-

kee, Wisconsin) was performed by injection of contrast

through the sheath retrogradely in the right common carotid

artery, to identify the junction between the right common ca-

rotid artery and the subclavian and brachiocephalic arteries. A

3F Fogarty balloon (Baxter Healthcare, Irvine, California) was

advanced through the sheath to the level of the origin of the

right common carotid artery with fluoroscopic guidance and

was inflated with iodinated contrast material. Porcine elastase

(5.23 units per mg protein, 40.1 mg protein/mL, approxi-

mately 200 units/mL; Worthington Biochemical, Lakewood,

New Jersey) was incubated within the lumen of the right com-

mon carotid artery above the inflated balloon for 20 minutes,

after which the balloon and sheath were removed and the right

common carotid artery was ligated below the sheath entry site.

Three weeks after creation, patency of all the aneurysms and

parent arteries was confirmed by DSA before TFN-device deploy-

ment. A 5F sheath was advanced on one side of the femoral artery

via cutdown, followed by a 5F Envoy guiding catheter with 0.056-

inch ID (Codman & Shurtleff, Raynham, Massachusetts). A dis-

tal-access catheter with 0.044-inch ID (Concentric Medical,

Mountain View, California) was advanced into the distal end of

parent artery (right subclavian artery) over a 0.038-inch guide-

wire with a hydrophilic coating (Boston Scientific, Natick, Mas-

sachusetts) through the guide catheter.

Prototype TFN flow diverters were fabricated and provided

for this study by NeuroSigma (Los Angeles, California). De-

tailed methods for the fabrication of TFN have been published

previously.13-15 In brief, TFN is sputter-deposited on 4-inch

silicon wafers by using a custom DC
magnetron sputter system. Silicon wa-

fers are micropatterned by using deep
reactive ion etching before the sputter-
deposition process. Following deposi-

tion, the TFN is removed from the sil-
icon wafer and annealed at 500°C. This

process yields a cylindric TFN micro-

mesh that is subsequently used to
cover a laser-cut nitinol backbone
stent (Fig 1). The red box outlines an
area of 1 mm2. The pore attenuation
and percentage of metal coverage of
the TFN flow diverter were calculated

from scanning electron microscope

images of a device at full expansion.

The number of pores in an area of 1 mm2 was counted from the

scanning electron microscope image, and the percentage of

metal coverage was calculated from the following formula: 1 �

Percent Metal Coverage of Stent Backbone. At full expansion,

the TFN flow diverter had a pore attenuation of approximately

70 pores/mm2 and a percentage of metal coverage of �20%.

Results from in vitro and in vivo testing of devices constructed

by using similar methods have been reported previously.9-11

The first TFN device (4.5-mm outside diameter � 12 mm) was

deployed across the aneurysm neck by pushing the device out of

the distal access catheter with the 0.038-inch guidewire with hy-

drophilic coating. The second device (4.5-mm outside diame-

ter � 12 mm) was deployed across a lumbar artery within the

abdominal aorta. DSA was performed through the guide catheter

immediately after deployment. No damage to the device occurred

during deployment. Aspirin (10 mg/kg) and clopidogrel (10 mg/

kg) were given daily 2 days before implantation and continued

until 30 days after treatment.

Sacrifice was performed at 2 weeks (n � 7), 4 weeks (n � 8),

and 12 weeks (n � 4) after treatment. On the day of sacrifice,

anesthesia was administered as a cocktail of ketamine (74 mg/kg),

xylazine (5 mg/kg), and acepromazine (1 mg/kg). Surgical access

of the left common femoral artery was achieved. DSA was per-

formed for both the brachiocephalic trunk and abdominal aorta.

Degrees of aneurysm occlusion immediately after device deploy-

ment and before sacrifice were graded on a 3-point scale based on

DSA images, including grade I (complete flow cessation, no flow

within the aneurysm), grade II (near-complete flow, �10% resid-

ual flow), and grade III (incomplete occlusion, �10% residual

flow).13 Patency of the parent and lumbar arteries (including ste-

nosis or occlusion) was assessed from DSA. Immediately follow-

ing angiography, the subjects were euthanized by using a lethal

injection of pentobarbital. The aneurysm, stented parent artery,

and the aorta were harvested and fixed in 10% formalin. Tolu-

idine blue staining was performed to evaluate thrombus organi-

zation within the aneurysm and neointima coverage of aneurysm

neck and the orifice of lumbar artery.

Gross pathology and en face CD31 immunofluorescent stain-

ing were performed on a subset of devices selected at random

from each of the follow-up time points to quantify neck endothe-

lialization (1 at 2 weeks, 3 at 4 weeks, 2 at 12 weeks). Whole-

mount immunofluorescent staining was performed by using an

FIG 1. A, A prototype TFN flow diverter. B, The scanning electron microscopy image of TFN.
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anti-CD31 antibody. The coverage percentage of endothelialized

neointima across the neck was calculated by using the value of the

neck area of endothelialization measured under the microscope

and the whole neck area. Histopathology of explanted devices was

performed on the device at each of the 3 time points by using

plastic-section mounting and toluidine blue staining.

RESULTS
Mean aneurysm sizes (including aneurysm neck, width, and

height) and angiographic outcomes from the 19 aneurysms are

shown in the Table.

Grades I or II occlusion rates were noted in 57% (n � 4) of

aneurysms at the 2-week follow-up time point (Fig 2A–C). At the

4-week time point, 6 (75%) aneurysms had complete or near-

complete occlusion (grades I or II) (Fig 3A–C). At the 12-week

time point, 3 (75%) aneurysms showed grades I or II occlusion.

The distal parent artery was occluded in 1 aneurysm immediately

after device deployment but reopened at the 3-month follow-up.

Overall, grades I or II occlusion rates were achieved in 13 (68%) of

the 19 aneurysms. All other parent and lumbar arteries remained

patent without stenosis (Figs 2E–G and 3E–G).

For the 6 aneurysms with histologic processing, the average

implant duration was 6.3 weeks. The mean neck orifice area was

6.3 � 2.5 mm2, and 75 � 16% of the aneurysm neck region was

covered by endothelialized tissue at the time of sacrifice (Figs 2D

and 3D). Toluidine blue staining of aneurysms with explanted

devices confirmed these findings, which included minimal neoin-

timal hyperplasia and good incorporation of the TFN and support

stent. Thrombus formation within the aneurysm was also indi-

cated (Fig 4).

DISCUSSION
In this study, we demonstrated that a single TFN flow diverter

could achieve high rates of complete or near-complete aneurysm

occlusion as early as 2 weeks after implantation. Furthermore,

rapid and near-complete endothelialization was noted across an-

eurysm necks, while branch arteries remained patent in all cases.

All these results offer evidence that the TFN flow diverter holds

substantial promise for clinical use.

Numerous flow-diverting devices have previously been tested

in the elastase aneurysm model and have subsequently been ap-

plied clinically.16-22 Aneurysm occlusion, neointimal hyperplasia

of the parent artery (stenosis or occlusion), distal parent artery

emboli, and patency of the branch artery can be assessed in this

aneurysm model. Compared with current flow-diverter devices,

the NeuroSigma TFN flow diverter achieves a very high pore at-

tenuation while, at the same time, allowing a low percentage of

metal coverage. Thus, very small distances are needed for endo-

thelial cells to cross between structural elements of the TFN.

This study has several limitations. The number of subjects

at each time point was relatively small,

and the duration of implantation was

limited. The aneurysms in this study

were small, even though the mean

height of the aneurysm was approxi-

mately 10 mm. The longest time point

for follow-up was only 3 months in

this study. Finally, the morphology of

FIG 2. A, Digital subtraction angiogram shows the aneurysm before treatment (notched right arrow). B, DSA image immediately after device
deployment shows blood flow reduction in the aneurysm (left block arrow). C, DSA image at 2 weeks of deployment shows near-complete
aneurysm occlusion (grade II) (left arrow). D, Gross pathology along with en face CD 31 immunofluorescent staining (original magnification water
lens 20�) shows that 46% of aneurysm neck area is covered by endothelialized tissue (red and yellow arrows). E, DSA image shows the lumbar
arteries before deployment in the abdominal aorta (striped right arrow). F, DSA image immediately after device deployment shows patent
lumbar arteries (striped right arrow). G, DSA image at 2 weeks of deployment shows that the lumbar arteries remain patent (striped right arrow).

Aneurysm size and angiographic outcome

Time Point
(Weeks)

Mean Aneurysm
Size (mm)

Occlusion
Grades Lumbar Artery

Patency (%)Neck Width Height I or II III
2 4.0 � 1.4 4.5 � 1.5 9.8 � 2.4 57% 43% 100
4 4.1 � 1.0 4.1 � 1.4 9.3 � 1.6 75% 25% 100

12 4.1 � 1.0 4.7 � 2.1 9.5 � 2.7 75% 25% 100
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the aneurysms does not provide the range expected clinically,

and the tortuosity of the carotid siphon and other vessel terri-

tories in humans may cause substantial challenges in achieving

adequate wall apposition of the device.

CONCLUSIONS
In this rabbit model, the TFN devices achieved high rates of acute

angiographic occlusion. Vessel branches covered by the devices re-

mained patent. High degrees of endothelialization across the aneu-

rysm neck were achieved, which indicates that in this model, the TFN

can promote tissue in-growth and aneurysm neck healing.
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ORIGINAL RESEARCH
INTERVENTIONAL

Stent-Assisted Coil Embolization of Intracranial Aneurysms:
Complications in Acutely Ruptured versus Unruptured

Aneurysms
X R.S. Bechan, X M.E. Sprengers, X C.B. Majoie, X J.P. Peluso, X M. Sluzewski, and X W.J. van Rooij

ABSTRACT

BACKGROUND AND PURPOSE: The use of stents in the setting of SAH is controversial because of concerns about the efficacy and risk
of dual antiplatelet therapy. We compare complications of stent-assisted coil embolization in patients with acutely ruptured aneurysms
with complications in patients with unruptured aneurysms.

MATERIALS AND METHODS: Between February 2007 and March 2015, 45 acutely ruptured aneurysms and 47 unruptured aneurysms were
treated with stent-assisted coiling. Patients with ruptured aneurysms were not pretreated with antiplatelet medication but received
intravenous aspirin during the procedure. Thromboembolic events and early rebleeds were recorded.

RESULTS: In ruptured aneurysms, 9 of 45 patients had thromboembolic complications. Four patients remained asymptomatic, 4 devel-
oped infarctions, and 1 patient died. The permanent complication rate in ruptured aneurysms was 11% (95% CI, 4%–24%). Five of 45 patients
(11%; 95% CI, 4%–24%) had an early rebleed from the treated aneurysm after 3– 45 days, and in 4, this rebleed was fatal. In 46 patients with
47 unruptured aneurysms, thromboembolic complications occurred in 2. One patient remained asymptomatic; the other had a thalamus
infarction. The complication rate in unruptured aneurysms was 2.2% (1 of 46; 95% CI, 0.01%–12%). No first-time hemorrhages occurred in 46
patients with 47 aneurysms during 6 months of follow-up.

CONCLUSIONS: The complication rate of stent-assisted coiling with early adverse events in ruptured aneurysms was 10 times higher
than that in unruptured aneurysms. Early rebleed accounted for most mortality. In ruptured aneurysms, stent-assisted coil embo-
lization is associated with increased morbidity and mortality and should only be considered when less risky options have been
excluded.

Endovascular treatment of wide-neck intracranial aneu-

rysms remains a technically challenging procedure due to

the risk of coil protrusion into the parent artery and subse-

quent thrombus formation or parent vessel compromise.

There are several techniques to coil wide-neck aneurysms, such

as balloon- or stent-assisted coiling,1-7 flow diversion, and,

more recently introduced, the WEB aneurysm embolization

system (Sequent Medical, Aliso Viejo, California).8 With the

use of stents or flow diverters, complication rates tend to be

higher than with selective coiling or balloon-assisted coiling

because of the thrombogenicity of the devices and the need for

dual antiplatelet medication with inherent risk in the postop-

erative period.9-14 Most operators are reluctant to use anti-

platelet therapy in the setting of subarachnoid hemorrhage

because of the potential need for a ventriculostomy, the poten-

tial for infarction secondary to vasospasm, and the high likeli-

hood of future invasive interventions. Therefore, stent place-

ment is generally avoided in acutely ruptured aneurysms in

favor of clip ligation or other endovascular techniques that do

not mandate dual antiplatelet therapy.

In this observational study with prospectively collected data,

we evaluated the incidence of hemorrhagic and thromboembolic

complications in patients with acutely ruptured aneurysms

treated with stent-assisted coiling. In addition, we compared the

complication rates with those of unruptured aneurysms treated

with stent assistance during the same period.

MATERIALS AND METHODS
This observational study with prospectively collected data was com-

pliant with institutional privacy policy. The institutional review

board gave exempt status for approval and informed consent.
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Patient Population
Between February 2007 and March 2015, 848 patients with 932

aneurysms were treated with endovascular techniques (Fig 1).

There were 659 ruptured aneurysms (71%) and 273 unruptured

aneurysms (29%). Of 659 ruptured aneurysms, 45 aneurysms in

45 patients were treated with stent-assisted coiling in the acute

phase of SAH without pretreatment with antiplatelet medication.

Of 273 unruptured aneurysms, 47 in 46 patients were treated with

stent-assisted coiling.

General Indications for Stent-Assisted Coiling
Patients with SAH diagnosed on CT or lumbar puncture under-

went angiography of all cerebral vessels on a biplane angiographic

system (Integris Allura BN 3000 or Allura FD 20/10; Philips

Healthcare, Best, the Netherlands). When a wide-neck ruptured

aneurysm (dome-to-neck ratio �2 and/or a neck length of �4

mm) or dissection was identified on 3D angiography, a vascular

neurosurgeon was consulted about the best treatment for the in-

dividual patient with respect to clinical condition, age, and co-

morbidities. Stent-assisted coiling in ruptured wide-neck aneu-

rysms was indicated for all aneurysms or dissections located in the

posterior circulation and for aneurysms and dissections in the

anterior circulation in poor-grade patients who were not surgical

candidates.

For unruptured aneurysms, the indications for stent-assisted

coiling were determined in a multidisciplinary meeting with neu-

rosurgeons and neurologists.

Stent-Assisted Coiling Procedure
Coiling was performed with the patient under general anesthesia.

First, stent placement was simulated by computer graphics on the

3D dataset by using standard machine software (Philips Health-

care, Best, the Netherlands).15 The software exactly calculated the

diameters and length of the vessel segment where the stent place-

ment was intended. Accordingly, the proper stent length and di-

ameter could be chosen. We aimed at a

10-mm stent overlap on either side of

the aneurysm neck.

The aneurysm was passed with a mi-

crocatheter (Prowler Plus; Codman &

Shurtleff, Raynham, Massachusetts).

After stent placement, the delivery mi-

crocatheter was removed. A new lower

profile microcatheter (Excelsior SL-10;

Stryker, Kalamazoo, Michigan) was in-

troduced through the stent struts into

the aneurysm, and coils were placed un-

til the aneurysm was occluded. In se-

lected cases, a microcatheter was jailed

in the aneurysm by the stent.

Of 45 patients, 34 were treated with an

Enterprise self-expanding stent (Codman

& Shurtleff); 5, with an Acclino stent

(Acandis, Pforzheim, Germany); and 4,

with a LVIS stent (MicroVention, Tustin,

California). In 2 patients, a LEO stent (Balt

Extrusion, Montmorency, France) was

used, followed by a Silk flow diverter (Balt

Extrusion), which was coaxially placed.

Anticoagulation Protocol
During coiling of ruptured aneurysms, heparin was administered

via the pressure bags (1000 U per 500 mL of saline). Intravenous

aspirin, 500 mg, was administered immediately before stent

placement.14 After the procedure, patients were prescribed a load-

ing dose of 300 mg of clopidogrel (Plavix), followed by 75 mg of

clopidogrel daily for 6 months and, life-long, 80 mg of aspirin

daily. The clopidogrel loading dose was administered orally or

through a gastric tube immediately after the procedure. For 48

hours after the procedure, 7500 U of subcutaneous heparin was

given twice daily.

Patients with unruptured aneurysms were preloaded for 4

days with clopidogrel and aspirin and were heparinized during

the procedure. Dual antiplatelet therapy was continued for 6

months; and aspirin, 80 mg daily, life-long. Response to antiplate-

let therapy was not tested before the procedure.

When a thromboembolic event (angiographically visible

thrombus or vessel occlusion) occurred during the endovascular

procedure, a loading dose of glycoprotein IIb/IIIa antagonist (ti-

rofiban [Aggrastat]) was administered intravenously or intra-

arterially followed by drip infusion for 24 hours. In 1 patient,

mechanical thrombectomy with a Solitaire stent (Covidien, Ir-

vine, California) was performed. The decision to perform a

thrombectomy depended on the location of the thrombus, and

the perception of possible successful removal.

Clinical and Imaging Outcomes
Procedural complications were defined as visible thrombus or

vessel occlusion during the procedure or procedural rupture.

Clinical consequences of thromboembolic complications were re-

corded. If the clinical condition of the patient worsened after the

procedure, CT or MR imaging was performed to clarify the cause.

In patients with an early rebleed, control angiography was per-

February 2007 - March 2015 

932 aneurysms in 848 patients treated 

with  

endovascular techniques 

  273 unruptured aneurysms (29%) 

- 202 simple coiling (74%) 

- 47 stent-assisted coiling (17%) 

- 14 balloon-assisted coiling (2%) 

- 9 �low diverter (3%) 

- 1 Trispan (<1%) 

659 ruptured aneurysms (71%) 

- 586 simple coiling (89%) 

- 45 acute stent-assisted coiling 
with intravenous Aspirin (7%) 

- 11 delayed stent-assisted coiling 

with preloaded dual anti-platelet 

medication (2%) 

- 14 balloon-assisted coiling (2%) 

- 3 �low diverter (<1%) 

FIG 1. Flow chart of 932 aneurysms in 848 patients treated endovascularly between February
2007 and March 2015.
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formed if the clinical condition was fair or good. In patients with

a thromboembolic complication, a native CT and diffusion-

weighted MR imaging were performed.

For all other surviving patients, a follow-up visit, including

angiography or MRA imaging, was scheduled at 6 months. The

outcome was assessed according to the mRS scale. Extended im-

aging follow-up was tailored to the individual patient.

Additional coiling was scheduled in cases in which the aneu-

rysm was reopened by coil compaction or resolution of intralu-

minal thrombus.

Statistical Analysis
Quantitative variables were expressed with descriptive statistics,

and categoric variables were expressed as frequencies or percent-

ages with 95% CIs. The �2 test was used for comparison of pro-

portions. Statistical analysis was performed with MedCalc for

Windows, Version 14.12.0 (MedCalc Software, Mariakerke,

Belgium).

RESULTS
Patients with Ruptured Aneurysms
Forty-five patients with 45 ruptured aneurysms were treated with

stent-assisted coiling. There were 33 women (75%) and 12 men

(25%), with a mean age of 56 years (median, 58 years; range,

21–79 years). Aneurysm location was the basilar tip in 13, anterior

communicating artery in 8, carotid tip in 6, middle cerebral artery

in 4, vertebral artery in 4, posterior communicating artery in 2,

supraclinoid dissection aneurysm in 2, superior cerebellar artery

in 2, basilar trunk in 2, A1 in 1, and PICA dissection in 1. The

mean aneurysm size was 8.7 mm (median, 7 mm; range, 2–30

mm). The clinical condition at the time of treatment according to

the Hunt and Hess scale (HH) was HH 1–2 in 6 (13%), HH 3 in 21

(47%), and HH 4 –5 in 18 (40%). Timing of stent-assisted coiling

after SAH was a mean of 1.7 days (median, 1 day; range, 0 –11

days). Of 45 patients, 36 (80%) were treated within 24 hours after

the onset of SAH.

Procedural Complications. Nine patients had thromboembolic

complications. In 3 patients with angiographically visible

thrombus on the stent without vessel occlusion and tirofiban

treatment, this complication remained without clinical symp-

toms (Fig 2). In 1 patient with an anterior communicating

artery aneurysm, thrombus occluded the middle cerebral ar-

tery, mechanical thrombectomy was successful, and the out-

come was good.

In 3 patients with visible in-stent thrombus, infarctions devel-

oped despite tirofiban treatment (Fig 3). One patient with a basi-

lar tip aneurysm developed an infarction in the posterior cerebral

artery after the procedure. One patient with a basilar tip aneurysm

died of progressive basilar thrombosis during the procedure.

There were no procedural ruptures.

The overall procedure-related complication rate was 11% (5 of

45; 95% CI, 4%–24%).

Early Rebleed from the Coiled Aneurysm. Five of 45 patients

(11%; 95% CI, 4%–24%) had an early rebleed from the treated

aneurysm after 3, 12, 26, 32, and 45 days (Table). Four of these

aneurysms seemed completely occluded (Fig 4), and 1 was incom-

pletely occluded. In 4 of 5 patients, this rebleed was fatal; 1 patient

had a good outcome (mRS 2). All 5 recurrent hemorrhages were

from saccular aneurysms.

Additional Surgical Procedures. Ten patients underwent exter-

nal ventricular drainage, 7 before and 3 after stent-assisted coil-

ing. One patient had an external lumbar drain; and 1, a lumbo-

peritoneal drain after coiling. Two patients underwent a

decompressive hemicraniectomy. There were no hemorrhagic

complications from surgical procedures and no additional clip-

ping after stent-assisted coiling.

Overall Clinical and Imaging Outcome in Patients with Ruptured
Aneurysms. Immediate postprocedural angiography showed ad-

equate (complete or near-complete) aneurysm occlusion in 42

patients (93%), and incomplete occlusion in 3 (7%).

At 6 months’ follow-up, 13 patients (29%) had died (mRS

6): Seven patients died of the sequelae of SAH; 1, of a throm-

boembolic complication; 4, of a rebleed; and 1, of a traumatic

subdural hematoma at 5 months. A good outcome (mRS 0 –1)

FIG 2. Ruptured carotid tip aneurysm in a 58-year-old woman treated with stent-assisted coiling. A, 3D angiogram shows a wide-neck aneurysm
on the carotid tip. B, Anteroposterior left carotid artery angiogram during coiling demonstrates thrombus formation on the proximal and distal
ends of the stent (arrows). C, Follow-up angiogram at 6 months shows complete aneurysm occlusion and patent distal internal carotid and
middle cerebral arteries.

504 Bechan Mar 2016 www.ajnr.org



was achieved in 24 patients (53%), 6 patients had some disabil-

ity (mRS 2–3), and 2 patients were in a nursing home (mRS 5).

Angiographic (9 patients) or MR imaging follow-up (20 pa-

tients) was a mean of 18 months (median, 6 months; range, 6 –75

months) in 29 of 30 eligible patients; 1 patient is scheduled for

MRA. Reopening of the aneurysm was evident in 6 patients

(21%), and these aneurysms were additionally coiled. The other

23 aneurysms remained completely occluded. In 1 asymptomatic

patient (3%) with a small carotid tip aneurysm, the A1 showed

progressive and severe narrowing by intimal hyperplasia after 1

year (Fig 5).

Patients with Unruptured Aneurysms
Forty-six patients with 47 unruptured aneurysms were treated

with stent-assisted coiling. There were 34 women (74%) and 12

men (26%) with a mean age of 58.4 years (median, 59 years; range,

27– 80 years). Aneurysm size was a mean of 13 mm (median, 11

mm; range, 3– 40 mm). Twenty-four aneurysms (51%) were lo-

cated in the anterior circulation, and 23 (49%), in the posterior

circulation.

Thromboembolic complications occurred in 2 patients (4%).

One patient responded favorably to tirofiban. The other patient

(with a 12-mm basilar tip aneurysm) developed hemiparesis and

an infarction in the left thalamus. At 6 months’ follow-up, the

hemiparesis had improved (outcome mRS of 2). Mortality was

0% (0 of 46; 95% CI, 0%–9.2%), and morbidity was 2.2% (1 of 46;

95% CI, 0.01%–12%). No first-time

hemorrhages occurred in 46 patients

with 47 aneurysms during 6 months of

follow-up.

Comparison of Complications in
Ruptured and Unruptured
Aneurysms
In patients who underwent stent-as-

sisted coiling in the acute period of SAH,

the symptomatic complication rate due

to this strategy was 22.2% (10 of 45), and

in unruptured aneurysms, it was 2.2% (1 of 46). This difference

was highly significant (P � .001).

DISCUSSION
In this study, we found that the complication rate with early

adverse events of stent-assisted coiling in patients with rup-

tured aneurysms was very high and 10 times higher than that in

stent-assisted coiling of unruptured aneurysms. The high fre-

quency of early rebleeds (11%, 5 of 45) accounted for the high

mortality: In 4 of 5 patients, the rebleed was fatal. In 2 of 5

patients with angiography shortly after the rebleed, the aneu-

rysm seemed completely occluded (Fig 4). Apparently, in these

patients, the anticoagulation medication prevented thrombo-

sis of the aneurysm in the days following coiling, despite ade-

quate packing with coils.

SAH in the acute period triggers the coagulation cascade,

leading to a hypercoagulable state with a high tendency for

clotting or thrombosis. Heparinization in combination with

intravenous aspirin did not prevent thrombus formation (on

the stent) in all cases: Thromboembolic complications oc-

curred in 20% (9 of 45) with permanent neurologic deficits in

4 and death in 1 patient. Tirofiban was administered in those

patients with visible thrombus during the procedure. In our

study, 3 of 6 patients with visible thrombus had successful

FIG 3. Ruptured anterior communicating artery aneurysm in a 64-year-old woman. A, Anteroposterior right carotid artery angiogram shows a
large anterior communicating artery aneurysm with a relatively wide neck. A stent was placed in the right A1–A2. B, After coiling, the right A2 was
completely occluded by an in-stent thrombus that did not react to glycoprotein IIb/IIIa antagonist (tirofiban) therapy. C, CT scan the next day
demonstrates infarction in the right anterior cerebral artery territory.

Characteristics of 5 patients with an early rebleed after stent-assisted coiling of a ruptured
aneurysm

Patient Sex,
Age (yr)

HH
Grade

Aneurysm Location
and Size

Occlusion
Rate Stent

Timing of
Rebleed Outcome

F, 48 3 PcomA, 4 mm Complete Enterprise 45 Days Death
F, 58 3 SCA, 3 mm Complete Enterprise 12 Days Death
F, 64 4 Carotid tip, 5 mm Incomplete Enterprise 32 Days Death
F, 70 1 Basilar trunk, 30 mm Complete LEO 26 Days Death
F, 54 5 MCA, 11 mm Complete LVIS 3 Days mRS 2

Note:—PcomA indicates posterior communicating artery; SCA, superior cerebellar artery; HH, Hunt and Hess.
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recanalization after treatment with tirofiban and had a good

clinical outcome.

Our disappointing results are in concordance with those in

other studies. Chalouhi et al4 also concluded, from a study of 508

patients, that stent-assisted coiling of ruptured aneurysms was

associated with higher complication rates (25% versus 4.7%) and

worse outcomes. The morbidity-mortality rate in this study was

13% in patients with a ruptured aneurysm.

Ruptured aneurysms were also independently predictive of

complications and poor outcomes in several other studies.5,6,10

Thus, the safety-efficacy profile of stent-assisted coiling is clearly

less favorable in ruptured than in unruptured aneurysms.

Hemorrhagic complications consistently contributed the

most to morbidity and mortality rates. In addition to the frequent

early rebleeds from the ruptured aneurysms treated with stent-

assisted coiling, as seen in our study and others,1,9,11 fatal hemor-

rhagic complications may also occur from extraventricular drain

placement or even spontaneous remote intracranial hemor-

rhages.9,12 Apparently, with dual antiplatelet therapy, coiling does

not protect against rebleed and induces hemorrhages from surgi-

cal procedures.

In addition to the complications in the periprocedural period,

delayed complications may also occur7,16,17: In a follow-up study

of 213 patients by Mocco et al,16 6 percent of patients had delayed

(�30 days) angiographic adverse findings, of which, 3% demon-

FIG 4. Ruptured middle cerebral artery aneurysm in a 54-year-old woman. A, CT scan on admission with SAH from the right middle cerebral
artery aneurysm. B, Anteroposterior carotid artery angiogram shows a wide-neck middle cerebral artery aneurysm. C, Angiogram after stent-
assisted coiling demonstrates complete aneurysm occlusion. D and E, CT scan 3 days later reveals recurrent hemorrhage from the aneurysm. F,
Repeat angiogram the same day confirms complete occlusion of the aneurysm. Note subfalcine herniation of the anterior cerebral artery
resulting from a large hematoma (arrow).

FIG 5. Ruptured small carotid tip aneurysm in a 33-year-old man. A,
Anteroposterior carotid angiogram shows the small carotid tip aneu-
rysm. A coil was placed inside the aneurysm, which seemed unstable,
and a stent was subsequently placed across the neck in the A1. B, 3D
angiogram 1 year later demonstrates severe narrowing of the A1. The
patient was asymptomatic.
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strated high-grade in-stent stenosis or occlusion. Seven delayed

thromboembolic events occurred (3%), along with 2 additional

immediate periprocedural events. All 7 delayed events occurred

after cessation of dual-antiplatelet therapy. Longer follow-up

studies are needed to better understand the long-term effects of

stents on the intracranial vasculature.

Our data and those of others indicate that stent-assisted coil-

ing in the acute phase of SAH is associated with many procedural

and postprocedural complications, thromboembolic, hemor-

rhagic, and delayed. In our opinion, this type of therapy and its

indications should be reconsidered to significantly decrease the

complication rate. We have some suggestions. First, direct surgi-

cal clipping can be a valuable and low-risk alternative for coiling

in good-grade patients with ruptured wide-neck aneurysms in the

anterior circulation. Second, in ruptured wide-neck posterior cir-

culation aneurysms and in poor-grade patients with ruptured

wide-neck aneurysms in the anterior circulation, balloon assis-

tance obviates antiplatelet medication and should be preferred

over stent placement. Third, the recent introduction of the WEB

device8 is a promising alternative treatment to stent-assisted coil-

ing for wide-neck ruptured aneurysms without the need for anti-

platelet medication.

Our study is limited by its absence of randomization between

study groups. The results reflect the experience of a single neuro-

vascular center with a specific technique and anticoagulation pro-

tocols and may not be readily generalizable to other centers. The

individual response to antiplatelet medication was not tested. Be-

cause diffusion-weighted imaging was not routinely performed,

the incidence of clinically silent infarcts has likely been underes-

timated. MRA was used in most patients eligible for imaging fol-

low-up. MRA is sufficient to detect reopening, hemorrhage, and

infarction but has limitations in detecting in-stent stenosis.

Despite these limitations, this study confirms that stent-as-

sisted coiling in the acute phase in ruptured aneurysms is associ-

ated with a high complication rate.

CONCLUSIONS
In acutely ruptured wide-neck aneurysms treated with stent-as-

sisted coiling, antiplatelet medication without pretreatment does

not prevent all thromboembolic complications and, in addition,

is a risk factor for hemorrhagic complications in the periproce-

dural period. Therefore, this treatment should be avoided in favor

of other surgical or endovascular treatments without the need for

antiplatelet medication.

Disclosures: Charles B. Majoie—UNRELATED: Grants/Grants Pending: Dutch Heart
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ORIGINAL RESEARCH
INTERVENTIONAL

Safety and Efficacy of Intravenous Tirofiban as Antiplatelet
Premedication for Stent-Assisted Coiling in Acutely Ruptured

Intracranial Aneurysms
X S. Kim, X J.-H. Choi, X M. Kang, X J.-K. Cha, and X J.-T. Huh

ABSTRACT

BACKGROUND AND PURPOSE: Stent-assisted coiling of intracranial aneurysms requires antiplatelet therapy, typically aspirin and clopi-
dogrel to prevent thromboembolic complications. There is a substantial concern that tirofiban may increase the risk of hemorrhage when
used as an antiplatelet premedication in ruptured intracranial aneurysms. Our aim was to evaluate the safety and efficacy of intravenous
tirofiban administration, instead of oral dual antiplatelet agents, as an antiplatelet premedication for stent-assisted coiling in patients with
acutely ruptured intracranial aneurysms.

MATERIALS AND METHODS: We conducted a retrospective review of a data base containing a consecutive series of patients who
underwent stent-assisted coiling for acutely ruptured intracranial aneurysms between March 2010 and January 2015. Intravenous tirofiban
was administered to all patients before stent-assisted coiling, instead of premedication with loading doses of aspirin or clopidogrel.

RESULTS: Forty patients with 41 aneurysms received intravenous tirofiban and underwent stent-assisted coiling. None of the patients had
a newly developed intracerebral hemorrhage, subarachnoid hemorrhage, or intraventricular hemorrhage. Intraprocedural aneurysmal
rupture occurred in 2 patients (5%). Cerebral infarction developed in 2 patients (5%). Ventriculostomy-related hemorrhage was seen in 2 of
10 patients in whom ventriculostomy was performed before or after coiling. Thirty-four (85%) patients had a good outcome (Glasgow
Outcome Score of 4 or 5) at the time of discharge, but 1 patient died of cardiac arrest. None of the patients developed thrombocytopenia,
retroperitoneal, gastrointestinal, or genitourinary bleeding related to tirofiban administration.

CONCLUSIONS: In our study, tirofiban showed a low risk of symptomatic hemorrhagic or thromboembolic complications. Tirofiban may offer
a safe and effective alternative as an antiplatelet premedication during stent-assisted coiling of acutely ruptured intracranial aneurysms.

ABBREVIATIONS: EVD � external ventricular drain; GOS � Glasgow Outcome Score; HH � Hunt and Hess

Results from the International Subarachnoid Aneurysm

Trial showed that the endovascular management of intra-

cranial aneurysm is a safe, effective, and sometimes preferable

treatment option.1 However, endovascular treatment of rup-

tured wide-neck aneurysms is still a challenge to neurointer-

ventionalists because of the controversy surrounding the use of

stent placement as an adjuvant therapy for the coiling of

acutely ruptured aneurysms, due to the need for antiplatelet

medications. Stent-assisted procedures are particularly prone

to thromboembolic complications, with a reported rate of

thromboembolic events of 7%–15% during stent-assisted coil-

ing.2-4 Therefore, there is a need for preoperative antiplatelet

therapy with optimal anticoagulation during the procedures,

even with subarachnoid hemorrhage. However, there is no consensus

about when and how patients should be loaded with antiplatelet medi-

cation before the procedure.

Glycoprotein IIb/IIIa antagonists have attracted attention for the

prevention or treatment of thromboembolism during coiling of in-

tracranial aneurysms,5-7 but the increased risk of intracranial hem-

orrhage following glycoprotein IIb/IIIa inhibition remains a substan-

tial concern. Moreover, the safety and efficacy data regarding the use

of tirofiban in endovascular aneurysm treatment are lacking.

The objective of our study was to evaluate the safety and effi-

cacy of intravenous tirofiban, instead of clopidogrel and aspirin,

as an antiplatelet premedication for stent-assisted coiling in pa-

tients with acutely ruptured intracranial aneurysms.
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MATERIALS AND METHODS
Patients
We conducted a retrospective review of a neurointerventional

data base containing data collected from a consecutive series of

patients who underwent stent-assisted coiling of acutely ruptured

intracranial aneurysms between March 2010 and January 2015.

SAH was diagnosed by using noncontrast brain CT.

The clinical severity of SAH was assessed by using the

Hunt and Hess (HH) grading system, and the radiographic

grade was classified by using the Fisher grade. Clinical out-

comes were assessed at discharge by using the Glasgow Out-

come Score (GOS) and classified as follows: 1) dead; 2) vege-

tative state; 3) severely disabled; 4) moderately disabled; and 5)

mildly or not disabled. A GOS of �4 was considered a

good clinical outcome. Medical charts were also reviewed to

determine clinical or subclinical worsening of radiologic

findings after the procedures and to evaluate any possible sys-

temic complications related to tirofiban therapy such as retro-

peritoneal, gastrointestinal, or genitourinary bleeding and

thrombocytopenia.

Procedures
The decision to use stent-assisted coiling was based on aneurysm

morphology, such as a wide-neck aneurysm, defined by a fundus-to-

neck ratio of less �2, a neck diameter of �4 mm, or the need for stent

placement after intraprocedural coil prolapse. All procedures were

performed with written informed consent. In patients with SAH, the

diagnostic angiogram and the coiling procedure were performed on

the day of admission. All patients underwent endovascular treatment

during a single session under general anesthesia.

Despite the use of aggressive intraoperative antiplatelet ther-

apy, angiographic catheters are contact activators of the coagula-

tion cascade and are significant sources of thromboembolic com-

plications.8 Thus, to prevent this complication, a solution of 5000

IU of heparin in 1000 mL of 0.9% normal saline was administered

continuously through the guiding catheter.

Intravenous tirofiban was administered to all patients, instead of

premedication with loading doses of aspirin or clopidogrel, before

stent-assisted coiling. The intravenous tirofiban infusion was initi-

ated only after confirming that contrast was not filling the dome

(presumed rupture site) of the aneurysm. Patients received a 0.4-�g/

kg/min loading dose of tirofiban for 30 minutes followed by a 0.10-

�g/kg/min maintenance infusion. A loading dose of clopidogrel and

aspirin (300 mg each) was administered after the tirofiban mainte-

nance infusion, followed by daily doses of 75 mg/day of clopidogrel

for 6 months and 100 mg/day of aspirin indefinitely.

We used the “jailing” technique in all patients. The microcath-

eter was initially positioned within the aneurysm and then coiled

within the aneurysm until contrast was no longer filling the dome

of the aneurysm; then tirofiban infusion was initiated. The stent

was deployed 15 minutes after the initiation of tirofiban admin-

istration, and the aneurysm was packed with more coils after stent

deployment. Aneurysms were embolized with a variety of bare

platinum coils at the operator’s discretion.

Stent-assisted coiling was performed by using a Neuroform

stent (Stryker Neurovascular, Kalamazoo, Michigan), Enter-

prise stent (Codman & Shurtleff, Raynham, Massachusetts), or

Solitaire stent (Covidien, Irvine, California). The choice of

stent was made on a case-by-case basis according to the oper-

ator’s preference, anatomic considerations, and specific clini-

cal situations.

All patients underwent brain CT immediately after the proce-

dure to ascertain any new or worsening SAH or intraparenchymal

hemorrhage during the acute phase of tirofiban infusion. An ex-

ternal ventricular drain (EVD) was placed in patients experienc-

ing clinical deterioration, in whom developing hydrocephalus

was confirmed by follow-up brain CT. Tirofiban was not stopped

during the EVD operation.

Postprocedural hemorrhage and infarction were evaluated

with brain CT and/or MR imaging. All patients underwent brain

CT immediately after the procedure and were followed up for 7

days. Patients were re-evaluated if their clinical condition wors-

ened during hospitalization, and they underwent additional brain

CT and/or MR imaging to determine the cause of their deteriora-

tion. Cerebral infarction was evaluated depending on the vascular

territory involved and the timing of the appearance of neurologic

symptoms. The effect of vasospasm due to SAH was also

considered.

RESULTS
Forty patients with 41 aneurysms underwent stent-assisted coil-

ing and received intravenous tirofiban. Of those, 28 (70%) were

women and 12 (30%) were men, with a mean age of 57.3 � 10.5

years (range, 41– 84 years). In terms of clinical severity, 5 (12.5%),

22 (55%), 8 (20%), and 5 (12.5%) patients had HH grades of 1, 2,

3, and 4, respectively. The clinical and radiologic characteristics of

patients are summarized in Table 1.

The mean aneurysm size was 5.9 � 2.9 mm (range, 2–13 mm).

The location of the aneurysms was the anterior communicating

artery in 17 aneurysms, posterior communicating artery in 11

aneurysms, internal carotid artery in 4 aneurysms, vertebro-

basilar artery in 4 aneurysms, middle cerebral artery in 3 an-

eurysms, and anterior cerebral artery in 2 aneurysms. Solitaire,

Neuroform, and Enterprise stents were used in 25 (62.5%), 11,

and 4 patients, respectively.

Table 1: Clinical and radiologic characteristics of patients
Characteristics No. of Cases (%)

Mean age (yr) (range) 57.3 � 10.5 (41–84)
Sex (M/F) 12:28
Hunt and Hess grade

1 5 (12.5)
2 22 (55)
3 8 (20)
4 5 (12.5)
5 0

Fisher grade
1 2 (5)
2 10 (25)
3 15 (37.5)
4 13 (32.5)

Clinical outcome (GOS)
1 1 (2.5)
2 1 (2.5)
3 4 (10)
4 4 (10)
5 30 (75)

AJNR Am J Neuroradiol 37:508 –14 Mar 2016 www.ajnr.org 509



Complications
None of the patients showed a newly developed intracerebral

hemorrhage, SAH, or intraventricular hemorrhage on immediate

follow-up brain CT after coiling (Table 2).

Intraprocedural aneurysmal rupture occurred in 2 patients

(Fig 1) as a result of coil extrusion during coil insertion, after

tirofiban injection and stent deployment in 1 patient and by the

high tension of the microcatheter before tirofiban injection in the

other. In the former patient, we packed the aneurysm with more

coils until the bleeding stopped while maintaining tirofiban ad-

ministration. In the latter, the aneurysm was packed with more

coils until the bleeding stopped, but the coils protruded into the

parent artery. Thus, we deployed a stent after tirofiban infusion.

These 2 cases showed slight worsening of SAH on a brain CT scan

performed immediately after the procedure, but patients were

discharged without neurologic deficits.

An EVD was placed in 10 patients. Of those, the EVD was

placed before the stent-assisted coiling in 5 patients who showed

hydrocephalus in the initial brain CT. Ventriculostomy-related

hemorrhage was seen in 2 of 5 patients (Fig 2), but the hemor-

rhage was small and located along the catheter tract. Further fol-

low-up brain CT demonstrated resolution of the hemorrhage.

EVDs were placed on the same day in the other 5 patients who

did not show hydrocephalus on the initial brain CT but developed

hydrocephalus after stent-assisted coiling. No surgical difficulties

or ventriculostomy-related hemorrhages resulting from an in-

creased bleeding tendency due to tirofiban therapy were observed.

Of the 10 patients who had undergone EVD, 1 patient underwent

EVD after stent-assisted coiling and required permanent CSF di-

version with a ventriculoperitoneal shunt for persistent hydro-

cephalus. The patient underwent placement of a ventriculoperi-

toneal shunt 27 days following stent-assisted coiling. The patient

was maintained on dual antiplatelet therapy with aspirin and

clopidogrel during perioperative ventriculoperitoneal shunt

placement, but no new intracranial hemorrhage was observed.

Infarction developed in 2 patients. One patient was treated

with coiling for a right posterior communicating artery aneurysm

(Fig 3) and underwent brain MR imaging for evaluation because

of mild left-sided weakness on postprocedure day 7. Brain MR

imaging showed acute infarction in the posterior limb of the right

internal capsule, in the territory of the anterior choroidal artery.

The left-sided motor weakness improved, and the GOS score was

5 at discharge. The other patient who was treated for an anterior

communicating artery aneurysm experienced infarction in the

left frontal lobe confirmed by routine follow-up on a day-7 brain

CT scan. However, follow-up angiography did not show in-stent

thrombosis or vascular occlusion of anterior cerebral artery. This

patient showed no infarction-related neurologic sequelae and was

discharged with a GOS of 5.

None of the patients developed thrombocytopenia, retroperi-

toneal, gastrointestinal, or genitourinary bleeding related to tiro-

fiban therapy. No one had additional hemicraniectomy.

Outcomes
The mean GOS for patients at the time of discharge was 4.5. The

individual GOSs were as follows: 30 (75%), 4 (10%), 4 (10%), and

1 (2.5%); and 1 (2.5%) had GOSs of 5, 4, 3, 2, and 1, respectively.

Two patients had a GOS of �2: One presented with an HH grade

4 SAH and failed to achieve neurologic improvement during hos-

pitalization, and the other died 5 days after coiling from causes

unrelated to the procedure, such as cardiac and pulmonary

disease.

DISCUSSION
With the advancement in endovascular devices and techniques,

stent-assisted coiling has been shown to be safe and efficacious for

wide-neck intracranial aneurysms.9 However, thromboembolic

complications are regarded as a major concern of intracranial

FIG 1. A 53-year-old woman presented with a Hunt and Hess grade 1 subarachnoid hemorrhage. A, Digital subtraction angiography shows a
wide-neck right posterior communicating artery aneurysm of approximately 15.49 � 3.72 mm. B, Angiography shows contrast extravasations
during coil insertion after tirofiban injection and stent deployment. We packed the aneurysm with more coils while maintaining tirofiban. C,
Immediate posttreatment angiography shows cessation of contrast extravasations and complete occlusion of the aneurysm.

Table 2: Complications
Complications No. of Cases (%)

Hemorrhagic complications
Newly developed ICH, SAH, or IVH 0 (0)
Intraoperative rupture 2 (5)
Ventriculostomy-related hemorrhage 2 (20)a

Infarction 2 (5)

Note:—ICH indicates intracerebral hemorrhage; IVH, intraventricular hemorrhage.
a Percentages were obtained in relation to the number of patients in whom ventric-
ulostomy was placed before or after coiling (n � 10), whereas other complications are
over the total number of patients (n � 40).
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stent placement. Therefore, given the thrombogenicity of endo-

vascular stents, anticoagulation is recommended in patients un-

dergoing stent-assisted procedures to prevent thromboembolic

events such as in-stent thrombosis. Intra- and postprocedural an-

ticoagulation with heparin and antiplatelet therapy with aspirin

or clopidogrel are widely used and reduce thromboembolism

rates in patients undergoing coiling for cerebral aneurysms.10-12

However, antiplatelet drugs take time to reach therapeutic levels.

For example, a 600-mg loading dose of clopidogrel provides plate-

let inhibition of 55%–59% within 4 hours after administration.13

In the setting of SAH, the use of a stent is not always antici-

pated because the decision to place a stent is sometimes made

during the procedure and pretreatment with antiplatelet drugs is

not always possible. In our center, the diagnostic angiogram and

the coiling procedure are performed on the day of admission to

minimize the risk of rebleeding in patients with SAH. Hence, the

necessity of a stent during coiling cannot be anticipated in these

patients; this scenario precludes premedication with aspirin or

clopidogrel. Thus, intravenous tirofiban was injected intraproce-

durely in all patients to prevent thromboembolic complications,

instead of aspirin and clopidogrel, before stent-assisted coiling of

acutely ruptured intracranial aneurysms.

Available glycoprotein IIb/IIIa inhibitors include abciximab,
tirofiban, and eptifibatide. Abciximab is more commonly used

than tirofiban to treat patients with
acute coronary syndrome. However,
several studies reported that abciximab
and eptifibatide may induce fatal intra-
cerebral hemorrhage.7,14-16 Moreover,
abciximab binds irreversibly to the gly-
coprotein IIb/IIIa receptor causing
platelet-function suppression for almost
48 hours after interruption of the
infusion.17

Tirofiban acts as a reversible antago-
nist of fibrinogen by binding to the gly-
coprotein IIb/IIIa receptor on platelets.
Tirofiban has a rapid onset of action (5
minutes).18 When administered accord-
ing to the regimen of 0.4 �g/kg/min for
30 minutes followed by a 0.1-�g/kg/min
maintenance infusion, �90% inhibition
of platelet aggregation is attained by the
end of the initial 30-minute infusion. Its
plasma half-life is 2 hours, and following
discontinuation of an infusion of tiro-
fiban, 0.10 �g/kg/min, ex vivo platelet
aggregation returns to near baseline in
4 – 8 hours in approximately 90% of
patients.14,19

Experience with tirofiban in the neu-
roendovascular setting has been limited.
Chalouhi et al20 assessed the safety and
efficacy of tirofiban in stent-assisted
coiling as a prophylactic treatment and
as a rescue therapy for thromboembolic
events. They reported that the incidence
of tirofiban-related hemorrhage and
mortality in patients treated with a bolus
followed by a maintenance protocol was
as high as 18.8% and 12.5%, respec-

FIG 2. A 54-year-old woman presented with a Hunt and Hess grade 4
subarachnoid hemorrhage. A, Initial precontrast brain CT scan shows
subarachnoid hemorrhage and hydrocephalus. An external ventricu-
lar drain was placed before stent-assisted coiling. B, Immediate post-
treatment precontrast brain CT scan shows asymptomatic ventricu-
lostomy-related hemorrhage. The hemorrhage was small and
occurred along the catheter tract. A 7-day follow-up brain CT scan
(not shown in Fig 2) shows disappearance of the hemorrhage.

FIG 3. A 44-year-old woman presented with a Hunt and Hess grade 2 subarachnoid hemorrhage. A,
Initial precontrast brain CT scan showed subarachnoid hemorrhage. B, Digital subtraction angiography
shows a wide-neck right posterior communicating artery aneurysm of approximately 11.3 � 12 mm. C,
Immediate posttreatment angiography shows complete occlusion of the aneurysm and normal pa-
tency of the anterior choroidal artery. D, Diffusion-weighted MR imaging shows infarction of the
posterior limb of the right internal capsule on postoperative day 7.
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tively. However, the study enrolled patients who were presenting
with not only ruptured aneurysms but also unruptured aneu-
rysms. Furthermore, in contrast to our study, all patients with
aneurysms treated in the setting of SAH were loaded with 600
mg of clopidogrel and 325 mg of aspirin intraprocedurally and
infused with tirofiban immediately after stent deployment or
placement of the first coil. In this study, we assessed the safety
and efficacy of intravenous tirofiban without aspirin and clopi-
dogrel administration as a premedication in stent-assisted
coiling of ruptured aneurysms.

In the immediate postrupture period, further bleeding from
the aneurysm dome is prevented by a fibrin-platelet plug. On the
basis of their pharmacologic properties, glycoprotein IIb/IIIa re-
ceptor antagonists may promote breakdown of hydrogen sulfate
bonds between platelets, leading to lysis of the platelet-rich clot/
thrombus, which then increases the chance of intraprocedural
rupture.21 Furthermore, in the event of iatrogenic aneurysm per-
foration, the likelihood of a devastating hemorrhage is also in-
creased. In our study, intraprocedural aneurysmal rupture oc-
curred in 2 cases before or after tirofiban infusion and stent
deployment. Bleeding was stopped after packing the aneurysm
with extra coils. Immediate postprocedural brain CT scans
showed slight worsening of the subarachnoid hemorrhage, but
patients were discharged without neurologic deficits.

The coexistence of acute hydrocephalus at the time of presen-
tation is an additional complicating factor when considering
stent-assisted coiling following SAH. Hemorrhage rates after
EVD placement varied widely from 1% to 33%.22-24 Scholz et al25

reported a hemorrhage rate of 14.8% in patients who underwent
EVD placement after endovascular coil embolization of cerebral
aneurysms under anticoagulation or antiplatelet therapy. The risk
of ventriculostomy-related hemorrhage is higher in patients with
SAH treated with stent-assisted coiling than in those with coiling
without a stent.26

In this study, an EVD was placed in 10 of 40 patients, with
ventriculostomy-related hemorrhage occurring in 2 of 5 patients
whose EVD was placed before coiling. The hemorrhage was char-
acterized by small petechial bleeding along the catheter tract,
which was �1 cm in diameter, asymptomatic, and temporary.
Five patients underwent an additional EVD placement within 1
day without stopping tirofiban after stent-assisted coiling. There
were no operational complications or particular difficulties asso-
ciated with abnormal intraoperative bleeding resulting from the
increased bleeding tendency induced by tirofiban therapy, and
immediate postoperative brain CTs did not show ventriculosto-
my-related hemorrhage.

Operations such as EVD placement or decompressive craniec-
tomy are sometimes necessary after coiling, especially in cases of
ruptured cerebral aneurysms. With SAH, our experience suggests
that tirofiban may not expose patients to a higher risk of hemor-
rhagic complications, especially those undergoing invasive proce-
dures such as placement of an EVD.

In our study, infarction developed in 2 patients. One patient
was admitted with a history of headache and mild left-sided weak-
ness. The patient was treated with stent-assisted coiling for a pos-
terior communicating artery aneurysm, and immediate postpro-
cedural angiography showed no in-stent thrombosis and normal
patency of the anterior choroidal artery. Left-sided weakness im-

proved gradually after stent-assisted coiling. Initial brain CT did
not show an abnormality in the internal capsule, but a follow-up
brain MR imaging 7 days after the procedure revealed infarction
in the posterior limb of the internal capsule. Considering the clin-
ical course of left-sided weakness, vasospasm may contribute to
infarction. Another possible mechanism is flow disturbance due
to the stent. The stent was deployed across the origin of the ante-
rior choroidal artery. Therefore, another possibility as a potential
cause is disturbance of blood flow to the anterior choroidal artery
by the stent struts. The other patient who was treated for an ante-
rior communicating artery aneurysm developed an infarction in
the left frontal lobe. However, follow-up angiography showed
normal patency of the intracranial vessel. A possible mechanism is
distal emboli into the anterior cerebral artery related to the stent.
Additionally, the anterior communicating artery aneurysm had a
broad neck, so the exposure of the coil mass alone could contrib-
ute to distal emboli into the anterior cerebral artery. Vasospasm of
the anterior cerebral artery associated with SAH may be another
possible mechanism but is less likely.

Despite infarction and hemorrhagic complications, 34 (85%)
patients had a good outcome (GOS of 4 or 5), with only 2 patients
(5%) having a GOS of �2 at discharge in this study. In addition,
our mortality rate of only 2.5% highlights the potential benefits
of tirofiban in stent-assisted coiling of ruptured intracranial
aneurysms.

As an alternative to clopidogrel in patients with acute coronary
syndromes, the novel platelet P2Y12 inhibitors, prasugrel and ti-
cagrelor, have been evaluated. Both agents provide stronger and
more consistent platelet inhibition than clopidogrel.27,28 The
time to onset of maximal platelet inhibition after administration
of loading doses of prasugrel and ticagrelor is 30 minutes and 2
hours, respectively, and both agents are orally administered.28,29

We believe that the more rapid onset of the antiplatelet effect with
tirofiban is more suited to acute intraprocedural decision-mak-
ing, for example, when intraoperative coil prolapse necessitates
the use of a stent. Moreover, intravenous administration of the
drug may be more convenient and may decrease the risk of aspi-
ration in patients with decreased consciousness.

In recent years, there has been an increase in the use of flow
diverters for intracranial aneurysms. However, because there is no
immediate aneurysm occlusion after stent implantation, the need
for antiplatelet therapy complicates the use of flow diverters for
acute ruptured aneurysms. The treatment of ruptured aneurysms
with a flow diverter has been reported, but there are still concerns
related to the risk of recurrent SAH during antiplatelet therapy
while remodeling is underway.30,31 Further study regarding a vi-
able acute antiplatelet agent for potential flow-diverter cases is
important.

Our study had some limitations. The retrospective and single-
arm design of our study may limit it because we did not compare
aspirin and clopidogrel with glycoprotein IIb/IIIa receptor antag-
onists. Therefore, we are unable to determine whether the com-
bination of aspirin and clopidogrel has any clinical advantage over
glycoprotein IIb/IIIa receptor antagonists or vice-versa. In addi-
tion, the dosage and method of tirofiban administration during
coiling of intracranial aneurysms were based on the standard ap-
plication of the drug for acute coronary syndrome. When we first
used tirofiban (in March 2010) for stent-assisted coiling in SAH,
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we could not find any articles about tirofiban as a premedication
for stent-assisted coiling of acutely ruptured intracranial aneu-
rysms. We, therefore, chose to use the cardiac dose because data
on the use of tirofiban at this dose were available. Later, several
studies suggested a protocol of 0.1-�g/kg/min maintenance infu-
sion without a loading dose for stent placement of intracranial
aneurysms.20,32 The pharmaceutical company Merck & Co. rec-
ommended that the infusion should be continued through an-
giography and for 12–24 hours after angioplasty or atherec-
tomy.33 Tirofiban infusion was, therefore, continued for 12–24
hours after the procedure in our study. However, a postproce-
dural bolus and initiation of aspirin and clopidogrel (Plavix)
could be a viable alternative method. Further studies to research
the optimal dose and application method of the drug are needed.

The small sample size limits some of the conclusions that can
be drawn. More data are necessary to determine whether tirofiban
increases the risk of hemorrhage after EVD placement.

CONCLUSIONS
Tirofiban is a fast-acting, fast-deactivated, highly selective non-

peptide glycoprotein IIb/IIIa antagonist. In our study, tirofiban

showed a low risk of symptomatic hemorrhagic or thromboem-

bolic complications. Thus, tirofiban may offer a safe and effective

alternative as an antiplatelet premedication during stent-assisted

coiling of acutely ruptured intracranial aneurysms. Larger and

randomized trials are needed to further clarify this observation.
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ORIGINAL RESEARCH
FUNCTIONAL

Applicability of the Sparse Temporal Acquisition Technique in
Resting-State Brain Network Analysis

X N. Yakunina, T.S. Kim, W.S. Tae, S.S. Kim, and X E.C. Nam

ABSTRACT

BACKGROUND AND PURPOSE: The ability of sparse temporal acquisition to minimize the effect of scanner background noise is of
utmost importance in auditory fMRI; however, it has considerably lower temporal efficiency and resolution than the conventional
continuous acquisition method. The purpose of this study was to determine whether sparse sampling could be applied to resting-state
research by comparing its results with those obtained by using continuous acquisition.

MATERIALS AND METHODS: We identified resting-state networks by using independent component analysis and measured their func-
tional connectivity strength in 14 healthy subjects who underwent two 6-minute sparse (60 volumes) and continuous (360 volumes) imaging
sessions. To account for the sample size difference, an additional continuous dataset was generated by temporally matching the contin-
uous dataset to 60 volumes of the sparse dataset.

RESULTS: Consistent resting-state network maps were produced through all 3 datasets. Scanner background noise did not appear to
affect the spatial constitution of the networks, whereas a larger sample size influenced it substantially. The strength of the intranetwork
connectivity was similar through the 3 datasets.

CONCLUSIONS: Our results indicated that continuous acquisition is a recommended technique that should be applied in most of the
resting-state studies due to its superior temporal efficiency and increased statistical power. The use of sparse temporal acquisition should
be restricted to very particular conditions when continuous scanner noise is unacceptable.

ABBREVIATIONS: CA � continuous acquisition; DMN � default mode network; RSN � resting-state network; SBN � scanner background noise; STA � sparse
temporal acquisition; ICA � independent component analysis

Resting-state fMRI may be a better alternative for studying

mechanisms that underlie certain auditory disorders than

stimulation-based studies. For example, in the case of tinnitus, it

may be preferred to investigate spontaneous brain activity in the

absence of any external auditory stimulation when tinnitus is

more prominent because no acoustic masking or distraction is

present. A few recent studies examined resting-state functional

connectivity in patients with tinnitus; however, all of the studies

used the conventional continuous acquisition (CA) method,

which constantly produces scanner background noise (SBN) and

may mask tinnitus acoustically or may even cause residual inhi-

bition for several minutes.1-4

Sparse temporal acquisition (STA), in contrast, reduces the

effect of SBN by using long interacquisition intervals, which al-

lows hemodynamic response induced by acquisition noise to de-

cay completely or close to baseline at the time of the next image

acquisition.5 Practical use of STA in resting-state research has

barely been explored. The trade-off required to minimize the SBN

effect by using the STA approach is a lower temporal efficiency

that allows substantially fewer volumes to be obtained within a

limited imaging time, which could affect the analysis of functional

maps and functional connectivity. Questions such as whether

STA can provide resting-state results comparable with those

widely and consistently obtained to date by using CA techniques

and, if the results are different, whether the discrepancy is due to
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the SBN effect or differences in sample size between the 2 acqui-

sition methods, remain unanswered.

In this study, we separated the effects of SBN and sample-size

differences when comparing the STA and CA techniques. Specif-

ically, we compared resting-state networks (RSNs) obtained by

the 2 acquisition methods in terms of spatial map constitution

and intranetwork functional connectivity strength to establish the

applicability of STA to fMRI studies that explore auditory patho-

physiology related to alterations in the brain resting state, such as

tinnitus or other forms of auditory hyperactivity, in which the

noisy environment of CA is unacceptable.

MATERIALS AND METHODS
Subjects
This study was approved by the institutional review board of

Kangwon National University Hospital. All the subjects gave writ-

ten informed consent before participation in this study. Fourteen

healthy subjects (mean age, 30.6 � 4.7 years; all right-handed; 8

men) with normal hearing (�20 dB hearing level in a standard

audiometric frequency range of 250 – 8000 Hz) participated in the

study. The subjects had no known auditory, neurologic, or neu-

ropsychologic disorders. Before the fMRI session, all the subjects

underwent pure-tone audiometry and were examined for loud-

ness discomfort level and dynamic range.

Data Acquisition
Imaging was performed by using a 3T MR imaging scanner

(Achieva TX; Philips Healthcare, Best, the Netherlands) with a

32-channel SENSE head coil. Coronal 3D T1-weighted high-res-

olution structural images of the whole brain were acquired for

anatomic orientation (TR, 9.8 milliseconds; TE, 4.8 milliseconds;

flip angle, 8°; section thickness, 1.0 mm; matrix, 256 � 256 � 195;

FOV, 220 � 220 mm; voxel size, 0.94 � 0.94 mm). T2*-weighted

functional images were acquired by using a gradient EPI sequence

(30 oblique coronal sections; TE, 35 milliseconds; flip angle, 90°;

section thickness, 5 mm, with a 1-mm gap; matrix, 80 � 80; FOV,

220 � 220 mm; voxel size, 2.75 � 2.75 mm). The 19th anterior-

most section was positioned to intersect the inferior colliculi and

the cochlear nuclei in the brain stem. Each subject underwent four

6-minute resting-state runs: 2 continuous (TR, 2 seconds; 180 vol-

umes per run; acquisition time, 1.88 seconds; no silent gap between

acquisitions) and 2 sparse (TR, 12 seconds; 30 volumes per run; ac-

quisition time, 1.88 seconds; functional acquisitions separated by ap-

proximately 10-second silent periods free of scanner noise). The sub-

jects were instructed to rest quietly with their eyes closed. The

subjects wore a protective headset that helped to diminish SBN from

the original level of 115 dB sound pressure level to 95 dB sound

pressure level. The scanner coolant pump was turned off during im-

aging to further reduce the ambient noise level.

Data Preprocessing
Preprocessing was performed by using the SPM12 software pack-

age (http://www.fil.ion.ucl.ac.uk/spm/software/spm12) in the Mat-

lab 7.8 programming environment (MathWorks, Natick, Massachu-

setts). In each run, the functional images were corrected for head

motion, coregistered, normalized to the standard Montreal Neuro-

logical Institute T1 template, and spatially smoothed with an 8-mm

isotropic Gaussian kernel. Section timing correction was not per-

formed because of the discontinuous nature of the STA data.

Independent Component Analysis
To eliminate the effect of the difference in sample sizes between

the STA dataset (60 volumes, labeled STA60) and CA dataset (360

volumes, labeled CA360), a third matched continuous dataset

(CA60) was created by selecting 60 volumes of the CA360 set,

which corresponded in time to the STA60 dataset volumes (Fig 1).

Three pairs of datasets were compared. The STA60 and CA60

datasets were compared to assess any SBN effect, because they had

equal numbers of volumes. A comparison of the CA60 and CA360

datasets was performed to reveal the effect of sample size, because

they were equal in terms of continuous SBN effect and differed

only in sample size. Finally, the STA60 and CA360 datasets were

compared directly.

Spatial independent component analysis (ICA) was per-

formed by using the Group ICA of fMRI Toolbox software (GIFT,

ver. 2.0a; http://mialab.mrn.org/software/gift/).6 The ICA order

of 33, approximately half of the full temporal dimension of the

STA60 and CA60 data, was chosen so as not to overfit the

model.7,8 Group ICA was assessed for concatenated STA60-

CA60, CA60-CA360, and STA60-CA360 datasets. Independent

components were extracted by using the Infomax algorithm.

Twenty iterations of ICA were performed by using the ICASSO

FIG 1. Construction of sparse and continuous image acquisition datasets. A, STA (STA60) design. Sixty images were acquired every 12 seconds.
B, CA (CA360) design. Three-hundred and sixty images were acquired every 2 seconds. C, CA60 design. The number of volumes in the CA360 data
set was matched with the STA60 dataset by selecting every sixth image that corresponded in time to the STA60 acquisitions (CA60; marked with
red arrows).
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algorithm to verify the stability of the components.9 All individual

components were scaled to represent percentage signal change.

Group statistical maps of each component were generated by per-

forming a voxelwise 1-sample t test on these individual indepen-

dent component maps and then thresholded at false discovery

rate corrected at q � 0.05.

The resulting group components for each dataset were subse-

quently visually examined to determine their neural or artifactual

nature. Components were considered to be gray matter compo-

nents (RSN) if they were found in clusters that matched well with

particular gray matter structures rather than being diffusely scat-

tered across large regions or found in the periphery.

Statistical Comparison of RSN Spatial Maps and
Their Characteristics
To compare the results of individual analyses, a paired t test was

performed on individual RSN maps of STA60-CA60, CA60-

CA360, and STA60-CA360 analyses. T-contrasts of STA60 �

CA60 and CA60 � STA60 were performed to explore the effect of

SBN; t-contrasts of CA360 � CA60 and CA60 � CA360 were

performed to explore the effect of volume number. T-contrasts of

STA60 � CA360 and CA360-STA60 were performed to see how

the 2 acquisition methods compared directly. Contrast maps were

thresholded at the false discovery rate corrected q � 0.05.

Statistical analyses were performed by using SPSS software

(ver. 19.0; IBM, Armonk, New York). The number of voxels,

average percentage signal change, and maximum percentage

signal change were calculated for each individual RSN of each

pair-wise ICA and compared between STA60 and CA60, CA60

and CA360, and STA60 and CA360 by using the Wilcoxon signed

rank test with Bonferroni correction for multiple comparisons.

Functional Connectivity Analysis
Intranetwork RSN functional connectivity strength, another

measure of compositional robustness, was compared between the

3 dataset pairs. Connectivity was assessed between ROIs placed in

major subregions of each RSN from each dataset. Each RSN was

divided into spatially nonoverlapping subareas (eg, left/right,

frontal/parietal, left (right)/medial), which resulted in several

pairs of coupled subregions. The peak voxel of each subarea was

used to create ROIs. ROIs were created as spheres of 3-mm radius.

Center voxels for ROIs for each dataset pair comparison were

chosen as peak voxels of group ICA maps performed on the cor-

responding concatenated datasets.

Connectivity analysis was performed by using the CONN

functional connectivity toolbox, Version 15.010; http://www.

nitrc.org/projects/conn) with the CompCor method for estimat-

ing and removing physiologic and other sources of noise.11 The

individual motion parameters and a linear term for detrending

were included as covariates. The residual blood-oxygen level de-

pendent signal was bandpass-filtered over a low-frequency win-

dow of interest (0.01– 0.1 Hz). For each dataset and for each ROI,

time courses were extracted and averaged over all voxels in the

ROI. Pearson correlation coefficients were calculated between the

time courses of each pair of ROIs for every subject. Correlation

coefficients and correlation maps were converted to Fisher z

scores and compared pair-wise between STA60 and CA60, CA60

and CA360, and STA60 and CA360 by using a Wilcoxon signed

rank test with the Bonferroni correction.

Frequency Domain Analysis
To assess the fundamental fluctuation frequency of each RSN

from the CA360 dataset and to determine whether it fell within

the frequency range covered by STA with its lower sampling rate,

a fast Fourier transform was performed on each RSN time course

produced by ICA to obtain its frequency power spectrum. Before

performing the Fourier transform, a Butterworth high-pass filter

was applied to all time courses, with a lower cutoff frequency of

0.01 Hz.

RESULTS
Independent Component Analysis
All independent components of all 3 datasets had very high sta-

bility indices (mean STA60-CA60, 0.948 � 0.055; CA60-CA360,

0.972 � 0.01; STA60-CA360, 0.975 � 0.072). Fourteen RSNs

were obtained consistently from the 3 concatenated analyses of

paired datasets: auditory, 2 default mode networks (DMNs), sa-

lience, dorsal and ventral attentional, 2 frontoparietal, 2 sensori-

motor, 3 visual, and cerebellar networks. An additional anterolat-

eral sensorimotor network was produced by STA60-CA60 and

STA60-CA360 analyses, and a medial visual network was, in ad-

dition, found in CA60-CA360 analysis, which made a total of 15

discovered RSNs in all 3 dataset pairs (Fig 2; On-line Table 1).

Statistical Comparison of RSN Spatial Maps and
Characteristics
A comparison of the STA60 and CA60 individual spatial maps

revealed a larger auditory network in STA60. A comparison of

CA60 and CA360 revealed greater salience, right frontoparietal,

and 3 visual networks in the CA360 dataset. A comparison of

STA60 and CA360 revealed greater posterior and anterior DMN

and lateral visual networks in CA360 (On-line Fig 1).

The 3 investigated RSN characteristics (number of voxels, av-

erage and maximum percentage signal changes), a comparison of

STA60 to CA60 revealed a greater voxel number for the posterior

DMN in CA60. In CA60-CA360 comparison, the CA360 dataset

consistently displayed significantly greater values than CA60 for

several RSNs, including salience, frontoparietal, sensorimotor,

and visual networks. A comparison of STA60 with CA360 showed

a greater voxel number for the anterior and posterior DMN in

CA360 (On-line Table 2).

Functional Connectivity Analysis
Stronger connectivity of the medial sensorimotor network was

observed in STA60 compared with CA60; CA360 showed a more

robust posterior DMN compared with CA60 and compared with

STA60 (Table).

Frequency Domain Analysis
All RSNs obtained from CA360 exhibited dominant frequencies

lower than the Nyquist frequency of the STA’s sampling rate (0.0417

Hz) (On-line Fig 2). However, some components had frequencies

above the Nyquist frequency, with power comparable with that of

the dominant frequency (such as salience or medial sensorimotor).
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FIG 2. ICA results of each dataset pair. A, STA60-CA60 concatenated datasets. B, CA60-CA360 concatenated datasets. C, STA60-CA360
concatenated datsets. A total of 15 networks were identified in each of the analyses; 14 common networks: auditory (AUD), default mode
posterior/anterior (DMNp/a), salience (SAL), dorsal/ventral attentional (DAN/VAN), right/left frontoparietal (RFPN/LFPN), sensorimotor me-
dial/lateral (SSMme/la), visual primary/extrastriate/lateral (VISpr/ex/la), and cerebellar (CBLL) networks. In addition, the anterolateral sensori-
motor network (SSMala) was identified in STA60-CA60 and STA60-CA360 analyses, and the medial visual network (VISme) was identified in
CA60-CA360 analysis. Spatial maps are presented on the most representative section according to a neurologic convention thresholded at false
discovery rate corrected q �0.05.
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DISCUSSION
The issue of SBN effects on the resting state of the brain remains

poorly explored. To date, 2 reported studies evaluated the SBN effect

on the resting state. Rondioni et al12 used a “silent” EPI sequence,

which allowed reduction of SBN by only approximately 12 dB. Al-

though quieter than the original EPI SBN level, this does not seem to

provide an adequately “silent” environment suitable for auditory

studies. In our study, STA provided approximately 10-second com-

pletely silent periods between consecutive image acquisitions,

whereas SBN was generated continuously during CA sessions. An-

other study used STA in comparison with the CA technique for rest

and auditory task conditions.13 Although the researchers used ICA as

in this study, there were significant differences: first, we observed and

included into the analysis substantially more RSNs for comparison;

second, we eliminated the influence of a greater sample size of CA by

creating the volume-matched CA60 dataset.

ICA successfully extracted consistent canonical RSNs identi-

fied by previous resting-state and task-based studies for each pair

of datasets.14-17 Except for an anterolateral sensorimotor network

in STA60-CA60 and STA60-CA360 analyses, and the medial vi-

sual network in CA60-CA360 analysis, all identified RSNs

matched across the 3 dataset pairs. RSNs identified from all data-

set pairs included most of the RSNs provided as templates with the

GIFT software18 and RSNs identified by a multisubject high-or-

der ICA study.17 All components were highly stable.

A comparison of the STA60 with the CA60 dataset revealed the

larger number of voxels for the posterior DMN in CA60 (On-line

Table 2). No other differences were found, either in spatial RSN

characteristics or in the intranetwork functional connectivity (Ta-

ble). Therefore, SBN did not seem to affect RSNs significantly.

The CA360 dataset, however, was significantly larger than CA60

in terms of the voxel number and average and maximum percent-

age signal changes for a number of networks. These results were in

line with the comparison of RSN spatial maps, in which the same

RSNs had a significantly greater spatial extent in CA360 than

those in CA60 (On-line Fig 1). This could indicate that the larger

sample size of CA360 had a substantial effect on the spatial distri-

bution of the ICA components. However, the sample size did not

appear to have any impact on functional connectivity because no

differences between the 2 datasets were found.

Direct comparison of the STA60 with the CA360 dataset re-

vealed a larger number of voxels in the anterior and posterior

DMN in CA360 (which agreed with the results of the spatial maps

comparison) (On-line Table 2; On-line Fig 1). CA360 also dem-

onstrated stronger functional connectivity for the posterior DMN

(Table). Because the effects of SBN and sample size were not sep-

arated here, it is unclear how much either was responsible for this

difference. Although a larger sample size appeared to have a stron-

ger influence on ICA results after the results of CA60-CA360 com-

parison, the posterior DMN demonstrated a higher voxel number

in CA60 compared with STA60, which means that a larger DMN

in CA360 may also be due to the SBN effect. The brain switches

into the default mode of ongoing introspective activity when it is

not engaged in any immediate attention-demanding task or stim-

ulation.19,20 In fMRI resting-state studies, there is no active task or

stimulus to voluntarily direct attention, which can result in atten-

tion being involuntarily drawn to SBN.

Continuous SBN in CA, if recognized as a constant but mean-

ingless and harmless sensory stimulus, would lead to attention

system fatigue and send top-down controlling signals to the pe-

Intranetwork functional connectivitya

RSN Notation

STA60-CA60 CA60-CA360 STA60-CA360

STA60 CA60 CA60 CA360 STA60 CA360
Auditory AUD_LR 0.17 0.16 0.12 0.25 0.21 0.14
Default mode DMNp_ML �0.04 0.07 0.18 0.25 0.08 0.11

DMNp_MR �0.02 0.04 0.14 0.12 �0.03 0.04
DMNp_LR 0.20 0.29 0.19 0.26 0.15 0.33b

DMNa_FP 0.19 0.19 0.18 0.26 0.23 0.25
Salience SAL_ML 0.13 0.23 0.19 0.15 0.26 0.26

SAL_MR 0.21 0.23 0.03 0.08 0.21 0.27
SAL_LR 0.27 0.26 �0.02 �0.02 0.20 0.25

Dorsal/ventral attention DAN_LR 0.19 0.29 0.20 0.29 0.36 0.36
VAN_ML 0.27 0.33 0.19 0.24 0.06 0.16
VAN_MR 0.07 0.12 0.20 0.25 0.22 0.31
VAN_LR 0.01 0.11 0.09 0.16 0.29 0.37

Frontoparietal RFPN_FP 0.25 0.11 0.28 0.31 0.09 0.22
LFPN_FP �0.06 �0.07 0.04 0.00 0.07 0.17

Sensorimotor SMNala_LR 0.31 0.13 – – 0.37 0.27
SMNme_LR 0.25 0.11 0.27 0.28 0.21 0.23
SMNla_LR 0.02 �0.01 0.03 0.13 0.28 0.31
VISpr_LR 0.37 0.41 0.03 0.13 0.68 0.74

Visual VISex_LR 0.39 0.40 0.02 0.06 0.34 0.28
VISla_LR 0.27 0.34 0.08 0.15 0.40 0.49
VISme_LR – – 0.39 0.44 – –

Cerebellum CBLL_LR 0.01 �0.02 0.05 0.06 0.13 0.04

Note:—L indicates left; R, right; M, medial; F, frontal; P, posterior; AUD, auditory; DMNp/a, default mode posterior/anterior; SAL, salience; DAN/VAN, dorsal/ventral attentional;
RFPN/LFPN, right/left frontoparietal; SSMala/me/la, sensorimotor anteromedial/medial/lateral; VISpr/ex/la/me, visual primary/extrastriate/lateral/medial; CBLL, cerebellar
networks.
a Correlation coefficients between subareas of each RSN were compared for presenting SBN effect (STA60-CA60 comparison), sample size effect (CA60-CA360 comparison),
and the direct comparison of the 2 acquisition methods (STA60-CA360 comparison).
b Significantly greater than the comparison value of the other dataset (P � .05, Bonferroni corrected, Wilcoxon signed rank test).
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ripheral auditory system to discontinue responding.21 Decreased

attention and adaptation (fatigue) to the continuous stimulus

(SBN) in CA may result in increased activity in the default mode

network. In contrast, the far sparser occurrence of SBN in STA,

similar to auditory oddball or novelty stimulation, might evoke an

attentional response, which, subsequently, may keep subjects more

alert and result in disturbed default mode activity. Note that this

might not be the case with task-oriented studies, in which allocation

of attentional resources is largely governed by the task at hand, and

SBN may not impact attentional and default mode networks in the

same manner as in the resting state. Furthermore, although the de-

scribed mechanism related to regulation of attention by SBN is one

possible explanation, other scenarios may exist and should not be

ruled out.

Frequency analysis showed that the dominant frequency of all

RSNs (which is known to be �0.1 Hz22,23) was lower than the Ny-

quist frequency of the STA’s sampling rate (0.0417 Hz), which indi-

cated that the low sampling rate of STA was fast enough to capture

low-frequency fluctuations of resting brain networks. However,

some components of CA360 had frequencies beyond the Nyquist

frequency, which had a comparably strong power. It means that

some essential information about temporal dynamics could still be

lost in STA, which is a method far inferior to CA for studying tem-

poral behavior of the brain because of its discontinuous nature.

Altogether, SBN did not seem to have any effect on RSN spatial

maps and connectivity, except possibly disturbing DMN activity.

Thus, CA should be a preferred method of acquisition in general

resting-state studies due to its superior temporal resolution, in-

creased statistical power, and less subject-to-subject variability.

STA, however, did not appear to have any benefits compared with

CA. Its disadvantages, such as increased variability, temporal dis-

continuity, small sample size, and decreased power, make it a far

inferior method to CA. STA may be applicable only in very rare

and particular cases, such as when continuous SBN may mask

tinnitus or is unbearable by patients with hyperacusis or other

auditory disorders.

Regarding the limitations of the current study, it should be

noted that SBN may not be the only difference factor between

STA60 and CA60 datasets. The 2 datasets may differ in signal-to-

noise ratio because the longer interacquisition intervals in STA

allow for better T1 recovery and thus greater signal intensity.5

CONCLUSIONS
STA was able to extract the same networks as CA, but it did not

display any advantages over the continuous method. SBN did not

seem to affect either spatial maps or connectivity of the RSNs.

Therefore, apart from very particular cases when continuous SBN

is unwanted or unbearable, CA is a recommended acquisition

method for most of the resting-state studies, including those of

auditory disorders, due to its eminent temporal resolution and

high statistical power.
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Variability of Forebrain Commissures in Callosal Agenesis:
A Prenatal MR Imaging Study

X C. Cesaretti, X M. Nanni, X T. Ghi, X C. Parazzini, X G. Conte, X E. Contro, X G. Grisolia, and X A. Righini

ABSTRACT

BACKGROUND AND PURPOSE: Agenesis of the corpus callosum, even when isolated, may be characterized by anatomic variability. The
aim of this study was to describe the types of other forebrain commissures in a large cohort of randomly enrolled fetuses with apparently
isolated agenesis of the corpus callosum at prenatal MR imaging.

MATERIALS AND METHODS: All fetuses with apparent isolated agenesis of the corpus callosum undergoing prenatal MR imaging from
2004 to 2014, were evaluated for the presence of the anterior or a vestigial hippocampal commissure assessed in consensus by 2 pediatric
neuroradiologists.

RESULTS: Overall, 62 cases of agenesis of the corpus callosum were retrieved from our data base. In 3/62 fetuses (4.8%), no forebrain
commissure was visible at prenatal MR imaging, 23/62 fetuses (37.1%) presented with only the anterior commissure, and 20/62 fetuses
(32.3%) showed both the anterior commissure and a residual vestigial hippocampal commissure, whereas in the remaining 16/62 fetuses
(25.8%), a hybrid structure merging a residual vestigial hippocampal commissure and a rudiment of the corpus callosum body was
detectable. Postnatal MR imaging, when available, confirmed prenatal forebrain commissure findings.

CONCLUSIONS: Most fetuses with apparent isolated agenesis of the corpus callosum showed at least 1 forebrain commissure at prenatal
MR imaging, and approximately half of fetuses also had a second commissure: a vestigial hippocampal commissure or a hybrid made of a
hippocampal commissure and a rudimentary corpus callosum body. Whether such variability is the result of different genotypes and
whether it may have any impact on the long-term neurodevelopmental outcome remains to be assessed.

ABBREVIATIONS: AC � anterior commissure; ACC � agenesis of the corpus callosum; CC � corpus callosum; GA � gestational age; HC � hippocampal
commissure; HS � hybrid structure

The corpus callosum (CC) is the major white matter forebrain

commissure. Agenesis of the corpus callosum (ACC) is

among the most common congenital brain anomalies, often co-

existing with chromosomal or genetic syndromes and other mal-

formations of the central nervous system or extra-CNS loca-

tion,1-4 which may negatively impact the neurodevelopmental

outcome.5-7 MR imaging8,9 has been introduced in prenatal as-

sessment of suspected ACC as a complementary investigation to

sonography, due to its high performance in evaluating the fetal

brain structures and detecting associated anomalies that may be

overlooked at sonography but may impact the final outcome.

Both prenatal and postnatal MR imaging may accurately

depict the brain features accompanying ACC. For example, the

presence or absence of Probst bundles has been extensively

addressed in the literature.10-12 On the contrary, the involve-

ment in ACC of the other forebrain commissures, namely the

anterior commissure (AC) and the hippocampal commissure

(HC), has been poorly investigated and mainly as sporadic

imaging reports in the postnatal setting.8,13 These postnatal

reports did not provide consistent data about how the other

forebrain commissures are involved in ACC. These reports are

not the result of a random case screening; rather, they are a

collection of clinical cases.

Consistent visualization of the other forebrain commissures

seems feasible at prenatal MR imaging, albeit very poor data are

available regarding the forebrain commissures in fetuses with

ACC.
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The aim of this study was to describe the types of other fore-

brain commissures and to assess their frequency in a large cohort

of fetuses with apparent isolated ACC on prenatal MR imaging.

MATERIALS AND METHODS
The MR imaging data base of our tertiary referral center was ret-

rospectively searched for all cases diagnosed antenatally with iso-

lated ACC between 2004 and 2014. All cases that underwent pre-

natal MR imaging were referred to our hospital after expert

neuroultrasonography examination.

Cases were excluded if additional brain or extra-CNS anoma-

lies were antenatally suspected. Because of the remarkable com-

plexity of ACC etiology and the existence of several heterogeneous

syndromes under the “umbrella” definition of callosal agenesis,

we chose to limit our investigation field to cases without apparent

additional CNS or extra-CNS anomalies. Commonly associated

findings with ACC were not considered exclusion criteria (ie, ven-

triculomegaly). Other features that may be frequently associated

with ACC in postnatal imaging, such as hippocampal malrotation

or anterior cerebral artery variability, could not be considered in

our fetal imaging analysis. The relatively low mean gestational age

(GA) (26 weeks) of our population prevented us from a detailed

evaluation of such findings (ie, in younger fetuses, the hippocam-

pus is still physiologically incompletely rotated).14

In the study period, MR imaging was performed on a 1.5T

magnet system (Achieva; Philips Healthcare, Best, the Nether-

lands) with body phased array coils. Standard MR imaging pro-

tocol applied to all studies was the following: a T1-weighted fast

spin-echo sequence (TR/TE, 300/14 ms; turbo factor, 5; flip angle,

69°; number of signals acquired, 1; matrix, 256 � 256; FOV, 340

mm; section thickness, 5.5 mm; intersection gap, 4 mm; number

of sections, 6; acquisition time, 14 seconds) during maternal ap-

nea; a T2-weighted single-shot fast spin-echo sequence (TR/TE,

3000/180 ms; turbo factor, 85; flip angle, 90°; matrix, 256 � 256;

FOV, 260 mm; section thickness, 3– 4 mm; intersection gap, 0.1

mm; number of sections, 11; acquisition time, 12 seconds); and a

balanced fast-field echo sequence, with 2-mm-thick sections es-

pecially on the sagittal plane. All women underwent fetal MR

imaging without sedation. The acquisition time of fetal scanning

ranged between 20 and 30 minutes.

Despite our cases being collected during an entire decade, the

single-shot fast spin-echo T2-weighted image quality has been

quite constant with time, because, unfortunately, the technology

of single-shot k-space sampling has not changed significantly

since its introduction, not allowing a progression of in-plane spa-

tial resolution.

Two pediatric neuroradiologists with �10 years’ experience

(A.R. and C.P.) reviewed the MR imaging examination of each

fetus, first confirming the absence of other brain anomalies asso-

ciated with ACC and then assessing the presence or absence of

other forebrain commissures.

The following forebrain commissures were assessed in the 2

planes: the AC (defined as a tubularlike structure connecting the 2

hemispheres and located anterior and inferior to the thalamic

mass); the HC (defined as any structure connecting the right and

left fornical crura of the hippocampus and located anteriorly and

at the level of the thalamic mass convexity); and the hybrid struc-

ture (HS; defined as an ovoid vestigial structure resembling a CC

remnant located immediately beside the AC, anterior and well-

cranial to the thalamic mass convexity). In the group with the HS,

a line intersecting the mammillary body and the AC was traced on

the midsagittal section to differentiate an HS from a CC genu

remnant, according to the method reported by Kier and Truwit.15

The presence of an interthalamic adhesion, an interhemi-

spheric structure that connects the thalami, was also assessed.

Because the occurrence of some degree of ventriculomegaly is

frequent in isolated ACC, the hypothesis that commissural vari-

ability may correlate with different ventricular sizes was tested. In

all cases, the diameter of both lateral ventricles was measured on

coronal sections through the atrial level. The average of the ven-

tricle diameters was used for statistical analysis.

If the pregnancy was not terminated, the antenatal findings

were reassessed after birth by cerebral sonography or MR imag-

ing. Postnatal MR imaging included at least sagittal T1-weighted

and axial and coronal T2-weighted sections.

This retrospective study complied with clinical review study

guidelines in use in our institution. A specific signed consent form

for prenatal MR imaging retrospective studies was obtained from

each woman undergoing prenatal MR imaging.

The Mann-Whitney U test was used to compare the medians

of variables that were not parametric among different groups. The

�2 test was used to compare qualitative data among different

groups. P � .05 was considered statistically significant. All statis-

tical analyses were performed by using SPSS, Version 18.0 (IBM,

Armonk, New York).

RESULTS
Overall, 62 fetuses (32 males, 30 females; mean gestational age, 26

weeks; range, 20 –35 weeks) with an antenatal diagnosis of isolated

ACC at prenatal MR imaging were retrieved from our archive,

obtained from 61 pregnancies. Two were twin pregnancies, one

with both fetuses showing ACC, the other with only 1 fetus

affected.

In all 62 fetuses, ACC was confirmed at imaging review as not

being associated with other brain anomalies, with the exception of

concomitant colpocephaly and ventriculomegaly, which were

identified in 35 cases (56.5%).

From the entire study group, 48 live births were registered,

whereas pregnancy was electively terminated upon couple request

in 14 cases.

In 32/62 cases (51.6%), the karyotype was obtained by an an-

tenatal invasive procedure or postnatal blood sampling: Thirty

showed normal chromosomic analysis findings, while in 2 cases, a

trisomy 8 mosaicism was detected. Normal findings on array–

comparative genomic hybridization analysis were observed in 2

cases showing normal karyotypes.

All cases were divided into 4 groups (Fig 1) according to the

presence or absence of other forebrain commissures. Three

cases (4.8%) did not show any forebrain commissure (group 1)

(Fig 2); 23 cases (37.1%) presented only the AC (group 2) (Fig

3); 20 cases (32.3%) showed an AC and HC (group 3) (Fig 4);

and in the remaining 16 cases (25.8%), the AC and an ovoid HS

were detected (group 4) (Fig 5). In all 16 cases, the mentioned

ovoid HS appeared to be located well posterior to the line
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intersecting the mammillary body and the AC on the midsag-

ittal section, thus excluding the possibility of a CC genu rem-

nant, according to the model of Kier and Truwit.15

Interthalamic adhesion was not detected in 14/62 fetuses

(22%), 9 of group 2, 2 of group 3, and 3 of group 4, without a

statistically significant difference in the prevalence among the 4

groups (P � .09).

Because in our cohort, the major morphologic difference

among the 4 groups seemed to be related to the presence or

absence of a second commissural structure in addition to the

AC itself, we compared group 2 with groups 3 and 4 pooled

together in terms of atrial ventricle diameter. The median GA

at MR imaging of group 2 (27 weeks; range, 20 –34 weeks) and

groups 3 and 4 pooled together (23 weeks; range, 20 –35 weeks)

did not show a statistically significant difference (P � .29); the

same result (P � .12) was obtained comparing the atrial lateral

ventricle diameters of group 2 (median, 14 mm; range 5–19

mm) with those of groups 3 and 4 pooled together (median, 11

mm; range, 8 –26 mm).

In all neonates, cranial sonography was available and did

not show additional brain malformations. A postnatal MR im-

aging study was available in 22 cases, and in all, the prenatal

features related to the commissural structures were confirmed.

In 3 cases of group 4, diffusion tensor– based fiber-tracking

was obtained and it confirmed that the HS was composed of

fibers connecting both the fornical crura and the hemispheric

parenchyma (Fig 5).

DISCUSSION
Our study shows that prenatal MR imaging can identify different

classes of isolated ACC on the basis of the presence or absence of

other forebrain commissural structures. Because the approach of

FIG 1. A scheme showing 4 sagittal view examples of the corpus cal-
losum putative region, reporting the 4 groups on the basis of fore-
brain commissures. IA indicates interthalamic adhesion.

FIG 2. Group 1 fetuses. A–C, Sagittal, coronal, and axial single-shot fast spin-echo 3-mm-thick T2-weighted sections from a 32-week-GA study
with no visible AC or HC. White arrows show the fornical crura. D–F, Sagittal T1 and coronal and axial T2-weighted sections from a postnatal
study confirm the prenatal findings. White arrows show the fornical crura with no HC connecting them.
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this study was based on randomized recruitment of cases, our data

are likely to provide information about the real frequencies of

ACC subgroups according to the types of other forebrain

commissures.

Commissures are bundles of white matter that cross the mid-

line and connect symmetric structures on the 2 cerebral hemi-

spheres. The CC is the major white matter commissure between

the 2 cerebral hemispheres, extending from the frontal lobe ante-

riorly to above the collicular plate posteriorly. Apart from the CC,

there are 2 main interhemispheric forebrain commissures: the AC

and the HC, the latter being, in healthy cases, a lamina lying un-

derneath the callosal splenium.13

According to the extensive review of Raybaud,13 there is an

intimate relation between the early developing body of the CC

and the vestigial HC in the fetal brain, starting from 11–13

weeks of GA. The HC, which is initially located in the anterior

third ventricle area, is the archipallian commissure between

hemispheres. It assumes tubular (on coronal view) and ovoid

(on sagittal view) shapes. Early HC supports the development

of the very early body of the CC; the latter is located immedi-

ately above the vestigial HC, with interposition of a glial sling.

The HC then progressively migrates and elongates toward its

final subsplenial position; the body of the CC courses parallel

to the HC in its development.

In our series, we identified 4 groups of fetuses with ACC based

on the presence or absence of other forebrain commissures: group

1: no forebrain commissure; group 2: AC only; group 3: AC and

vestigial HC; and group 4: AC and a HS, with the HS composed of

a vestigial HC and an early rudiment of the CC body.

Only 3 of our cases presented without any forebrain commis-

sure (group 1), supporting the hypothesis that this is actually the

less common condition with respect to other ACC types.

Among the remaining 3 groups with an AC, a further division

was proposed on the basis of the absence (group 2) or presence

(groups 3 and 4) of some transverse structures connecting the

fornical crura (HC or HS). After matching prenatal and postnatal

images, we speculated that the tubular structure joining the hip-

pocampal fornical crura might be a form of vestigial dysmorphic

HC that did not complete development toward its final normal

laminar shape and its normal location underneath the splenium

and posterior third of CC. In this regard, we did not encounter, in

our cohort, a single ACC case with a normal laminar-shaped HC.

On the other side, the ovoid structure described well above the

thalamic mass convexity could represent an HS composed of a

very initial underdeveloped CC component (rudiment) merged,

in some cases, with a vestigial HC component. In particular, by

tracing a line according to the method reported by Kier and Tru-

wit,15 we demonstrated that this rudimentary structure resides

posterior to such a line in all cases of group 4 (Fig 5). This location

may suggest that such an abnormal structure is compatible with a

very early component of the developing body of the CC, rather

than with a genu remnant.

The ovoid structure reported in group 4 has totally different

characteristics with respect to the diagonal aberrant oblique tracts

reported recently in some cases of CC dysgenesis11,12; in our cases,

the vestigial structure is clearly orthogonal to the cerebral hemi-

spheres and does not resemble an X-shaped bundle, as confirmed

by postnatal fiber-tracking studies (Fig 5).

The interesting work of Kasprian et al,11 which highlighted the

possibility of Probst bundles depicted through fiber-tracking

technique during intrauterine life, does not seem to be applicable

to study the AC and the vestigial HC because the currently limited

diffusion tensor imaging spatial resolution (approximately 2

mm2) would not intercept these commissures. Even though our

FIG 3. Group 2 fetuses. A–E, Sagittal, coronal, and axial single-shot fast spin-echo 3-mm-thick T2-weighted sections from a 30-week-GA study
with a visible AC (black arrows) but no HC. White arrows show the fornical crura. F–I, Sagittal T1 and coronal and axial T2-weighted sections from
a postnatal study confirm prenatal findings: the presence of only the AC (black arrows). White arrows show the fornical crura with no HC
connecting them.
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imaging protocol included sections not thinner than 2 mm, the

identification of commissural structures was obtained with con-

fidence by the 2 readers by comparing multiple sets of coronal,

axial, and sagittal images, because at least 3 series of sections had

been acquired for each plane redundantly. In particular, the AC,

which is the thinnest of the commissures, when not clearly appre-

ciable in axial or coronal planes, could be usually visualized on the

sagittal plane, taking advantage of the higher in-plane spatial res-

olution (about 1 mm2).

Due to the frequent association of isolated ACC with ventricu-

lomegaly, we further investigated whether this finding could have

any relationship with the presence of HC or HS. Our results

showed no statistical difference of the atrial width between group

2 and groups 3 and 4 pooled together, thus suggesting that the

presence of HC or HS has no impact on the degree of concomitant

ventriculomegaly.

Regarding the prevalence of interthalamic adhesion in our

cases, we found that our data are very similar to those reported by

previous imaging studies, which demonstrated its absence in ap-

proximately 22% of healthy subjects.16 However, we did not find

any correlation with commissural variability.

The strength of this study lies in its original content, to our

knowledge, being the first time that additional forebrain commis-

sures have been systematically assessed at prenatal MR imaging in

a large cohort of fetuses with isolated ACC and enrolled as the

result of a prenatal screening.

Very recently, some neurosonographers have demonstrated,

in a smaller cohort of fetuses with ACC, that HC identification

was feasible by state-of-the-art 3D sonography; however, differ-

ent from our study, a complete assessment of commissural vari-

ability, also including the AC, did not seem achievable.17

The major limitation of this study is the lack of postnatal MR

imaging in all cases because some neonates were submitted only

to cranial sonography and some pregnancies were terminated,

with brain deterioration not allowing an accurate postmortem

analysis.

The lack of postnatal MR imaging control in all our cases does

not allow considering our report as a definite indicator of the

diagnostic accuracy of prenatal MR imaging concerning the status

of forebrain commissures.

The clinical and prognostic meaning of forebrain commis-

sures variability in isolated ACC needs to be tested by long-term

clinical follow-up studies, which may also include global white

matter pathway rearrangement evaluation via high-resolution

DTI tractography. Very recently, Meoded et al18 performed a

structural connectivity study in children with isolated ACC and

FIG 4. Group 3 fetuses. A–C, Sagittal, coronal, and axial single-shot fast spin-echo 3-mm-thick T2-weighted sections from a 27-week-GA study
with a visible vestigial HC (yellow arrows). Black arrows show the AC. D–F, Sagittal T1 and coronal and axial T2-weighted sections from the
postnatal study confirm the prenatal findings: the presence of the AC (black arrow) and a vestigial HC (yellow arrows), connecting the fornical
crura (white arrows).
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identified hubs in the bilateral insular regions that are connected

to each other by the AC, suggesting how brain plasticity may in-

duce alternative pathways for interhemispheric connectivity.

However, the clinical impact of these observations is still

unknown.

CONCLUSIONS
Our data demonstrate that prenatal MR imaging may identify

different groups of isolated ACC according to the presence or

absence of other forebrain commissures, such as the AC, HC, and

HS. Most fetuses with apparent isolated ACC showed at least the

AC at prenatal MR imaging, and approximately half of these fe-

tuses also showed a second commissure: a vestigial HC or an HS

composed of an HC and a rudimental CC body.

Further studies are needed to ascertain whether such variabil-

ity may be associated with different genetic characteristics and if it

may have any impact on the long-term neurodevelopmental

outcome.
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Disorders of Microtubule Function in Neurons: Imaging
Correlates

X C.A. Mutch, X A. Poduri, X M. Sahin, X B. Barry, X C.A. Walsh, and X A.J. Barkovich

ABSTRACT

BACKGROUND AND PURPOSE: A number of recent studies have described malformations of cortical development with mutations
of components of microtubules and microtubule-associated proteins. Despite examinations of a large number of MRIs, good
phenotype-genotype correlations have been elusive. Additionally, most of these studies focused exclusively on cerebral cortical
findings. The purpose of this study was to characterize imaging findings associated with disorders of microtubule function.

MATERIALS AND METHODS: MRIs from 18 patients with confirmed tubulin mutations (8 TUBA1A, 5 TUBB2B, and 5 TUBB3) and 15 patients
with known mutations of the genes encoding microtubule-associated proteins (5 LIS1, 4 DCX, and 6 DYNC1H1) were carefully visually
analyzed and compared. Specific note was made of the cortical gyral pattern, basal ganglia, and white matter to assess internal capsular
size, cortical thickness, ventricular and cisternal size, and the size and contours of the brain stem, cerebellar hemispheres and vermis, and
the corpus callosum of patients with tubulin and microtubule-associated protein gene mutations. Results were determined by unanimous
consensus of the authors.

RESULTS: All patients had abnormal findings on MR imaging. A large number of patients with tubulin gene mutations were found to have
multiple cortical and subcortical abnormalities, including microcephaly, ventriculomegaly, abnormal gyral and sulcal patterns (termed
“dysgyria”), a small or absent corpus callosum, and a small pons. All patients with microtubule-associated protein mutations also had
abnormal cerebral cortices (predominantly pachygyria and agyria), but fewer subcortical abnormalities were noted.

CONCLUSIONS: Comparison of MRIs from patients with known mutations of tubulin genes and microtubule-associated proteins allows the
establishment of some early correlations of phenotype with genotype and may assist in identification and diagnosis of these rare disorders.

ABBREVIATIONS: MAP � microtubule-associated protein; MT � microtubule

The relationship of lissencephaly and pachygyria to mutations

of specific genes, such as LIS1,1 DCX,2 and ARX,3 has been

known for �20 years, with some mutations resulting in milder

forms known as double cortex2 or band heterotopia.4 Many liss-

encephalies, in particular lissencephalies associated with signifi-

cant microcephaly (head circumference of �3 SDs below the

mean for age, also called “microlissencephalies”5), were not asso-

ciated with mutations of any of these genes. In the past decade,

studies have shown that many lissencephalies (and microlissen-

cephalies) are associated with mutations of genes coding for tu-

bulins, proteins that form the components of microtubules

(MTs),6,7 and microtubule-associated proteins (MAPs)8 which,

interestingly, include LIS1 and DCX. The recent literature has

revealed that mutations of genes encoding tubulin and MAPs

cause severe developmental delay, epilepsy, and severe anomalies

of brain development. Although most mutations of both tubulin

and MAP genes cause abnormal sulcation, tubulin gene muta-

tions are associated with severe microcephaly and white matter

anomalies, while patients with mutations of MAP genes have

small normal brains or mild microcephaly with normal or nearly

normal white matter structures. Specific MR imaging phenotype-
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genotype correlations have been elusive, despite examinations of

large numbers of MR images.8-10 In this report, we describe the

imaging appearances of 18 patients with brain malformations sec-

ondary to tubulin mutations and 15 patients with malformations

secondary to tubulin-associated protein mutations, including

cortical malformations, white matter disorders (corpus callosum,

white matter volume, brain stem anomalies), and head size. These

data allow establishment of some early correlations of phenotype

with genotype.

MATERIALS AND METHODS
Imaging
MRIs were retrieved from a large file of imaging studies of

�2500 patients with malformations of cortical development

that is part of ongoing studies of the genetics of epilepsy and

cerebral malformations. The file includes MRIs of patients of

all ages who were imaged during the past 30 years, mainly for

developmental disorders or epilepsy, and were referred to one

of the authors for evaluation; all consented to the use of their

studies for research purposes. All patients have mutations

identified in specific genes that are thought to be the cause of

the malformation. Because these studies were obtained in

many different facilities in multiple countries during �25

years, both the MR imaging techniques and the techniques for

identifying mutations differed considerably. Most MRIs were

obtained at 1.5T, though some recent scans were obtained at

3T. T1WI and T2WI (spin-echo or spoiled gradient-echo in

more recent volumetric acquisitions) with section thicknesses

ranging from 1 to 3 mm were analyzed. For inclusion, MRIs

required 3 orthogonal planes with adequate contrast between

the cerebral cortex and (myelinated or unmyelinated) white

matter to determine the cortical gyral pattern, basal ganglia,

and white matter to visually assess internal capsular presence

or absence, cortical thickness (normal, �4 mm), ventricular

and cisternal size, and the size and contours of the brain stem,

cerebellar hemispheres and vermis, and the corpus callosum.

Patients
All patients were referred for seizures and developmental

anomalies, often associated with microcephaly that was vari-

able in severity. Genetic analyses required that the candidate

gene have a logarithm of odds score of �3 or microarray dem-

onstration of abnormal gene expression. Targeted genetic

analyses during the past few years revealed 18 patients with

confirmed diagnoses of tubulin mutations: 8 with TUBA1A

mutations, 5 with TUBB2B mutations, and 5 with TUBB3 mu-

tations. No TUBA8, TUBB5, or TUBG1 mutations were iden-

tified in any of our patients. The MR imaging findings of these

patients were carefully analyzed and compared with those of 15

patients with known mutations of the MAP genes LIS1 (5 pa-

tients), DCX (4 patients), and DYNC1H1 (6 patients). In-

cluded patients ranged in age from 2 days to 33 years. Although

the scans had already been reviewed and findings recorded, all

were rereviewed by the authors. Results were then analyzed to

determine which imaging features best defined mutations of

tubulin and MAP genes, which features overlapped, and which

features or combinations of features, if any, allowed specific

diagnoses. Recorded results were determined by unanimous

consensus of the authors.

RESULTS
All patients had abnormal findings on brain MR imaging. In

particular, abnormalities of white matter structures/pathways

(corpus callosum, internal capsules, and portions of the brain

stem), the cerebral cortex (gyral pattern), and the cerebellum

(vermis more frequently than hemispheres) were seen in essen-

tially all patients. When the olfactory sulci and bulbs were

adequately visualized with coronal images, the sulcal depth

and appearance of the bulbs were assessed. Abnormalities of

the midbrain tectum were recorded when present.

Tubulin Mutations
All 18 patients with mutations of tubulin genes had diminished

white matter volume, ranging from moderate to severe, asso-

ciated, in all cases, with microcephaly (by provided clinical

history). Ventriculomegaly was present in 8/8 patients with

TUBA1A mutations, 3/5 patients with TUBB2B mutations, and

2/5 patients with TUBB3 mutations (Table). The degree of

enlargement varied considerably, from mild to severe; in more

severely affected patients, ventricular enlargement was diffuse

(Figs 1 and 2), but in 2 TUBA1A mutations, ventriculomegaly

was asymmetric (1 left � right, the other right � left). A third

patient had colpocephaly with enlarged trigones and occipital

horns but normal temporal horns, frontal horns, and ventric-

ular bodies.

All patients had abnormalities of the corpus callosum, dys-

morphic or absent in all patients with TUBA1A or TUBB2B

mutations and either dysmorphic (2/5) or abnormally thin

(4/5) in patients with TUBB3 mutations (Figs 1–3 and On-line

Fig 3). All patients with tubulin gene mutations also had ab-

normalities of the basal ganglia, including an enlarged caudate

and an absent or diminutive internal capsule dividing the cau-

date from the putamen, resulting in a fused striatum (Figs

1–3). Additionally, nearly all patients with tubulin gene muta-

tions had a small, often asymmetric brain stem (Table, Fig 2D,

and On-line Fig 2) and a small cerebellar vermis; and a number

had large midbrain tecta (Figs 2 and 3).

Abnormalities of the cerebral cortex were seen in essentially

all patients in this group, ranging from complete agyria to

mixtures of agyria and pachygyria to complete “dysgyria” (a

term intended to describe a cortex of normal thickness but

with an abnormal gyral pattern characterized by abnormalities

of sulcal depth or orientation: obliquely oriented sulci directed

radially toward the center of the cerebrum and narrow gyri

separated by abnormally deep or shallow sulci (Fig 1). Other

patients had regions of pachygyria mixed with regions of dys-

gyria. Of the 5 patients with TUBB3 mutations, 3 had both

dysgyria and pachygyria, with pachygyria located in the Sylvian

and supra-Sylvian areas. The cortex in patients with TUBA1A

mutations ranged from lissencephalic to pachygyric to dysgy-

ric, with pachygyria usually present in the parietal and occipital

lobes (Fig 4). Differentiation of regional pachygyria (with a cell

sparse zone) from localized band heterotopia was based on the
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widths of the gyri and depths of the sulci: For classification,

where sulci were deeper than the breadth of the gyri, the diag-

nosis of band heterotopia was made; and if the sulci were shal-

lower than the breadth of the gyri, pachygyria was diagnosed.

Four of the 5 patients with TUBB3 mutations exhibited dys-

gyria of varying severity, including 1 patient with both diffuse

dysgyria and bifrontal band heterotopia (Fig 2). The fifth pa-

tient had nearly normal cerebrocortical morphology. Hyp-

oplastic or absent olfactory bulbs or sulci were noted in 11/16

patients with tubulin mutations (4/6 TUBA1A, 3/5 TUBB2B,

4/5 TUBB3) for which they were adequately evaluated (On-line

Fig 1).

MAP Mutations
Of the 15 patients with mutations of MAPs, the imaging findings

were more consistent within groups (Table). Patients with LIS1

mutations (5 total) had cortical malformations ranging from

complete agyria to frontal pachygyria or shallow sulci with nearly

normal cortical thickness associated with parietal and occipital

pachygyria or agyria. They had anomalies of the corpus callosum,

with a small or absent rostrum and inferior genu, normal body,

and an unusual, sharp angle at the junction of the body and sp-

lenium (Fig 4), with the splenium coursing more caudal than

usual (4/5) or a short splenium (1/5). These findings were very

similar to the callosal anomaly seen in patients with DYNC1H1

mutations (6 total), who also had poste-

rior pachygyria (less severe, overall, than

that seen in the patients with LIS1 muta-

tions, but some cases were indistin-

guishable by imaging).

Half (3/6) of the patients with

DYNC1H1 mutations had a slightly small

anterior cerebellar vermis compared with

published norms,11 compared with 1/5

patients with LIS1 mutations and no pa-

tient with DCX mutations. This vermian

anomaly and the presence of large caudate

heads (found in all 6/6 patients with

DYNC1H1 mutations [Fig 4], but in no

[0/5] patients with LIS1 mutations) were

the only consistent differences between

patients with LIS1 and DYNC1H1

mutations.

The patients with DCX mutations

had different appearances of the corpus

callosum, which were either normal

(2/4) or diffusely thin (2/4). The cortex

of patients with DCX mutations, as has

been reported,12 varied from normal

FIG 1. A 5-year-old child with a TUBB3 mutation. Midline sagittal T1WI (A) shows a fully formed but thin corpus callosum, an enlarged third
ventricle, a dysmorphic cerebellar vermis with a disproportionately small anterior vermis, and a thin pons. Axial T1WI (B) shows asymmetry of the
basal ganglia with an unseparated left striatum (white arrowhead). Note that the gyral pattern is abnormal, with sulci coursing deeply at many
different angles and in unusual locations (white arrows). This abnormal pattern is classified as “dysgyria.” Axial T1WI at a slightly higher level of
the same patient (C) shows again the dysmorphic, asymmetric basal ganglia with an enlarged left caudate head (black arrows) and marked
ventriculomegaly. Cortical dysgyria is again noted (white arrows).

Features of tubulin and microtubule-associated gene mutations
Tubulin Mutations MAP Mutations

TUBA1A TUBB2B TUBB3 LIS1 DCX DYNC1H1
Dysmorphic/absent corpus callosum 8/8a 5/5 2/5 5/5b 1/4 6/6c

Thin corpus callosum 4/5 4/5 4/5 0/5 2/4 1/6d

Dysgyric cerebral cortex 4/7e 4/5 5/5 0/5 0/4 0/6
Pachygyric/agyric cerebral cortex 4/7e 0/5 3/5 5/5f 4/4g 6/6h

Small cerebellar vermis 8/8 5/5i 4/5 2/5i 0/4 3/6i

Small cerebellar hemisphere 5/8 1/5 1/5j 0/5 0/4 0/6
Small brain stem 7/8k 5/5l 5/5m 3/5n 0/3o 3/6l

Large tectum 4/8 1/5 1/5 0/5 0/4 0/6
Mild ventriculomegaly 1/8 2/5 0/5 0/5 0/4 2/6
Moderate ventriculomegaly 3/8 1/5 1/5 0/5 0/4 0/6
Severe ventriculomegaly 4/8 0/5 1/5 0/5 0/4 0/6

a Corpus callosum absent 3/8.
b L-shaped corpus callosum 4/5.
c L-shaped corpus callosum 3/6.
d Thick corpus callosum 5/6.
e In 1 patient, poor gray-white differentiation precludes accurate cortical assessment.
f Complete agyria 1/5; posterior agyria and anterior pachygyria 4/5.
g Complete agyria 1/4; anterior pachygyria 3/4.
h Posterior pachygyria 6/6.
i Small anterior vermis in all cases.
j Dysmorphic vermis.
k Asymmetric 3/8.
l Small pons in all cases.
m Asymmetric in all cases.
n Diffusely thin brain stem 2/5, small pons 1/5.
o Brain stem not well-visualized, 1 case.
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thickness to slightly thick, associated with shallow sulci and a layer

of neurons (band heterotopia4) deep to the cortex; the cortical

anomaly was more severe frontally than in the occipital cortex. No

cerebellar or brain stem anomalies were identified; however, large

caudate heads were identified in 3/4 patients with DCX muta-

tions, and cerebral white matter volume was mildly or moderately

diminished in 3/4.

DISCUSSION
Microtubules are filamentous intracellular structures critical

for long-range intracellular cargo transport in neurons and,

therefore, important in brain formation and function.13 They

have key roles in mitosis, organization of intracellular struc-

ture, axonal pathfinding, neuronal migration, protein trans-

port, and ciliary motility.13-15 Not surprising, disorders of MT

formation affect multiple aspects of brain development, result-

ing in multiple malformations, including microcephaly

(presumably from impaired mitosis), lissencephaly, band het-

erotopia and other types of cortical dysgenesis (impaired neu-

ronal migration), anomalies of white matter pathways (im-

paired axonal pathfinding), anomalies of the cranial nerves

(impaired axonal pathfinding), and malformations of the mid-

brain and hindbrain (possibly impairment of both neuronal

migration and axonal pathfinding); these malformations have

some characteristic features that allow them to be recognized

on routine MR imaging.9,15-23

Similar malformations had been

previously reported in patients with

mutations of genes encoding MAPs,

such as LIS1 and DCX1,2,12 that bind

to MTs and aid long-range intracellu-

lar transport into distal axons, den-

drites, and leading processes (actin-

based transport is more important for

short-range transport to synapses and

axonal growth cones24). Recent revela-

tions on MT functions and their inter-

actions with MAPs in so many devel-

opmental processes make it clear that

disorders of MT and MAP formation

and function cause many develop-

mental brain disorders.8,13,25-29 Al-

though some MR imaging findings of

cortical malformations and cranial

neuropathies associated with muta-

tions of tubulins and MAPs have been

described, the precise nature of the

cortical anomalies (which have been

nearly uniformly called “pachygyria”

and “polymicrogyria”) and the other

aspects of abnormal brain develop-

ment associated with them, such as

callosal anomalies, brain stem anoma-

lies, and cerebellar anomalies, have

not been previously compared and

contrasted, to our knowledge. In mak-

ing this comparison, we have discov-

ered several MR imaging findings that

may help narrow the search for genes responsible for

malformations.

A brief description of how microtubules form and function

may be useful in this discussion. MTs form by polymerization

of tubulin heterodimers, which are composed of the 2 main

tubulin proteins, �-tubulin (formed from proteins con-

structed by transcription and translation of TUBA genes) and

�-tubulin (from TUBB genes), which spontaneously combine

(dimerize) to form �-�-heterodimers. To initiate the forma-

tion of an MT, heterodimers bind to a �-tubulin ring complex,

composed of �-tubulins (formed by transcription and transla-

tion of TUBG genes) bound to �-tubulin complex proteins in

the wall of a centrosome.25 The �-tubulin ring complex func-

tions as a scaffold, with exposed �-tubulin on its periphery, to

which �-�-heterodimers bind and begin to polymerize, ulti-

mately forming the MT (Fig 5D).25 The advancing ends of the

MTs, at the growth cone of a pathfinding axon or the leading

process of a migrating neuron, follow actin and myosin scaf-

folding that interacts with chemical signals in the interstitium

(Fig 5B, -C).24 Attractive signals cause rapid growth of the

actin in that direction, which quickly stimulates MT polymer-

ization in its wake, whereas repulsive signals cause actin break-

down, quickly followed by MT depolymerization.24,26

Thus, the MT plays a critical role in the navigation and forma-

tion of axons and neurons through the developing brain.13,27,28

FIG 2. A 7-week-old infant with a TUBB2B mutation. Midline sagittal T1WI (A) shows a short, thin
corpus callosum; a small cerebellar vermis; and a thin pons with a disproportionately large tectum
(white arrow). Axial T2WI (B–D from superior to inferior) reveals severe ventriculomegaly. There
is diffuse cortical dysgyria with bilateral frontal lobe band heterotopia (B). More inferiorly, there
are abnormally enlarged caudates with fused striata (C) and an asymmetric, small pons (D), smaller
on the right (black arrowhead) with a central cleft.
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The same process occurs during mitosis as the MTs migrate

from centrosomes to attach to and separate chromosomes and

begin cell division (Fig 5A). Thus, MTs are critical to the pro-

cesses of mitosis, axon navigation, and neuron migration, all

key factors in development. During neuronal migration, an

important role is also played by MAPs (in particular LIS1,

NudE, and Dynein), which are critical to the process of nucleo-

kinesis, by which the nucleus of the migrating neuron is pulled

forward after its leading process advances29; in the absence of

nucleokinesis, the neuron does not migrate. The precise role of

MAPs in axonal navigation is less well-established, but it is

becoming clear that external axonal guidance cues in the brain

interstitium couple with other molecules in the axonal growth

cone (such as ROBO3 or DCC) to direct microtubule dynam-

ics.30,31 It is entirely possible (and, indeed, likely) that MAPs

participate in this process to some extent.

Knowledge of the developmental functions of MTs and

MAPs helps in understanding imaging findings. MTs play a key

role in mitosis; therefore, cell proliferation is diminished in

patients who have mutations of MT genes. In addition, pa-

tients with tubulin mutations (TUBA1A, TUBB2B, TUBB3,

TUBG, and so forth) almost universally have microcephaly6,8-10;

the most severely affected do not survive gestation.32 A review

of the recent literature indicates that patients with MT muta-

tions very commonly have severe mi-

crocephaly, some profoundly so, and

the severity of the microcephaly seems

to be directly related to the severity of

the brain malformation: most severe

in microlissencephaly followed by lis-

sencephaly and pachygyria and least

severe with dysgyria (60% of these pa-

tients are normocephalic).9 The mi-

crocephaly seems likely to be related to

abnormalities of mitosis. In contrast,

patients with MAP mutations have

much milder impairment of brain

growth,33,34 with most normoce-

phalic, and those with small heads

usually mildly affected.

Because neuronal migration is dis-

turbed in tubulinopathies, enlarged or

asymmetric basal ganglia, heteroto-

pias, and cortical dysgenesis are com-

mon. Pachygyria and agyria appear to

be most common in TUBA1A and

TUBG mutations. However, the MR

imaging appearance of the cortex in

the patients in our study and those

described in the literature does not re-

semble true polymicrogyria. Patho-

logic analysis of the brains with tubu-

lin mutations showed migration of

neurons through gaps in the pial-lim-

iting membrane into the subarachnoid

space,32 which is not found in polymi-

crogyria. Moreover, the appearance of

a smooth cortical surface with radially oriented sulci, even on

high-resolution images, is not consistent with polymicrogyria.

Because the appearance in these patients has not been previ-

ously described, we have coined the term “dysgyria” to de-

scribe a malformation in which sulci course at unusual angles

and unusual depths, an appearance that has been illustrated in

published MR imaging figures from patients with mutations of

all the tubulin genes described at this time9,17,19,22,23 but not

discussed in detail. We suggest that recognition of this charac-

teristic feature aids in the diagnosis of tubulinopathy, espe-

cially when associated with microcephaly. In addition, the an-

terior cerebellar vermis is very commonly small, and the

midbrain tectum is often large (which can be a result of abnor-

mal migration of cerebellar granule cells35).

Finally, because axonal pathfinding is disturbed, patients with

tubulin mutations may have congenital fibrosis of the extraocular

muscles or hypoplastic olfactory nerves18; hypoplasia or absence

of the corpus callosum; a small, often asymmetric brain stem;

abnormal-appearing, fused striatum due to the absence of various

parts of the internal capsule (most commonly the anterior limb);

and diminished overall white matter volume.8,9 All of these find-

ings were seen in some of our patients, and nearly all were seen in

many of the patients with tubulin mutations.

FIG 3. Patients with TUBA1A mutations. Midline sagittal T1WI in a 2-day-old patient (A) shows a
thick, dysmorphic corpus callosum; a small cerebellar vermis; and a thin pons with a dispropor-
tionately large tectum. Axial T2WI in the same patient (B) shows cortical lissencephaly with a cell
sparse zone, enlarged caudate heads with fused striata, and mild ventriculomegaly. Midline sag-
ittal (C) and axial (D) T1WI from a different 3-year-old patient with TUBA1A mutation reveals
contrasting dysgyric cortex (D) and a thin corpus callosum with an absent genu and rostrum (C).
Again note a thin pons and moderate ventriculomegaly.
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Of particular interest in this study is the observation that ab-

normalities of axon pathfinding were much more common in

patients with mutations of MT genes compared with those with

MAP genes, while the abnormalities of neuronal migration were

not. Therefore, these findings appear to be important in making

the differentiation. Eighteen of 19 patients with MT gene muta-

tions had a dysmorphic or absent corpus callosum (in the other,

the corpus was uniformly thin). Most of the dysmorphic ones

were thin and incompletely formed, with an absent rostrum and

inferior genu and a thin, short splenium. One was of normal

thickness but very short (rostrocaudally). Although only 2/15 pa-

tients with MAP gene mutations had a normal corpus callosum, 7

of them (4 with LIS1 mutations and 3 with DYNC1H1 mutations)

had a very similar finding of a rather thick corpus callosum with a

small inferior genu, absent rostrum, and a rather sharp angle in

the posterior half of the callosal body, resulting in an overly ver-

tical splenium situated within a few millimeters of the superior

colliculus (Fig 4A). The brain stem was small in 17/18 patients

with MT gene mutations and asymmetric in 8, but a small brain

stem was seen in only 6/15 patients with MAP gene mutations and

all brain stems were symmetric. Mutations of other axonal path-

finding genes, such as ROBO3,36 can cause similar (though usu-

FIG 4. Patients with microtubule-associated protein mutations. Midline sagittal T1WI (A), axial T1WI (B), and T2WI (C) in an 8-month-old patient
with a DYNC1H1 mutation. An abnormal corpus callosum with an absent inferior genu and rostrum and an L-shaped angulation of the body and
splenium with small pons (A) are noted. Axial images (B and C) reveal parietal pachygyria with a cell sparse zone. Midline sagittal T1WI in a
7-year-old patient with a DCX mutation shows normal midline structures, including the corpus callosum, pons, cerebellar vermis, and tectum (D).
Axial images from the same patient with a DCX mutation (E and F) reveal diffuse shallow sulci consistent with pachygyria and moderate band
heterotopia. Midline sagittal T1WI from a 33-year-old patient with a LIS1 mutation (G) demonstrates a small anterior vermis and pons, with a
mildly dysmorphic corpus callosum (small inferior genu and short splenium). Axial T2WI (H and I) from the same patient with a LIS1 mutation
shows a typical cortical anteroposterior gradient with frontal pachygyria progressing to agyria in the parietal and occipital lobes. A thin cell
sparse zone is present in the parietal and occipital lobes (H, white arrows). The basal ganglia are normal (I).
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ally symmetric) clefts in the pons and medulla, but they are not

associated with cortical malformations. Therefore, a finding of a

small, asymmetric brain stem with a midline cleft in the setting of

cortical malformations should strongly suggest a tubulin muta-

tion as the cause.

In terms of cortical malformations, areas of dysgyria were

present in 13/17 patients with MT gene mutations, in whom the

cortex was adequately visualized, while pachygyria was seen in 7.

Peri-Sylvian pachygyria was seen in addition to dysgyria in 3/5

patients with TUBB3 mutations. In contrast, dysgyria was not

seen in patients with MAP gene mutations, while pachygyria was

present in all, mostly in the posterior parietal/occipital regions.

Only 5/15 patients with MAP mutations (3/6 with DYNC1H1

mutations) had a small vermis (in contrast to 17/18 of patients

with tubulin gene mutations); notably, anterior vermis atrophy

predominated in both groups. No patients with predominantly

posterior vermian atrophy were seen.

CONCLUSIONS
The human brain is formed in a complex and highly regulated

process that includes neurogenesis (proliferation of progenitor

cells and production of immature neurons), neuronal migration

(migration of immature neurons from germinal zones into orga-

nized gray matter structures), and connectivity (formation of

white matter tracts by extension of axons). Microtubules and their

associated proteins are integral components of all of these pro-

cesses in the developing brain; thus, their mutations can result in

complex, overlapping imaging phenotypes. Diagnostically, these

features can be useful because combinations of findings seen in

other malformations of cortical development, when present to-

gether, can suggest a disorder of MT function. For example, in a

patient with the combination of microcephaly, dysgyria, and a

small corpus callosum and brain stem, the diagnosis of a tubulin

mutation should be considered. It follows logically that while tu-

bulin gene mutations often affect all categories (neurogenesis, mi-

gration and axonal pathfinding), mutations of MAPs often have

more limited phenotypes, suggesting specialized or redundant

functions. MAP gene mutations most notably caused errors in

neuronal migration (particularly pachygyria and agyria), while

axonal pathfinding abnormalities were much more common in

the patients with tubulin mutations.

Disclosures: Annapurna Poduri—RELATED: Grant: National Institute of Neurological
Disorders and Stroke K23 grant.* Mustafa Sahin—UNRELATED: Grants/Grants
Pending: Novartis,* Shire,* Comments: I am the Principal Investigator of the site of
grants from Novartis related to tuberous sclerosis. I am the Principal Investigator of
a grant from Shire related to spinal muscular atrophy. Christopher A. Walsh—RELAT-
ED: Grant: National Institute of Neurological Disorders and Stroke,* National Insti-
tute of Mental Health,* Howard Hughes Medical Institute; UNRELATED: Consul-
tancy: Hoffman–La Roche, Third Rock Ventures; Grants/Grants Pending: National
Institute of Mental Health, National Institute of Neurological Disorders and Stroke,*
Howard Hughes Medical Institute. Anthony James Barkovich—RELATED: Grant: Na-
tional Institutes of Health/National Institute of Neurological Disorders and Stroke.*
*Money paid to the institution.

REFERENCES
1. Dobyns W, Reiner O, Carrozzo R, et al. Lissencephaly: a human

brain malformation associated with deletion of the LIS1 gene lo-
cated at chromosome 17p13. JAMA 1993;270:2838 – 42 CrossRef
Medline

2. Gleeson JG, Allen KA, Fox JW, et al. Doublecortin, a brain-specific
gene mutated in human X-linked lissencephaly and double cortex
syndrome, encodes a putative signaling protein. Cell 1998;92:63–72
CrossRef Medline

3. Kitamura K, Yanazawa M, Sugiyama N, et al. Mutation of ARX
causes abnormal development of forebrain and testes in mice and

FIG 5. Multiple roles of microtubules in development. Schematic il-
lustrates the importance of microtubules in key developmental func-
tions, including mitosis/proliferation (A), migration (B), and axonal
pathfinding/transport (C). Microtubules along with their associated
proteins form attachments between chromosomes and centro-
somes, establishing polarity in dividing neural progenitor cells, such as
radial glia (A), during neurogenesis and providing the mechanical ap-
paratus of mitosis and cell division. Following cell division, neuroblasts
(immature neurons) migrate (B) from the germinal ventricular zone
along the pial process of their mother radial glial cell into the devel-
oping cortical plate through the process of nucleokinesis, where the
nucleolus are pulled along microtubules following the leading process
of neuroblasts. Later in development, microtubules appear to play
multiple important functional roles in projection neurons (C), includ-
ing polarization, axonal pathfinding, synaptogenesis, and transport of
intracellular materials along the axon. D, The prevailing “template
model” for microtubule polymerization. �-Tubulin molecules (usually
13) together with their associated scaffolding and capping proteins
form the �-tubulin ring complex, which serves as a template for po-
lymerizing �-tubulin and �-tubulin dimers, forming a cylindric
complex of filaments forming the microtubule. Microtubules are
intrinsically polarized with distinct positive and negative ends. Micro-
tubule-associated proteins include the molecular motor dynein (in-
cluding DYNC1H1) and kinesis, which transport intracellular cargo
along microtubules toward the positive and negative ends, respec-
tively, as well as proteins such as LIS1 and DCX.

534 Mutch Mar 2016 www.ajnr.org

http://dx.doi.org/10.1001/jama.1993.03510230076039
http://www.ncbi.nlm.nih.gov/pubmed/7907669
http://dx.doi.org/10.1016/S0092-8674(00)80899-5
http://www.ncbi.nlm.nih.gov/pubmed/9489700


X-linked lissencephaly with abnormal genitalia in humans. Nat
Genet 2002;32:359 – 69 CrossRef Medline

4. Barkovich AJ, Jackson DE Jr, Boyer RS. Band heterotopia: a newly
recognized neuronal migration anomaly. Radiology 1989;171:
455–58 CrossRef Medline

5. Barkovich AJ, Ferriero DM, Barr RM, et al. Microlissencephaly: a
heterogeneous malformation of cortical development. Neuropedi-
atrics 1998;29:113–19 CrossRef Medline

6. Poirier K, Keays DA, Francis F, et al. Large spectrum of lissencephaly
and pachygyria phenotypes resulting from de novo missense muta-
tions in tubulin alpha 1A (TUBA1A). Hum Mutat 2007;28:1055– 64
CrossRef Medline

7. Bahi-Buisson N, Poirier K, Boddaert N, et al. Refinement of cortical
dysgeneses spectrum associated with TUBA1A mutations. J Med
Genet 2008;45:647–53 CrossRef Medline

8. Poirier K, Lebrun N, Broix L, et al. Mutations in TUBG1, DYNC1H1,
KIF5C and KIF2A cause malformations of cortical development
and microcephaly. Nat Genet 2013;45:639 – 47 CrossRef Medline

9. Bahi-Buisson N, Poirier K, Fourniol F, et al; LIS-Tubulinopathies
Consortium. The wide spectrum of tubulinopathies: what are the
key features for the diagnosis? Brain 2014;137:1676 –700 CrossRef
Medline

10. Cushion TD, Dobyns WB, Mullins JG, et al. Overlapping cortical
malformations and mutations in TUBB2B and TUBA1A. Brain
2013;136:536 – 48 CrossRef Medline

11. Doherty D, Millen KJ, Barkovich AJ. Midbrain and hindbrain
malformations: advances in clinical diagnosis, imaging, and genet-
ics. Lancet Neurol 2013;12:381–93 CrossRef Medline

12. Dobyns WB, Truwit CL, Ross ME, et al. Differences in the gyral
pattern distinguish chromosome 17-linked and X-linked lissen-
cephaly. Neurology 1999;53:270 –77 CrossRef Medline

13. Franker MA, Hoogenraad CC. Microtubule-based transport: basic
mechanisms, traffic rules and role in neurological pathogenesis.
J Cell Sci 2013;126:2319 –29 CrossRef Medline

14. Kuijpers M, Hoogenraad CC. Centrosomes, microtubules and neu-
ronal development. Mol Cell Neurosci 2011;48:349 –58 CrossRef
Medline

15. Jaglin XH, Chelly J. Tubulin-related cortical dysgeneses: microtu-
bule dysfunction underlying neuronal migration defects. Trends
Genet 2009;25:555– 66 CrossRef Medline

16. Breuss M, Heng JI, Poirier K, et al. Mutations in the �-tubulin gene
TUBB5 cause microcephaly with structural brain abnormalities.
Cell Rep 2012;2:1554 – 62 CrossRef Medline

17. Cushion TD, Paciorkowski AR, Pilz DT, et al. De novo mutations in
the beta-tubulin gene TUBB2A cause simplified gyral patterning
and infantile-onset epilepsy. Am J Hum Genet 2014;94:634 – 41
CrossRef Medline

18. Chew S, Balasubramanian R, Chan WM, et al. A novel syndrome
caused by the E410K amino acid substitution in the neuronal �-tu-
bulin isotype 3. Brain 2013;136:522–35 CrossRef Medline

19. Jaglin XH, Poirier K, Saillour Y, et al. Mutations in the beta-tubulin
gene TUBB2B result in asymmetrical polymicrogyria. Nat Genet
2009;41:746 –52 CrossRef Medline

20. Kumar RA, Pilz DT, Babatz TD, et al. TUBA1A mutations cause wide
spectrum lissencephaly (smooth brain) and suggest that multiple

neuronal migration pathways converge on alpha tubulins. Hum
Mol Genet 2010;19:2817–27 CrossRef Medline

21. Morris-Rosendahl DJ, Najm J, Lachmeijer AM, et al. Refining the
phenotype of alpha-1a tubulin (TUBA1A) mutation in patients
with classical lissencephaly. Clin Genet 2008;74:425–33 CrossRef
Medline

22. Poirier K, Saillour Y, Bahi-Buisson N, et al. Mutations in the neuro-
nal �-tubulin subunit TUBB3 result in malformation of cortical
development and neuronal migration defects. Hum Mol Genet 2010;
19:4462–73 CrossRef Medline

23. Romaniello R, Tonelli A, Arrigoni F, et al. A novel mutation in the
�-tubulin gene TUBB2B associated with complex malformation of
cortical development and deficits in axonal guidance. Dev Med
Child Neurol 2012;54:765– 69 CrossRef Medline

24. Kneussel M, Wagner W. Myosin motors at neuronal synapses: driv-
ers of membrane transport and actin dynamics. Nat Rev Neurosci
2013;14:233– 47 CrossRef Medline

25. Kollman JM, Merdes A, Mourey L, et al. Microtubule nucleation by
�-tubulin complexes. Nat Rev Mol Cell Biol 2011;12:709 –21
CrossRef Medline
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In Utero MR Imaging of Fetal Holoprosencephaly: A Structured
Approach to Diagnosis and Classification

X P.D. Griffiths and X D. Jarvis

ABSTRACT

BACKGROUND AND PURPOSE: Holoprosencephaly is a rare developmental brain abnormality with a range of severity. We describe our
experience in diagnosing holoprosencephaly in the fetus with in utero MR imaging. We hypothesized that including in utero MR imaging
in the diagnostic pathway will improve the detection of holoprosencephaly compared with ultrasonography and allow better assessment
of the severity.

MATERIALS AND METHODS: We report on holoprosencephaly identified from ultrasonography and/or a diagnosis of holoprosenceph-
aly made with in utero MR imaging. We compare the diagnoses made with sonography and in utero MR imaging in each case and compare
the 2 methods of assessing the severity of holoprosencephaly.

RESULTS: Thirty-five fetuses are reported, including 9 in which the diagnosis of holoprosencephaly was made on ultrasonography but not
confirmed on in utero MR imaging. Of the 26 cases of holoprosencephaly diagnosed on in utero MR imaging, 12 were not recognized on
ultrasonography.

CONCLUSIONS: Our results show that in utero MR imaging has a major role in diagnosing or refuting a diagnosis of fetal holoprosen-
cephaly made on ultrasonography. In utero MR imaging also assists in grading the severity of fetal holoprosencephaly.

ABBREVIATIONS: HPE � holoprosencephaly; iuMR � in utero MR imaging; MIHF � middle interhemispheric fusion variety of holoprosencephaly; US �
ultrasonography

In utero MR imaging (iuMR) is now an accepted method of

diagnosing fetal brain abnormalities and is an important ad-

junct to the diagnostic pathway alongside antenatal ultra-

sonography (US). Ultrafast iuMR methods (broadly defined as

acquiring 1 image per second) are required to get good-quality

imaging in utero because of movement from maternal and fetal

sources. Heavily weighted T2 techniques are the mainstay of

imaging the fetal brain and are usually acquired with single-

shot fast spin-echo sequences. The nonmyelinated or poorly

myelinated fetal brain is best imaged with T2-weighted se-

quences because of the improved tissue contrast between the

different components of the fetal brain, which is particularly

marked in the second trimester.1 However, different methods

of acquiring T2-weighted images, such as steady-state se-

quences, offer other advantages.2,3

In this study, we describe our experience in applying these

techniques in the diagnosis and classification of the severity of

fetal holoprosencephaly (HPE). HPE is a relatively rare disorder

with an estimated prevalence of 1 in 16,000 live births, though it is

found in 1 of 250 spontaneous abortions.4 HPE arises as a result of

abnormal ventral induction, which causes impaired growth and

failure of midline cleavage of the future cerebral hemispheres. The

phenotype is exceptionally heterogeneous, and the clinical impli-

cations for a fetus/child are closely related to the severity of the

malformation. The most severe forms of HPE are not consistent

with long-term, extrauterine life, while the minor forms can pro-

duce relatively few symptoms.

We hypothesize that including iuMR in the diagnostic path-

way will improve the detection of HPE compared with US and

allow better assessment of the severity of HPE in an affected fetus.

MATERIALS AND METHODS
Study Population
This is a retrospective study of pregnant women referred to our

Institution from fetomaternal units in England and Scotland,
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whose fetuses were either suspected of having HPE on US

and/or were shown to have HPE following iuMR. Appropriate

cases were located on the MR imaging data base of the institu-

tion during a 15-year period (2000 –2014). All cases had US

performed by a fetal-maternal expert from 1 of 11 tertiary

centers before referral to our Institution for their iuMR study,

and the full sonography report was available to the radiologist

performing the iuMR study. Women were screened for contra-

indications to MR imaging, and iuMR examinations were not

performed before 18 weeks’ gestational age. Of the 35 cases

found on the data base, 23 women were scanned as recruits into

wider research studies of fetal iuMR, and they all provided

informed written consent under the guidance and approval of

Research Ethics Committees. Seven out of 23 of the research

cases were referred from the Magnetic Resonance Imaging to

Enhance the Diagnosis of Fetal Developmental Brain Abnor-

malities in Utero study.5 These women were not paid for their

involvement in the study, but travel expenses were offered.

Relevant review was sought, and approval was obtained from

the Institutional Clinical Effectiveness Unit and Research De-

partment to allow the 12 cases with imaging performed for

clinical purposes to be reported in this article as well.

MR Imaging
In utero MR imaging was performed on whole-body 1.5T scanners

(before 2008, Infinion; Philips Healthcare, Best, Netherlands; from

2008 onward, HDx; GE Healthcare, Milwaukee, Wisconsin). Mater-

nal sedation was not used for any of the scans. The iuMR protocol

changed during the course of the study as new methods became avail-

able; however, all subjects had ultrafast T2-weighted images of the

fetal brain in the 3 orthogonal planes by using single-shot fast spin-

echo sequences (4- to 5-mm thickness). Ultrafast T1-weighted and

diffusion-weighted imaging in the axial plane were acquired rou-

tinely from 2007; and after 2011, 3D datasets were added by using a

steady-state sequence (3D FIESTA). The imaging parameters for the

3D sequence are described in detail elsewhere2 but are summarized

here: TR minimum, 4–5 ms; TE mini-

mum, 2–3 ms; refocusing flip angle, 60°;

NEX, 0.75; FOV, 340 � 270 mm; matrix

size, 320 � 256 mm. The partition thick-

ness varied between 1.8 and 2.2 mm with

28–32 scan locations per slab to allow full

coverage of the fetal brain with maximum

resolution; this was achieved in 18- to 23-

second acquisitions.

The 3D datasets were transferred to

a desktop PC and loaded into 3D Slicer

software (http://www.slicer.org) for

segmentation. This is an open source

image processing and analysis soft-

ware package. Each fetal brain was seg-

mented manually by outlining the

outer surface and ventricular margins

on a section-by-section basis by a sin-

gle trained operator (D.J.) with input

from a neuroradiologist experienced

in fetal brain imaging (P.D.G.) and

with reference to a fetal brain atlas.1 Segmentation took ap-

proximately 60 minutes for a second trimester fetal brain and

90 minutes for more mature fetuses; the longer time was due to

the increased complexity of sulcation/gyration. Reconstruc-

tion of that data allowed the creation of surface representations

of the whole fetal brain and ventricular system.

Analysis
All of the iuMR examinations were reported at the time of the

study but were reviewed for the purpose of this study by a pediat-

ric neuroradiologist experienced in fetal brain MR imaging

(P.D.G.). In cases in which the diagnosis of HPE was not sup-

ported by the iuMR findings, the alternative diagnoses were re-

corded. Further detailed systematic anatomic analyses were made

in the cases in which HPE was present on iuMR.

DeMyer Classification
The first analysis was to ascribe a diagnosis of alobar, semilobar,

and lobar HPE, based on the original descriptions of DeMyer and

Zeman6 and DeMyer,7 and in the neuroradiologic literature of

Simon et al8 and Barkovich et al,9 with some minor modifications

(Fig 1). Three cases of fetal HPE did not fit into that standard

description of ventral HPE but were classified as middle inter-

hemispheric fusion varieties of HPE (MIHF). This variant was not

described in the original works of DeMyer,6,7 and our classifica-

tion is based on the criteria suggested by Simon et al.10

Severity Score
A more detailed secondary anatomic analysis was made by assess-

ing the parts of the brain frequently affected by HPE, broadly

following the approach of Simon et al8 and Barkovich et al9 in

children. It was necessary to make some modifications to those

assessments to customize them for fetal brains. These involved

some simplification of the methods for reasons detailed in the

“Discussion.” “Present” or “absent” assessments were made of the

posterior interhemispheric fissure, posterior falx, anterior inter-

Interhemispheric 
fissure 

Ventricular 
system 

Absent posteriorly, 

Absent anteriorly 

No a�empt at 
third ventricle or 
temporal horn/ 
lobe forma�on 

A�empt at third 
ventricle, 
temporal and 
frontal horn 
forma�on 

ALOBAR HPE 
SEMILOBAR 
HPE

LOBAR (or 
MIHF) HPE 

Present posteriorly, 

Absent anteriorly 

Present posteriorly, 

Present anteriorly 

A�empt at third 
ventricle and 
temporal horn/lobe 
forma�on 

No frontal horns 

FIG 1. A flowchart showing the classification of alobar, semilobar, and lobar holoprosencephaly in
this article.
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hemispheric fissure, anterior falx, third ventricle, temporal horns/

lobes, and frontal horns. The structures did not have to be com-

plete; some attempt at formation was sufficient to be scored as

zero (present), whereas if the structure was not present at all, it

was scored as 1. Similar binary scores were awarded for the hypo-

thalamus (complete separation � 0, noncleavage � 1), the mid-

brain (completely separated from the diencephalon � 0, some

degree of nonseparation � 1), and the orbital portions of the

frontal lobe, dorsomedial portions of the frontal lobes, and para-

central lobes (complete separation � 0, noncleavage � 1 for each

of those regions). Assessments of the deep gray structures of the

cerebral hemispheres (caudate, lentiform, and thalamic nuclei)

were performed independently on a 3-point scale (as opposed to a

4-point scale by Simon et al8): complete separation � 0; �50%

noncleavage or abnormally medially placed � 1; and �50% non-

cleavage � 2. A similar 3-point score was used to assess the corpus

callosum: completely present � 0; �50% present but not fully

formed � 1; and �50% present or absent � 2. The scores were

added together to provide a severity score with a total of 20 points

for each fetus. Note that the cavum septum pellucidum was not

used in this analysis because it was absent in all cases and was

considered nondiscriminatory.

RESULTS
In 9/35 cases (26%), the diagnosis of

HPE made on US was not supported by

iuMR, and these cases are summarized

in the Table. In all of these 9 cases, the

cavum septum pellucidum was not

demonstrated on US. On iuMR, the ca-

vum septum pellucidum was shown to

be either absent (4 cases, 1 with apparent

isolated absence of the cavum septum

pellucidum and 3 with possible septo-

optic dysplasia based on a boxlike defor-

mity of the frontal horns); disrupted (3

cases associated with ventriculomegaly

probably due to hydrocephalus); or ab-

normally situated (2 cases of agenesis of

the corpus callosum).

DeMyer Classification
Twenty-six cases of HPE of any sever-

ity were depicted by iuMR, and a sum-

mary of the antenatal US and iuMR details of these cases is

shown in the On-line Table. Most of these cases had relatively

small head sizes. The median gestational age at the time of

iuMR in that group was 21 weeks (interquartile range, 20 –23

weeks; full range, 18 –30 weeks). There were 5 cases of alobar

HPE, 10 cases of semilobar HPE, and 8 cases of lobar HPE on

iuMR based on the DeMyer and Zeman6 and DeMeyer7 classi-

fication and 3 cases of MIHF as described by Simon et al.10 A

diagnosis of HPE was made by US in 23 fetuses (all 9 fetuses in

the Table and 14 fetuses in the On-line Table); and in 9/23 cases

(39%), the diagnosis of HPE was not supported on iuMR (all

those in the Table). A diagnosis of HPE was made on iuMR in

26 cases (all of those in the On-line Table); and in 12/26 cases

(46%), HPE was not recognized on US.

In the 14 cases in which HPE was diagnosed by both US and

iuMR, 8/14 US reports did not specify the severity of HPE. In

3/14 cases, the same severity was reported on both methods,

and in 3/14 cases, the severity diagnosed by US and iuMR was

different. The agreement in diagnosing HPE between US and

iuMR was related to the severity of HPE, specifically ultra-

sonography diagnosed more cases of the more severe forms of

FIG 2. Scatterplot showing the correlation between the DeMyer classification and the severity
score in 26 cases of fetal holoprosencephaly.

Antenatal US and iuMR information in 9 cases in which fetal holoprosencephaly had been diagnosed on US but was not confirmed on
iuMR

Case
Gestational Age at

iuMR (wks) Antenatal US Findings iuMR Findings
A 24 Lobar HPE Septo-optic dysplasia, schizencephaly
B 22 HPE (severity not specified) Agenesis of corpus callosum
C 24 HPE (severity not specified) Ventriculomegaly, disrupted cavum septum pellucidum probably secondary

to hydrocephalus
D 27 HPE (severity not specified) Septo-optic dysplasia, schizencephaly
E 21 HPE (severity not specified) Agenesis of corpus callosum
F 27 Lobar HPE Isolated absence of cavum septum pellucidum
G 18 HPE (severity not specified) Ventriculomegaly, disrupted cavum septum pellucidum probably secondary

to hydrocephalus
H 21 Lobar HPE Septo-optic dysplasia, schizencephaly
I 24 HPE (severity not specified) Ventriculomegaly, disrupted cavum septum pellucidum probably secondary

to hydrocephalus
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HPE correctly. HPE was diagnosed on iuMR in 5/5 cases

(100%) of alobar HPE (US diagnoses: alobar [n � 3], semilo-

bar [n � 1], and not specified [n � 1]). In the 10 cases of

semilobar HPE diagnosed on iuMR, HPE was the given diag-

nosis on US in 4/10 cases (40%) (US diagnoses: not specified

severity [n � 3] and semilobar HPE [n � 1]). In the 8 cases of

lobar HPE diagnosed on iuMR, HPE was the given diagnosis on US

in 4/8 cases (50%) (US diagnoses: not specified severity [n � 3] and

semilobar HPE [n � 1]). Only 1/3 cases (33%) of MIHF were recog-

nized as HPE on US (called “lobar HPE”).

FIG 3. T2-weighted images (single-shot fast spin-echo) in a 24-week gestational age fetus with alobar holoprosencephaly according to the
DeMyer classification and a severity score of 20/20 (case 2). Axial images of the supratentorial brain (A and B) show no attempt at formation of
the interhemispheric fissure and a holoventricle and posterior cyst. Sagittal imaging (C) shows an abnormally kinked brain stem.

FIG 4. T2-weighted images (single-shot fast spin-echo, A and B) and surface reconstructions of 3D steady-state (FIESTA) data of a 26-
week gestational age fetus with semilobar holoprosencephaly according to the DeMyer classification and a severity score of 13/20 (case
19). Axial images of the supratentorial brain (B) and posterior and anterior views of the brain (C and D) show some formation of the
interhemispheric fissure posteriorly but not anteriorly. There is some attempt at formation of the third ventricle and temporal horns of
the lateral ventricles. Lateral projections (E) show abnormal sulcation of the cerebral hemispheres and marked frontal lobe hypoplasia.
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Severity Score
The On-line Table shows the total severity scores based on the

detailed assessment of the brain anatomy. There was a close

correlation between the severity score and the DeMyer cate-

gory of HPE as shown in Fig 2, and the importance of this is

discussed in later sections. Representative images are shown in

Figs 3–7.

Other Brain Abnormalities
Brain abnormalities other than HPE, not including face or intra-

cranial vascular abnormalities, were shown on iuMR in 9/26 fe-

tuses (35%) with HPE. None of those were suspected on US.

Other brain abnormalities were shown in 1/5 fetuses with alobar

HPE, 5/10 fetuses with semilobar HPE, 3/8 fetuses with lobar

HPE, and 0/3 fetuses with MIHF. Structural abnormalities of the

posterior fossa content were notable and included cerebellar hy-

poplasia, Dandy-Walker malformation, rhombencephalosynap-

sis and brain stem malformations.

DISCUSSION
HPE is a malformation that arises from abnormal ventral induc-

tion, a process that occurs 5–10 weeks after fertilization in hu-

mans, during which there is failure of

normal growth and cleavage of the cra-

nial end of the neural tube. Hence, the

primary effects are on the prosencepha-
lon/future cerebral hemispheres. Abnor-
mal ventral induction can produce a range
of anatomic abnormalities of the brain,
and the severity is closely linked to prog-
nosis. Detectable chromosomal abnor-
malities are found in 24%–45% of cases of
HPE4 and include numeric chromosomal
abnormalities, most frequently trisomy 13
or 18 (only 1 case of a trisomy was demon-
strated in our series, but not all fetuses had
karyotyping). There is also an increased
risk of HPE in fetuses with structural chro-
mosomal abnormalities, particularly dele-
tions of chromosomes 13, 18, and 7. HPE
is thought to result from monogenic ab-
normalities in 18%–25% of cases,4 which
can produce autosomal dominant disor-
ders such as Pallister-Hall and Rubinstein-
Taybi syndromes, autosomal recessive
disorders such as Smith-Lemli-Opitz and
Meckel-Gruber syndromes (1 case in our
series), or X-linked recessive disorders. In
addition, there are a range of nongenetic
associations that increase the risk of fetal
HPE, including maternal diabetes and fe-
tal exposure to retinoic acid, ethanol, and
some anticonvulsants.

A woman whose pregnancy is com-
plicated by possible HPE has a number
of requirements from antenatal imag-
ing, including the following: a confident
diagnosis or exclusion of HPE, an accu-
rate assessment of the anatomic severity

of HPE, and a description of associated brain abnormalities. In
the absence of consistent reference outcome data for our cases, all
we can say with certainty is that there are major differences be-
tween the US and iuMR results. This comment needs to be bal-
anced against the accumulating published data suggesting that
iuMR is more accurate than US in diagnosing fetal brain pathol-
ogy in general, as shown in a recent meta-analysis.11 Of the total
23 cases of US-diagnosed HPE described in this report, the chance
of the diagnosis being incorrect was 39%. Conversely, in the 26
cases in which iuMR diagnosed HPE of any severity, the chance of
the diagnosis being missed on US was 46% if iuMR is assumed
correct. US performed better in the more severe forms of HPE as
might be expected. Our results also show that when HPE was
correctly diagnosed on US as an overarching classification, the
severity was often either incorrect (3/14) or not attempted (8/14).

The cases of fundamental disagreement about the diagnosis of
HPE between US and iuMR warrant further discussion. The 9
cases in which HPE was diagnosed on US but was not confirmed
on iuMR had 1 common feature: The cavum septum pellucidum
was not visualized on US. Although the cavum septum pelluci-
dum (septum pellucidum after birth) has little or no functional
significance, it is a vital landmark for normal brain development

FIG 5. T2-weighted images (single-shot fast spin-echo) of a 21-week gestational age fetus with
lobar holoprosencephaly according to the DeMyer classification and a severity score of 7/20
(case 15). Axial images of the supratentorial brain (A and B) show formation of the interhemi-
spheric fissure posteriorly and anteriorly and some attempt at formation of the frontal horns of
the lateral ventricles. The frontal lobes are fused anteriorly and inferiorly. Despite the relatively
low severity score, brain development is markedly deranged, as shown by the corpus callosum
anatomy, abnormal opercularization, and brain biometry. There is also a significant facial malfor-
mation with absence of the nose (C and D) and a midline cleft lip/cleft palate.
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on antenatal and postnatal imaging.12,13 Nonvisualization of the
cavum septum pellucidum is an imaging feature in all severities of
HPE. However, it is also found in other brain abnormalities, and
there are a number of different explanations for nonvisualization
of the cavum septum pellucidum. It may be that the cavum sep-
tum pellucidum never formed (as in HPE, septo-optic dysplasia,
and isolated absent cavum septum pellucidum), it may have
formed but been destroyed (raised intraventricular pressure from
hydrocephalus), or it may have formed but in an abnormal posi-
tion (agenesis of the corpus callosum where the leaf of the septum
pellucidum is often closely applied to the inferior surface of the
ipsilateral Probst bundle).13,14 The alternative diagnoses on the
basis of iuMR in the 9 false-positive cases all fit into these catego-
ries: The cavum septum pellucidum never formed (3 cases of
septo-optic dysplasia and 1 case of isolated absent cavum septum
pellucidum); or it formed but was secondarily disrupted (3 cases
of ventriculomegaly probably due to hydrocephalus) or mis-
placed (2 cases of agenesis of the corpus callosum).

We also described 12 cases with false-negative findings in
which the diagnosis of HPE on iuMR was not described on the
referral from US. In 2 cases (cases 11 and 15), the diagnosis of HPE
should have been strongly suspected from the US findings be-
cause of midline cleft lip and palate (1 with an absent cavum
septum pellucidum), but in the other 10 cases, the diagnosis of

HPE on iuMR was unexpected. The US diagnoses varied in those
10 cases: 3 cases of agenesis or hypogenesis of the corpus callosum
(cases 10, 19, and 24); 3 cases of isolated ventriculomegaly (17, 20,
and 25); 2 cases of posterior interhemispheric cyst (cases 18 and
26); 1 case of a posterior cephalocele (case 5); and 1 case of cere-
bellar hypoplasia (case 21). It is difficult to make any specific
observations or teaching points from those cases.

There was a high rate of brain abnormalities other than HPE in
our cohort—that is, in 9/23 (39%) of the “classic” ventral HPE
cases (ie, excluding the MIHF cases), most of which were cerebel-
lar or brain stem malformations. No other brain abnormalities
were found in the 3 cases of MIHF. If we assume that iuMR is
more likely to provide the correct diagnosis, we suggest that there
is a significant advantage in supplementing US with iuMR in the
diagnostic pathway. This assumption is reasonable because
though we are not aware of studies of diagnostic accuracy of
iuMR, specifically in cases of HPE, the published literature sug-
gests that it is true of fetal brain pathology in general as described
above.

Our attempts to enhance the classification of fetal HPE were
based on the previous work of Simon et al8,10 and Barkovich et al,9

who recognized the difficulty in apportioning a single DeMyer
classification in pediatric cases of HPE. Their extensive experience
and subsequent publications urge a more anatomically descrip-

FIG 6. T2-weighted images (single-shot fast spin-echo, A–C) and surface reconstructions of 3D steady-state (FIESTA) data of the brain (D–F) in
a 21-week gestational age fetus with lobar holoprosencephaly and a severity score of 9/20 (case 20). Axial images of the supratentorial brain (A
and B) show interhemispheric fissure formation posteriorly and anteriorly. The third ventricle, temporal horns, and frontal horns of the lateral
ventricles are separated. The coronal image (C) shows fusion of the frontal lobes, thalamus, and hypothalamus. The case is complicated by
marked frontal lobe hypoplasia and bilateral abnormal frontal sulci shown on the surface reconstructions (D–F).
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tive approach, rather than relying on alobar, semilobar, and lobar
classifications in pediatric practice. We attempted to reproduce
their approach for fetuses in our study; there are several problems
when one tries to apply their methods to iuMR, particularly in
second trimester fetuses. Those authors most often used a 4-point
scale to assess the sagittal separation of a particular anatomic
structure: 0 � complete separation; 1 � minimal noncleavage or
medial deviation; 2 � partial noncleavage; 3 � total noncleavage.
We found assessment in such detail exceptionally difficult be-
cause of the small size of the fetal structures and opted for
either a binary assessment, present or absent, or a 3-point scale
for the larger structures: completely present � 0; �50% pres-
ent but not fully formed � 1; �50% present or completely
absent � 2. Simon et al and Barkovich et al considered the
appearance of structures other than the deep gray nuclei to
be important in describing HPE (eg, the corpus callosum and
the Sylvian fissures). The corpus callosum can be assessed quite
easily on iuMR, but the calculation of a Sylvian angle as sug-
gested by Barkovich et al9 is not practicable in second trimester
cases. It was even difficult in third trimester cases, giving non-
reproducible assessments, so we did not include it in our ap-
proach to analyzing the images.

Despite those limitations, our data show a close correlation
between the DeMyer classification used in this study and the se-

verity score calculated in our study, but there were overlaps, par-
ticularly between the semilobar and lobar cases. For example, 4
cases had a severity score of 10, but 2 were classified as lobar, and
2, as semilobar. We believe that in most cases, the DeMyer classi-
fication is the most appropriate mechanism of relaying informa-
tion based on the ease of assessment and the accessibility of the
terms to non-neurology clinicians. There are cases in the mid-
range of severity or unusual cases (such as the case in Fig 6),
however, in which the more detailed anatomic information that
forms the severity score would be useful.

A further weakness of our study was the change in imaging
protocols that occurred during the 15-year period of data collec-
tion, but this is inevitable when a new and rapidly changing tech-
nique, such as iuMR, is used to study rare pathology. This point is
well-illustrated when trying to image the fetal hypothalamus with
iuMR, which, as stressed by Simon et al,8,10 is an important ana-
tomic feature of HPE in their publications concerning pediatric
HPE.9 Those authors were the first to bring the MIHF variety of
HPE to the wider attention of the imaging community, and they
highlighted the importance of involvement of the hypothalamus
in distinguishing standard ventral HPE and MIHF, which affects
the dorsal structures. They noted some degree of noncleavage of
the hypothalamus in all 56 cases of standard ventral HPE that
could be assessed. In contrast, the hypothalamus was normally

FIG 7. T2-weighted images (single-shot fast spin-echo, A–C) and surface reconstructions of 3D steady state (FIESTA) data of the brain (D and E)
of a 19-week gestational age fetus with the interhemispheric fusion variety of holoprosencephaly and a severity score of 2/20 (case 25). Axial
images of the supratentorial brain (A and B) show complete separation of the interhemispheric fissure and central gray structures, but the
ventricles are large and dysmorphic. Coronal imaging (C) shows fusion of the paracentral lobules. These features are confirmed and better
defined on the surface reconstructions.
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separated in all 21 of their cases of MIHF. They consider the hy-
pothalamus to be a key structure in the assessment of pediatric
HPE, and our findings from iuMR of the fetus concur with that
view.

The fetal hypothalamus, however, is a very small structure,
and reviewing the cases from the earlier part of recruitment
highlighted a potential problem. At the time when only single-
shot fast spin-echo sequences with 5-mm-thick sections were
used, we thought that there was a real risk of overcalling hypo-
thalamic fusion because of partial volume effects on the coro-
nal images. Improvements in gradient performance and soft-
ware allowed 2- to 3-mm partitions, but the most significant
advance in our experience has been the introduction of 3D
balanced steady-state imaging. Those sequences produce im-
ages with high signal-to-noise and permit fast imaging times
due to a TR that is shorter than the T2 of the tissue in study.
The T1/T2 ratios, rather than the T1/T2 differences, are re-
sponsible for image contrast and can be varied by changing the
flip angle and are independent of the TR. The partition thick-
ness on our current examinations can be reduced to 1.8 mm
without major loss of signal/noise, and review of the base data
of those acquisitions is very helpful when imaging the fetal
brain. The production of individualized surface representa-
tions of the brain from the 3D datasets can also be helpful
diagnostically but is perhaps more useful when explaining the
findings to clinical colleagues and parents.

CONCLUSIONS
We have shown that all aspects of the imaging diagnosis of fetal

HPE are improved when antenatal US is supplemented with

iuMR of the fetal brain. Advantages were found in confirming

or refuting the diagnosis of HPE, classifying the severity of

HPE, and recognizing associated brain abnormalities. All of

these factors should improve the quality of information given

to parents in terms of anatomic diagnosis and prognosis.
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ORIGINAL RESEARCH
PEDIATRICS

Contrast Leakage Patterns from Dynamic Susceptibility
Contrast Perfusion MRI in the Grading of Primary Pediatric

Brain Tumors
X C.Y. Ho, X J.S. Cardinal, X A.P. Kamer, X C. Lin, and X S.F Kralik

ABSTRACT

BACKGROUND AND PURPOSE: The pattern of contrast leakage from DSC tissue signal intensity time curves have shown utility in
distinguishing adult brain neoplasms, but has limited description in the literature for pediatric brain tumors. The purpose of this study is to
evaluate the utility of grading pediatric brain tumors with this technique.

MATERIALS AND METHODS: A retrospective review of tissue signal-intensity time curves from 63 pediatric brain tumors with preoper-
ative DSC perfusion MR imaging was performed independently by 2 neuroradiologists. Tissue signal-intensity time curves were generated
from ROIs placed in the highest perceived tumor relative CBV. The postbolus portion of the curve was independently classified as
returning to baseline, continuing above baseline (T1-dominant contrast leakage), or failing to return to baseline (T2*-dominant
contrast leakage). Interobserver agreement of curve classification was evaluated by using the Cohen �. A consensus classification of
curve type was obtained in discrepant cases, and the consensus classification was compared with tumor histology and World Health
Organization grade.

RESULTS: Tissue signal-intensity time curve classification concordance was 0.69 (95% CI, 0.54 – 0.84) overall and 0.79 (95% CI, 0.59 – 0.91) for
a T1-dominant contrast leakage pattern. Twenty-five of 25 tumors with consensus T1-dominant contrast leakage were low-grade (positive
predictive value, 1.0; 95% CI, 0.83–1.00). By comparison, tumors with consensus T2*-dominant contrast leakage or return to baseline were
predominantly high-grade (10/15 and 15/23, respectively) with a high negative predictive value (1.0; 95% CI, 0.83–1.0). For pilomyxoid or
pilocytic astrocytomas, a T1-dominant leak demonstrated high sensitivity (0.91; 95% CI, 0.70 – 0.98) and specificity (0.90, 95% CI, 0.75– 0.97).

CONCLUSIONS: There was good interobserver agreement in the classification of DSC perfusion tissue signal-intensity time curves for
pediatric brain tumors, particularly for T1-dominant leakage. Among patients with pediatric brain tumors, a T1-dominant leakage pattern is
highly specific for a low-grade tumor and demonstrates high sensitivity and specificity for pilocytic or pilomyxoid astrocytomas.

ABBREVIATIONS: rCBV � relative cerebral blood volume; TSITC � tissue signal-intensity time curves; WHO � World Health Organization

Primary brain tumors represent 29% of all childhood cancers,

are the most common solid childhood tumor, and are the

leading cause of cancer death in this age population.1 With expe-

rienced pediatric neuroimaging specialists, presurgical diagnosis

with anatomic MR imaging sequences can be accurate, especially

with a classic appearance and location. However, many primary

neoplasms do not follow the classic imaging appearance, and ad-

vanced imaging techniques such as perfusion imaging, diffusion-

weighted imaging, and MR spectroscopy have been used to grade

primary pediatric tumors.2-4

Dynamic susceptibility contrast perfusion MR imaging has

demonstrated utility in the pretreatment evaluation of adult in-

tracranial neoplasms for tumor grading, guiding biopsy, and

prognosis. However, while the most common adult primary pa-

renchymal neoplasms are of the astrocytic cell type, the most

common pediatric primary brain tumors have diverse cellular

origins, with astrocytic origin for pilocytic astrocytomas and em-

bryonal neuroepithelial origin for medulloblastomas. Even

within astrocytomas, outside of the classic “cyst and mural

nodule” appearance of pilocytic astrocytomas, there is some

overlap in the radiographic and histologic appearance of pilo-

cytic astrocytomas and high-grade gliomas, with relative cere-

bral volume (rCBV) demonstrating usefulness in distinguish-
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ing the 2 astrocytic entities.5 However, when the most

common pediatric primary brain tumors are evaluated, there is

an overlapping range of rCBV values, particularly between pi-

locytic astrocytomas and medulloblastomas, limiting the use-

fulness of DSC perfusion in predicting low- versus high-grade

tumors preoperatively.2

While rCBV has received the greatest attention in differen-

tiating tumor grades from perfusion imaging in adult tu-

mors,6-8 tissue signal-intensity time curves (TSITC) have also

demonstrated diagnostic utility, most notably in differentiat-

ing primary CNS lymphoma from glioblastoma multiforme

and metastases.9-11 We evaluated the interobserver agreement

of the classification of DSC perfusion MR imaging TSITC and

the utility of curve classification as a tool for grading pediatric

brain tumors.

MATERIALS AND METHODS
Following institutional review board approval, a retrospective ra-

diology data base search from September 2009 to August 2013

identified 65 patients with pediatric brain tumors with pathology-

proved diagnosis and assigned World Health Organization

(WHO) grade who had undergone DSC perfusion MR imaging

on the initial evaluation before chemotherapy, biopsy, or surgical

resection. In most cases, a single dose of 2 mg/kg of IV dexameth-

asone was given emergently before MR imaging for the treatment

of tumor-associated cerebral edema. Two cases were excluded

leaving 63 cases for review. One case was excluded due to poor

contrast bolus, and the second case, due to susceptibility artifacts

generated by the patient’s dental braces. This study population

was previously reported.2

MR Imaging
DSC perfusion MR images were obtained during the first pass of a

bolus of gadobenate dimeglumine (MultiHance; Bracco Diagnos-

tics, Princeton, New Jersey) on 1.5T and 3T MR imaging scanners

(Magnetom, Avanto and Verio; Siemens, Erlangen, Germany) by

using a gradient-echo echo-planar sequence (TR, 1410 –2250 ms/

TE, 30 and 45 ms; flip angle, 90°). Two different TEs were used on

different scanners. A range of TRs was adjusted for tumor cov-

erage. No scans were obtained with a preload of IV contrast.

Following a precontrast phase to establish a baseline, a contrast

medium dose of 0.1 mmol/kg of body weight was injected fol-

lowed by a normal saline flush for a total volume of 32 mL.

When possible, an 18- or 20-ga peripheral intravenous access

was used with a power injector rate of 5 mL/s. In some cases,

primarily with smaller children, only 24-ga peripheral intrave-

nous access was possible. Contrast bolus adequacy was evalu-

ated by 2 fellowship-trained board-certified neuroradiologists

with a Certificate of Added Qualification (C.Y.H., 7 years’ ex-

perience, and S.F.K., 3 years’ experience) on the basis of TSITC

and the patient scan was included or excluded in consensus.

Data Analysis
Using a commercially available workstation (DynaSuite Neuro

3.0; InVivo, Gainesville, Florida), each neuroradiologist indepen-

dently selected multiple 3- to 5-mm2 ROIs within the tumor,

placed at the locations of perceived highest rCBV by using Dyna-

Suite-generated rCBV maps, blinded to the pathologic diagnosis.

Anatomic MR imaging sequences were used to help define tumor

location and avoid major blood vessels or hemorrhage when plac-

ing the ROI. The resulting signal-intensity curve from the ROI

with the highest rCBV was used for classification. This technique

has been previously described in the literature.2 Use of the maxi-

mum rCBV for characterization of the TSITC ensures that the

most perfused portion of a heterogeneous tumor is evaluated,

reducing sampling errors. Curves were assessed out to 50 TRs on

the time axis. A y-axis value before the first-pass bolus was chosen

to represent the average of the baseline and was compared with

the final y-axis value at 50 TRs. The portion of the curve following

the first pass of contrast medium bolus was characterized as re-

turning to a level within �10% of the baseline with a plateau

(return to baseline; Fig 1), overshooting at least 10% above the

baseline without a plateau (T1-dominant contrast leakage; Fig 2),

or failing to return to a level �10% below baseline (T2*-domi-

nant contrast leakage; Fig 3). Interobserver agreement was as-

sessed by using the Cohen �. Blinded consensus opinion was ob-

tained in cases with discrepant curve classification, and the

resulting TSITC were compared with individual WHO tumor

grades. TSITC results were also compared with the averaged rCBV

maximum between the 2 observers. Histopathologic evaluation of

surgical specimens for all tumors was performed by 1 of 2 board-

certified neuropathologists who determined a diagnosis and as-

signed a WHO grade of I through IV.

A �2 test of independence was used to assess potential signifi-

cant differences between 1.5T and 3T, 30- and 45-ms TE, the

range of TRs, and dexamethasone administration. Diagnostic ac-

curacy was assessed for specific curve patterns.

Statistical analysis was performed by using SPSS 21 (IBM, Ar-

monk, New York) and an on-line statistical calculator (Vassar-

Stats, http://vassarstats.net/).

RESULTS
Patient characteristics are summarized in Table 1. There were 38

low-grade (WHO grade I–II) tumors and 25 high-grade (WHO

grade III–IV) tumors.

Independent classification of TSITC by 2 neuroradiologists

had a Cohen � of 0.69 (95% CI, 0.54 – 0.84), indicating good in-

terobserver agreement. The proportion of agreement was highest

with a T1-dominant pattern (K � 0.79, 95% CI, 0.56 – 0.91) com-

pared with T2*-dominant pattern (K � 0.60, 95% CI, 0.39 – 0.78)

and return to baseline (K � 0.57, 95% CI, 0.35– 0.76).

The �2 test for independence between 1.5T and 3T scanners

(P � .63), 30- and 45-ms TE (P � .55), and TR range (P � .14)

failed to show significance, indicating that the null hypothesis is

not rejected or that leakage patterns are not dependent on the

differences in magnet strength, TE, or TR in our scanning param-

eters. Dexamethasone, however, did show some significant (P �

.02) effects. Further �2 analysis between tumors treated with dexa-

methasone (n � 41) and without dexamethasone (n � 22)

showed a significant difference in all low-grade tumors (P � .03)

but not with pilocytic astrocytomas (P � .99), pilomyxoid astro-

cytomas (P � 1.0), or both piloid tumors together (P � .46). For

high-grade tumors, dexamethasone also did not show a signifi-

cant effect (P � .09).
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All Tumors
Among 38 low-grade tumors, 25 had a consensus classification of

T1-dominant contrast leakage, while 13 had a consensus curve

classification other than T1-dominant leakage— either return to

baseline or T2*-dominant leakage. The 25 tumors with T1-dom-

inant contrast leakage included the following: 15 pilocytic astro-

cytomas, 6 pilomyxoid astrocytomas, 1 low-grade glioneuronal

tumor, 1 WHO grade II ependymoma, 1 desmoplastic infantile

ganglioglioma, and 1 choroid plexus papilloma. Tumors showing

a consensus curve classification with T2*-dominant leakage or

return to baseline were predominantly high-grade. Ten of 15 tu-

mors identified as having a postbolus curve with T2*-dominant

leakage were high-grade (positive predictive value, 0.67; 95% CI,

0.39 – 0.87), and 15 of 23 tumors with curves identified as return-

ing to baseline were high-grade (positive predictive value, 0.65;

95% CI, 0.43– 0.83). Combining T2* and return-to-baseline pat-

terns for high-grade tumor yielded a high sensitivity (1.0, 95% CI,

0.83–1.0) and negative predictive value (1.0; 95% CI, 0.83–1.0) at

the cost of specificity (0.66, 95% CI, 0.49 – 0.80). The most com-

mon high-grade tumors such as medulloblastoma, anaplastic

ependymoma, and glioblastoma had both T2* and baseline pat-

terns. All 3 cases of atypical teratoid/rhabdoid tumor showed a

return to baseline pattern. Conversely, the most common low-

grade tumors, such as pilocytic astrocytoma and pilomyxoid

astrocytoma, demonstrated predomi-

nantly T1-dominant leakage: 15/17 for

pilocytic astrocytoma and 6/6 for pilo-

myxoid astrocytoma. One case of 3

WHO II ependymomas showed T1-dom-

inant leakage. For the diagnosis of pilo-

cytic or pilomyxoid astrocytoma, a T1-

dominant leakage pattern yields a high

sensitivity (0.91, 95% CI, 0.70–0.98; neg-

ative predictive value, 0.95; 95% CI, 0.81–

0.99) and specificity (0.90, 95% CI, 0.75–

0.97; positive predictive value, 0.84; 95%

CI, 0.63–0.95) (Table 2).

An analysis of variance showed no

significant differences (P � .11, F ra-

tio � 2.32) between the means of the

rCBV maximum for each leakage pat-

tern (T1-dominant � 3.25 � 3.3, base-

line � 3.25 � 2.2, T2*-dominant �

5.18 � 3.6). A t test between the means

of rCBV maximum for T1-dominant

leakage (3.25 � 3.3) and T2*-dominant

combined with baseline leakage patterns

(4.02 � 2.93) also yielded no significant

difference (P � .33). �2 tests were per-

formed for significant differences be-

tween WHO grade and TSITC leakage

results. Grade I-versus-II tumors were

not significant (P � .38) nor were grade

III-versus-IV tumors (P � .93). Only

high (III and IV) versus low grade (I and

II) were significant (P � .0001).

Dexamethasone Group
Among the 41 patients with tumors who received dexametha-

sone before DSC perfusion MR imaging, 19 had a consensus

T1-dominant leakage, 12 had a consensus T2*-dominant

leakage pattern, and 10 had a consensus return to baseline

pattern. All 19 with a T1-dominant leakage pattern were low-

grade tumors while 5 other low-grade tumors had a leakage

pattern other than T1-dominant leakage. Of 12 tumors with

T2*-dominant leakage, 9 were high-grade. Of 10 tumors with

a return-to-baseline pattern, 8 were high-grade. Thirteen

of 14 pilocytic astrocytomas and 3 of 3 pilomyxoid astrocyto-

mas demonstrated T1-dominant leakage. Diagnostic accuracy

for this cohort is summarized in Table 2. Within the entire

dexamethasone group, no significant differences were seen

between magnet strengths (P � .62), TE (P � .32), or TR

(P � .20).

No Dexamethasone Group
Among the 22 patients with tumors who did not receive dexa-

methasone before DSC perfusion MR imaging, 6 had a consen-

sus T1-dominant leakage, 3 had a consensus T2*-dominant

leakage, and 13 had a consensus return to baseline pattern. All

6 tumors with a T1-dominant leakage pattern were low-grade

tumors. Eight low-grade tumors had a leakage pattern other

FIG 1. Axial T2 (A), axial T1-weighted postcontrast (B), axial DSC perfusion CBV map (C), and tissue
signal-intensity time curve (D) of a glioblastoma. The tumor has T2 hyperintensity, cystic change,
and minimal heterogeneous enhancement and has well-circumscribed margins suggesting a low-
grade neoplasm such as a pilocytic astrocytoma. However, the TSITC from an ROI with the
highest tumoral rCBV demonstrates a return to baseline pattern, which is highly sensitive for a
high-grade tumor; there is low probability that this represents a pilocytic or pilomyxoid
astrocytoma.
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than T1-dominant leakage. Of the 3 tumors with T2*-domi-

nant leakage, only 1 was high-grade. Of 13 tumors with return-

to-baseline patterns, 7 were high-grade. Two of 3 pilocytic as-

trocytomas and 3 of 3 pilomyxoid astrocytomas demonstrated

T1-dominant leakage. Diagnostic accuracy is summarized

in Table 2. Within the entire no dexamethasone group, no

significant differences were seen among magnet strength (P �

.08), TE (P � .97), or TR (P � .40).

DISCUSSION
In practice, hemodynamics, status of the blood-brain barrier,

timing of the contrast bolus, and MR pulse sequence parameters

affect the shape of the TSITC.12-16 Disruption or lack of a blood-

brain barrier results in leakage of contrast medium into the ex-

travascular extracellular space. While in the intravascular space,

paramagnetic contrast medium causes predominantly T2* effects

with loss of MR signal; however, once in the extravascular extra-

cellular space, T1-shortening effects

compete with the T2* effects.15,16 De-

pending on the MR imaging parameters

and biologic tissue environment, T1-

shortening effects may predominate

and cause a postbolus curve that re-

turns to and then passes baseline, or

T2* effects may predominate and result

in a postbolus curve that fails to return

to baseline.15 Another mechanism for a

curve that fails to return to baseline

was suggested by Kassner et al,13 who

showed that residual T2* effects may

reflect delayed passage of intravascular

contrast medium due to vascular tor-

tuosity, disorganization, and hypoper-

fusion in areas of increased neovascu-

larity. They compared this effect with

the tumor staining seen on conven-

tional angiography.

Previous authors described the por-

tion of the curve after the peak as “per-

cent signal recovery,”9,17 with a high

percent signal recovery correlating with

our T1-dominant leakage; a low percent

signal recovery, T2*-dominant leakage;

or with smaller T2* effects, a return to

baseline. Cha et al17 demonstrated a sig-

nificant difference between metastatic

brain tumors and glioblastoma and the

associated surrounding abnormal white

matter in adults, with greater T2* effects

and �50% return to baseline for meta-

static tumors compared with �75% re-

FIG 2. Axial T2 FLAIR (A), axial T1-weighted postcontrast (B), axial DSC perfusion rCBV map (C), and
tissue signal-intensity time curve (D) of a pilocytic astrocytoma with atypical appearance. Despite
apparent increased rCBV, poorly defined margins, central necrosis, and surrounding T2 hyperin-
tensity suggesting a high-grade neoplasm, the T1-dominant leakage pattern suggests the correct
interpretation of a low-grade tumor. The ROI is placed in the highest perfusing portion of the
tumor, not including a dominant central vessel.

FIG 3. Axial T2 FLAIR (A), axial DSC perfusion rCBV map (B), and tissue signal-intensity time curve (C) in a patient with medulloblastoma. The tissue
signal-intensity time curve demonstrates T2*-dominant contrast leakage following the contrast bolus.
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covery for glioblastomas. They suggested that this difference is

due to the lack of a blood-brain barrier, leading to greater uniform

vascular permeability and leakage in metastatic tumors compared

with some presence of a blood-brain barrier in glioblastomas,

with less uniform vascular permeability.17 Last, the balance be-

tween T1 and T2* effects is affected by varying MR imaging pa-

rameters, including the flip angle, TE, and TR in gradient-echo

EPI DSC perfusion MR imaging.10,12,13,15-17 We used a narrow

range of TEs for similar T2* effects across scanners and a uniform

flip angle on all scanners for recovery from the peak. Previous

authors have used a low flip angle to suppress T1 signal ef-

fects16,17; however in our study, our 90° flip angle did not suffi-

ciently suppress the T1 signal for our range of TRs to prevent

overshooting the baseline in most low-grade tumors, which we

categorized as T1-dominant leakage.

Advances in Knowledge
A striking finding in our data was 100% positive predictive value

(25 of 25) for low-grade tumors if a T1-dominant leakage pattern

was identified. The converse is also true in that the lack of a T1

leakage pattern (T2* or return to baseline) resulted in a 100%

negative predictive value for high-grade tumors. T1-dominant

leakage patterns were also sensitive and specific for either a pilo-

cytic astrocytoma or pilomyxoid astrocytoma. In addition, good

interobserver agreement for identifying

a T1-dominant leakage pattern was

found, indicating potential clinical util-

ity for grading pediatric brain tumors

with TSITC from DSC perfusion.

Little prior data exist in the literature

regarding the use of DSC perfusion MR

imaging and signal-intensity curves in

the evaluation of pediatric brain tumors.

Similar to our findings, Grand et al18

reported a series of 9 pilocytic astrocyto-

mas evaluated with DSC perfusion MR

imaging, in which all 9 tumors demon-

strated an overshooting of the baseline

or a T1-dominant contrast leakage

pattern. Cha et al reported that pilocytic

astrocytomas have �70% signal recov-

ery, while medulloblastomas have

�50% signal recovery, which is consis-

tent with our findings.19

Before our study, a T1-dominant

leakage pattern has most notably been

demonstrated in primary CNS lym-

phoma and has been shown to be use-

ful in distinguishing lymphoma from

glioblastoma multiforme and CNS

metastases.9-11 Despite the lack of neo-

angiogenesis in CNS lymphoma, both

glioblastoma and lymphoma have ele-

vated rCBV but a significant difference

in the high percent signal recovery for

lymphomas. These features have been

Table 1: Tumor pathology with patient age and TSITC results

Cases

Age (yr)

Tissue Signal-
Intensity Time

Curve
Classification

Average Range T1 Baseline T2
All cases 63 6.3 1.0–16.8 25 23 15
Infratentorial 39 5.6 1.2–14.2 16 13 10
Supratentorial 24 7.4 1.0–16.8 9 10 5
WHO I 25 7.1 1.1–15.0 18 5 2
WHO II 13 5.9 1.2–16.8 7 3 3
WHO III 9 4.6 1.4–12.0 0 6 3
WHO IV 16 6.4 1.0–16.2 0 9 7
Pilocytic astrocytoma 17 7.3 2.2–15.0 15 1 1
Medulloblastoma 9 6.8 2.3–13.3 0 4 5
Ependymoma WHO III 7 4.3 1.4–12.0 0 4 3
Pilomyxoid astrocytoma 6 2.9 1.2–5.8 6 0 0
Ependymoma WHO II 3 2.2 1.5–2.9 1 0 2
ATRT 3 1.4 1.0–1.9 0 3 0
GBM 3 6.9 4.2–9.5 0 2 1
Choroid plexus papilloma 2 4.1 3.1–5.2 1 1 0
Fibrillary astrocytoma 1 4.3 0 1 0
Craniopharyngioma 1 5.5 0 1 0
Desmoplastic infantile ganglioglioma 1 1.1 1 0 0
Ganglioglioma 1 12.9 0 1 0
Ganglion cell tumor 1 1.8 0 1 0
High-grade diffuse glioma 1 6.9 0 1 0
Low-grade glioma 1 12.8 0 0 1
Low-grade glioneuronal tumor 1 11.5 1 0 0
Low-grade oligoastrocytoma 1 16.8 0 1 0
Oligodendroglioma 1 15.5 0 1 0
Pineal parenchymal tumor WHO II 1 15.6 0 0 1
Supratentorial PNET 1 16.2 0 0 1
Anaplastic astrocytoma 1 4 0 1 0

Note:—ATRT indicates atypical teratoid rhabdoid tumor; GBM, glioblastoma multiforme; PNET, primitive neuroecto-
dermal tumor.

Table 2: Diagnostic sensitivity of leakage patterns and tumors with 95% confidence intervals
Sensitivity Specificity PPV NPV

T1 leakage pattern for low-grade tumors 66% (49%–80%)a 100% (83%–100%)ba 100% (83%–100%)ba 66% (49%–80%)a

79% (57%–92%)b 100% (77%–100%)b 100% (79%–100%)b 77% (54%–91%)b

43% (19%–70%)c 100% (60%–100%)c 100% (52%–100%)c 50% (26%–74%)c

T2* leakage and baseline patterns for high-grade tumors 100% (83%–100%)a 66% (49%–80%)a 66% (49%–80%)a 100% (83%–100%)a

100% (77%–100%)b 79% (57%–92%)b 77% (54%–91%)b 100% (79%–100%)b

100% (60%–100%)c 43% (19%–70%)c 50% (26%–74%)c 100% (52%–100%)c

T1 leakage for pilocytic and pilomyxoid astrocytomas 91% (70%–98%)a 90% (75%–97%)a 84% (63%–95%)a 95% (81%–99%)a

94% (69%–100%)b 88% (67%–97%)b 84% (60%–96%)b 95% (75%–100%)b

83% (36%–99%)c 94% (68%–100%)c 83% (36%–99%)c 94% (68%–100%)c

Note:—PPV indicates positive predictive value; NPV, negative predictive value.
a All tumor results.
b Dexamethasone tumors results.
c Nondexamethasone tumors results.
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attributed to the characteristic perivascular invasion of lym-

phoma cells, leading to disruption of the basement membrane

and resulting vascular permeability. The hypercellularity of lym-

phoma with a small extravascular extracellular space has been

suggested as a contributing factor, though the exact mechanism

for T1-dominant leakage effects in lymphoma is not well-under-

stood.9 This finding contradicts the findings of Cha et al17 in that

the lack of a blood-brain barrier in metastatic disease, with result-

ing vascular permeability, results in a low percent recovery or a

T2*-dominant effect rather than the T1-dominant effect in CNS

lymphoma.9,17 Cha et al17 used a flip angle of 35° compared

with 80° for Mangla et al,9 which may contribute to the differ-

ing TSITC results. Biologic factors may include differing rates

of contrast leakage between CNS lymphoma and metastatic

disease with a faster accumulation and concentration of ex-

travascular contrast in metastatic disease leading to T2*-dom-

inant effects. The mechanism underlying the observed post-

bolus T1-dominant effects in low-grade pediatric brain tumors

is not known but is also likely related to the balance between

T1-shortening and T2* effects of paramagnetic contrast me-

dium that has leaked into the extravascular extracellular space.

Other factors affecting the T1–T2* balance may include char-

acteristics of the extravascular space such as cellular attenua-

tion, water content, and other molecular constituents, in ad-

dition to hemodynamic flow issues and capillary permeability.

Pilocytic astrocytomas and pilomyxoid astrocytomas account

for 21 of the 25 tumors in our series demonstrating postbolus

T1-dominant leakage. Pilocytic astrocytomas are described as

having a biphasic histology with areas of loose glial tissue inter-

posed with compacted piloid tissue composed of attenuated hy-

percellular sheets of elongated bipolar cells.20 Distinguishing fea-

tures of pilomyxoid astrocytomas include monomorphous piloid

cells in a myxoid background with an angiocentric pattern, simi-

lar to perivascular pseudorosettes in ependymomas. While pilo-

myxoid astrocytomas tend to occur in younger children in the

hypothalamic/chiasmatic pathway, with more aggressive behav-

ior and a higher propensity for leptomeningeal spread, pilocytic

and pilomyxoid astrocytomas have large morphologic and imag-

ing overlap. There have been reports of recurrent pilomyxoid tu-

mors demonstrating pilocytic features after several years, with

some authors suggesting that pilomyxoid astrocytoma may be an

infantile form versus an extreme subtype of pilocytic astrocyto-

ma.21-23 Because of this overlap and the lack of distinguishing

imaging characteristics between the 2 tumors, we calculated diag-

nostic accuracy with both tumors rather than separately. Vascular

proliferation can be seen in the solid component of both tumors

but with more mature endothelial cells in a single layer compared

with glioblastomas.24,25 These single endothelial layers with open

tight junctions and fenestrae and hyaline degeneration around

vessels have been postulated to allow contrast medium extravasa-

tion and therefore vascular permeability.18 Similar to CNS lym-

phomas, this level of increased vascular permeability likely plays a

partial but crucial role in the T1-dominant leakage effects seen in

both tumors. Further research between different pediatric tumors

by using T1 signal– based dynamic contrast-enhanced MR imag-

ing may be helpful in elucidating differences in vascular

permeability.

Effect of Dexamethasone on Leakage Patterns
We could not control for the administration of dexamethasone in

pediatric patients with newly diagnosed brain tumors because

corticosteroids are a first-line emergent therapy for controlling

the cerebral swelling and the resultant mass effect from mass-

occupying brain tumors. In a previous work on the same patient

population, there was no significance between patients with and

without dexamethasone treatment and rCBV measurements.2

However, given the known rapid effects of dexamethasone in

decreasing capillary permeability and reducing vasogenic

edema,26,27 the significance between patient populations is not

surprising. However, only our low-grade tumor group was signif-

icant, and there was a larger proportion of T1-dominant and T2*-

dominant leakage patterns within the dexamethasone group. This

result seems counterintuitive because high-grade tumors typically

have greater vasogenic edema and mass effect, and decreasing

capillary permeability should trend toward the return to baseline

pattern because this pattern would best represent no leakage. In

reality, multiple physiologic parameters likely affect the leakage

pattern as indicated by our results. Despite the significance of

dexamethasone on the low-grade tumor group, the 100% speci-

ficity of a T1-dominant leakage pattern for low-grade pediatric

tumors and the high sensitivity and specificity for piloid astrocy-

tomas remain unchanged for both groups with or without

dexamethasone.

Implications for Patient Care
Despite uncertainty in the exact underlying mechanism, a T1-

dominant contrast leakage pattern on the signal-intensity curve

obtained in the region of highest tumor rCBV is empirically

highly predictive for low-grade brain tumor in the pediatric pop-

ulation, while a T2*-dominant or baseline pattern has high sensi-

tivity for a high-grade tumor. In addition to rCBV data,2 TSITC

from DSC perfusion potentially offer additional information not

otherwise apparent with routine anatomic MR imaging se-

quences. Recognition of a T1-dominant leakage pattern may im-

prove accuracy in preoperatively predicting the presence of a low-

grade pediatric brain tumor. While experienced pediatric

neuroradiologists can recognize low-versus-high-grade tumors in

most cases, recognition of this pattern of perfusion leakage may be

very helpful in the minority of cases in which low-grade pilocytic

or pilomyxoid astrocytomas become large and heterogeneous,

mimicking higher grade neoplasms and, conversely, when high-

grade astrocytomas have benign imaging features (Figs 1 and 2).

Furthermore, when complete surgical resection is not possible,

knowing the likelihood of a high-grade or low-grade tumor can

guide how aggressive a neurosurgeon should be in debulking the

tumor, at the risk of morbidity and mortality.

Limitations
The neuroradiologists evaluating the perfusion data were not

blinded to the anatomic MR imaging sequences, some of which

were highly suggestive of the tumor diagnosis. This scenario was

unavoidable because the anatomic images provide information

integral to the assessment of the perfusion images (eg, location of

tumor, location of major vessels, and so forth). This limitation is

reasonable however because it reflects the process in which MR
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perfusion images are evaluated in clinical practice. As noted in the

discussion, a T1-dominant contrast leakage pattern has been de-

scribed in CNS lymphoma, and our series of 63 pediatric brain

tumors included no cases of CNS lymphoma. While this repre-

sents a potential pitfall in using a T1-dominant leakage pattern to

classify pediatric brain tumors as low grade, CNS lymphoma is

rarely encountered in the pediatric population. Contrast medium

infusion rate and peripheral intravenous catheter gauge are re-

lated issues that likely affect the quality of the perfusion study and

are recognized challenges in performing DSC perfusion MR im-

aging on pediatric patients.28 However, only 1 study of the 65

identified by the search criteria was excluded for poor contrast

medium bolus, indicating that high-quality DSC perfusion MR

imaging can be performed in pediatric patients with brain tu-

mors. Differences in TR and TE parameters corresponded to

those in studies obtained on different 1.5T and 3T scanners and

theoretically have some effect on signal intensity and recovery/

leakage patterns. However, our analysis demonstrates no signifi-

cant differences in our results attributable to these different field

strengths or parameters. There are no standardized criteria in the

literature for T1 leak/T2* leak or return to baseline. We arbitrarily

chose the �10% range for the curve classification as a means of

separation; consequently, curve classification could be altered if

different thresholds are used. Similarly, as previously described,

larger differences in technical parameters (flip angle, TE, TR) may

result in greater differences in curve classification.

CONCLUSIONS
There is good interobserver agreement in the classification of the

DSC perfusion tissue signal-intensity time curves for pediatric

brain tumors. Among our population of pediatric patients with

brain tumors, a T1-dominant leakage pattern is 100% specific for

a low-grade tumor and sensitive and specific for piloid astrocyto-

mas, regardless of dexamethasone treatment. The addition of tis-

sue signal-intensity time curves may help in cases in which low-

grade tumors are large and heterogeneous, mimicking high-grade

neoplasms.

Disclosures: Chen Lin—UNRELATED: Consultancy: CIVCO Medical Solutions*;
Grants/Grants Pending: Siemens.* *Money paid to the institution.
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4. Panigrahy A, Nelson MD Jr, Blüml S. Magnetic resonance spectros-
copy in pediatric neuroradiology: clinical and research applica-
tions. Pediatr Radiol 2010;40:3–30 CrossRef Medline

5. de Fatima Vasco Aragao M, Law M, Batista de Almeida D, et al. Com-
parison of perfusion, diffusion, and MR spectroscopy between low-
grade enhancing pilocytic astrocytomas and high-grade astrocyto-
mas. AJNR Am J Neuroradiol 2014;35:1495–502 CrossRef Medline

6. Law M, Yang S, Wang H, et al. Glioma grading: sensitivity, specific-
ity, and predictive values of perfusion MR imaging and proton MR
spectroscopic imaging compared with conventional MR imaging.
AJNR Am J Neuroradiol 2003;24:1989 –98 Medline

7. Law M, Young R, Babb J, et al. Histogram analysis versus region of
interest analysis of dynamic susceptibility contrast perfusion MR
imaging data in the grading of cerebral gliomas. AJNR Am J Neuro-
radiol 2007;28:761– 66 Medline

8. Morita N, Wang S, Chawla S, et al. Dynamic susceptibility contrast
perfusion weighted imaging in grading of nonenhancing astrocyto-
mas. J Magn Reson Imaging 2010;32:803– 08 CrossRef Medline

9. Mangla R, Kolar B, Zhu T, et al. Percentage signal recovery derived
from MR dynamic susceptibility contrast imaging is useful to dif-
ferentiate common enhancing malignant lesions of the brain. AJNR
Am J Neuroradiol 2011;32:1004 –10 CrossRef Medline

10. Hartmann M, Heiland S, Harting I, et al. Distinguishing of primary
cerebral lymphoma from high-grade glioma with perfusion-
weighted magnetic resonance imaging. Neurosci Lett 2003;338:
119 –22 CrossRef Medline

11. Sugahara T, Korogi Y, Shigematsu Y, et al. Perfusion-sensitive MRI
of cerebral lymphomas: a preliminary report. J Comput Assist To-
mogr 1999;23:232–37 CrossRef Medline

12. Hu LS, Baxter LC, Pinnaduwage DS, et al. Optimized preload leak-
age-correction methods to improve the diagnostic accuracy of dy-
namic susceptibility-weighted contrast-enhanced perfusion MR
imaging in posttreatment gliomas. AJNR Am J Neuroradiol 2010;31:
40 – 48 CrossRef Medline

13. Kassner A, Annesley DJ, Zhu XP, et al. Abnormalities of the contrast
re-circulation phase in cerebral tumors demonstrated using dynamic
susceptibility contrast-enhanced imaging: a possible marker of vascu-
lar tortuosity. J Magn Reson Imaging 2000;11:103–13 Medline

14. Jackson A, Kassner A, Annesley-Williams D, et al. Abnormalities in
the recirculation phase of contrast agent bolus passage in cerebral
gliomas: comparison with relative blood volume and tumor grade.
AJNR Am J Neuroradiol 2002;23:7–14 Medline

15. Paulson ES, Schmainda KM. Comparison of dynamic susceptibility-
weighted contrast-enhanced MR methods: recommendations for
measuring relative cerebral blood volume in brain tumors. Radiol-
ogy 2008;249:601–13 CrossRef Medline

16. Boxerman JL, Paulson ES, Prah MA, et al. The effect of pulse se-
quence parameters and contrast agent dose on percentage signal
recovery in DSC-MRI: implications for clinical applications. AJNR
Am J Neuroradiol 2013;34:1364 – 69 CrossRef Medline

17. Cha S, Lupo JM, Chen MH, et al. Differentiation of glioblastoma
multiforme and single brain metastasis by peak height and percent-
age of signal intensity recovery derived from dynamic susceptibili-
ty-weighted contrast-enhanced perfusion MR imaging. AJNR Am J
Neuroradiol 2007;28:1078 – 84 CrossRef Medline

18. Grand SD, Kremer S, Tropres IM, et al. Perfusion-sensitive MRI of
pilocytic astrocytomas: initial results. Neuroradiology 2007;49:
545–50 CrossRef Medline

19. Cha S. Dynamic susceptibility-weighted contrast-enhanced perfu-
sion MR imaging in pediatric patients. Neuroimaging Clin N Am
2006;16:137– 47, ix CrossRef Medline

20. Koeller KK, Rushing EJ. From the archives of the AFIP: pilocytic
astrocytoma: radiologic-pathologic correlation. Radiographics
2004;24:1693–708 CrossRef Medline

21. Chikai K, Ohnishi A, Kato T, et al. Clinico-pathological features of
pilomyxoid astrocytoma of the optic pathway. Acta Neuropathol
2004;108:109 –14 Medline

22. Ceppa EP, Bouffet E, Griebel R, et al. The pilomyxoid astrocytoma
and its relationship to pilocytic astrocytoma: report of a case and a
critical review of the entity. J Neurooncol 2007;81:191–96 Medline

23. Jeon YK, Cheon JE, Kim SK, et al. Clinicopathological features and
global genomic copy number alterations of pilomyxoid astrocy-
toma in the hypothalamus/optic pathway: comparative analysis
with pilocytic astrocytoma using array-based comparative genomic
hybridization. Mod Pathol 2008;21:1345–56 CrossRef Medline

550 Ho Mar 2016 www.ajnr.org

http://dx.doi.org/10.1093/neuonc/nou327
http://www.ncbi.nlm.nih.gov/pubmed/25542864
http://dx.doi.org/10.1007/s00234-014-1478-0
http://www.ncbi.nlm.nih.gov/pubmed/25504266
http://dx.doi.org/10.3174/ajnr.A3757
http://www.ncbi.nlm.nih.gov/pubmed/24200900
http://dx.doi.org/10.1007/s00247-009-1450-z
http://www.ncbi.nlm.nih.gov/pubmed/19937238
http://dx.doi.org/10.3174/ajnr.A3905
http://www.ncbi.nlm.nih.gov/pubmed/24699088
http://www.ncbi.nlm.nih.gov/pubmed/14625221
http://www.ncbi.nlm.nih.gov/pubmed/17416835
http://dx.doi.org/10.1002/jmri.22324
http://www.ncbi.nlm.nih.gov/pubmed/20882610
http://dx.doi.org/10.3174/ajnr.A2441
http://www.ncbi.nlm.nih.gov/pubmed/21511863
http://dx.doi.org/10.1016/S0304-3940(02)01367-8
http://www.ncbi.nlm.nih.gov/pubmed/12566167
http://dx.doi.org/10.1097/00004728-199903000-00011
http://www.ncbi.nlm.nih.gov/pubmed/10096330
http://dx.doi.org/10.3174/ajnr.A1787
http://www.ncbi.nlm.nih.gov/pubmed/19749223
http://www.ncbi.nlm.nih.gov/pubmed/10713941
http://www.ncbi.nlm.nih.gov/pubmed/11827869
http://dx.doi.org/10.1148/radiol.2492071659
http://www.ncbi.nlm.nih.gov/pubmed/18780827
http://dx.doi.org/10.3174/ajnr.A3477
http://www.ncbi.nlm.nih.gov/pubmed/23413249
http://dx.doi.org/10.3174/ajnr.A0484
http://www.ncbi.nlm.nih.gov/pubmed/17569962
http://dx.doi.org/10.1007/s00234-006-0204-y
http://www.ncbi.nlm.nih.gov/pubmed/17530237
http://dx.doi.org/10.1016/j.nic.2005.11.006
http://www.ncbi.nlm.nih.gov/pubmed/16543089
http://dx.doi.org/10.1148/rg.246045146
http://www.ncbi.nlm.nih.gov/pubmed/15537977
http://www.ncbi.nlm.nih.gov/pubmed/15168135
http://www.ncbi.nlm.nih.gov/pubmed/16850101
http://dx.doi.org/10.1038/modpathol.2008.88
http://www.ncbi.nlm.nih.gov/pubmed/18622384


24. Brat DJ, Scheithauer BW, Fuller GN, et al. Newly codified glial
neoplasms of the 2007 WHO Classification of Tumours of the
Central Nervous System: angiocentric glioma, pilomyxoid astro-
cytoma and pituicytoma. Brain Pathol 2007;17:319 –24 CrossRef
Medline

25. Johnson MW, Eberhart CG, Perry A, et al. Spectrum of pilomyxoid
astrocytomas: intermediate pilomyxoid tumors. Am J Surg Pathol
2010;34:1783–91 CrossRef Medline

26. Jarden JO, Dhawan V, Moeller JR, et al. The time course of steroid

action on blood-to-brain and blood-to-tumor transport of 82Rb: a
positron emission tomographic study. Ann Neurol 1989;25:239 – 45
CrossRef Medline

27. Sinha S, Bastin ME, Wardlaw JM, et al. Effects of dexamethasone on
peritumoural oedematous brain: a DT-MRI study. J Neurol Neuro-
surg Psychiatry 2004;75:1632–35 CrossRef Medline

28. Yeom KW, Mitchell LA, Lober RM, et al. Arterial spin-labeled per-
fusion of pediatric brain tumors. AJNR Am J Neuroradiol 2014;35:
395– 401 CrossRef Medline

AJNR Am J Neuroradiol 37:544 –51 Mar 2016 www.ajnr.org 551

http://dx.doi.org/10.1111/j.1750-3639.2007.00082.x
http://www.ncbi.nlm.nih.gov/pubmed/17598825
http://dx.doi.org/10.1097/PAS.0b013e3181fd66c3
http://www.ncbi.nlm.nih.gov/pubmed/21107083
http://dx.doi.org/10.1002/ana.410250306
http://www.ncbi.nlm.nih.gov/pubmed/2786367
http://dx.doi.org/10.1136/jnnp.2003.028647
http://www.ncbi.nlm.nih.gov/pubmed/15489404
http://dx.doi.org/10.3174/ajnr.A3670
http://www.ncbi.nlm.nih.gov/pubmed/23907239


ORIGINAL RESEARCH
PEDIATRICS

GABA and Glutamate in Children with Primary Complex Motor
Stereotypies: An 1H-MRS Study at 7T

X A.D. Harris, X H.S. Singer, X A. Horska, X T. Kline, X M. Ryan, X R.A.E. Edden, and X E.M. Mahone

ABSTRACT

BACKGROUND AND PURPOSE: Complex motor stereotypies are rhythmic, repetitive, fixed, purposeful but purposeless movements
that stop with distraction. They can occur in otherwise normal healthy children (primary stereotypies) as well in those with autism
spectrum disorders (secondary stereotypies). The underlying neurobiologic basis for these movements is unknown but is thought to
involve cortical-striatal-thalamo-cortical pathways. To further clarify potential neurochemical alterations, gamma-aminobutyric
acid (GABA), glutamate, glutamine, N-acetylaspartate, and choline levels were measured in 4 frontostriatal regions by using 1H MRS
at 7T.

MATERIALS AND METHODS: A total of 18 children with primary complex motor stereotypies and 24 typically developing controls,
ages 5–10 years, completed MR spectroscopy at 7T. Single voxel STEAM acquisitions from the anterior cingulate cortex, premotor
cortex, dorsolateral prefrontal cortex, and striatum were obtained, and metabolites were quantified with respect to Cr by using
LCModel.

RESULTS: The 7T scan was well tolerated by all the participants. Compared with the controls, children with complex motor stereotypies
had lower levels of GABA in the anterior cingulate cortex (GABA/Cr, P � .049; GABA/Glu, P � .051) and striatum (GABA/Cr, P � .028;
GABA/Glu, P � .0037) but not the dorsolateral prefrontal cortex or the premotor cortex. Glutamate, glutamine, NAA, and Cho levels did
not differ between groups in any of the aforementioned regions. Within the complex motor stereotypies group, reduced GABA to Cr in
the anterior cingulate cortex was significantly associated with greater severity of motor stereotypies (r � �0.59, P � .021).

CONCLUSIONS: These results indicate possible GABAergic dysfunction within corticostriatal pathways in children with primary complex
motor stereotypies.

ABBREVIATIONS: ACC � anterior cingulate cortex; CMS � complex motor stereotypies; DLPFC � dorsolateral prefrontal cortex; GABA � gamma-aminobutyric
acid; Gln � glutamine; Glu � glutamate; PMC � premotor cortex

MR spectroscopy allows for the noninvasive assessment of

tissue metabolite content. It recently became possible to

perform such measurements at ultra-high field (7T), with the

benefits of increased SNR and improved separation of metabolite

signals.1-3 In particular, the overlapping signals of glutamate

(Glu), the primary excitatory neurotransmitter, and glutamine

(Gln), its metabolic precursor, can be differentiated and quanti-

fied at 7T. Gamma-aminobutyric acid (GABA), the primary in-

hibitory neurotransmitter, can also be resolved and quantified at

7T. To date, no previous studies applied ultra-high-field measure-

ments in young pediatric populations (�10 years of age).

Complex motor stereotypies (CMS) are rhythmic, repetitive,

fixed (in fashion, form, amplitude, and location) movements that

appear purposeful but are purposeless (ie, serve no obvious adap-

tive function or purpose) and stop with sensory stimulation or
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distraction.4 Motor stereotypies are defined clinically and are dif-

ferentiated from tics by their patterned, coordinated, repetitive,

rhythmic, and nonreflexive features, and developmental time

course.5 Episodes (eg, bilateral flapping and/or waving arm or

hand movements, rotating the hands, and fluttering fingers in

front of the face) last for periods of seconds to minutes, occur in

clusters, and are associated with periods of excitement, engross-

ment, fatigue, boredom, and stress. Often occurring many times

per day, these movements can adversely impact social, academic,

and cognitive function.6

Although previously thought to only be associated with intel-

lectual disability, sensory deprivation, or autism spectrum disor-

ders, CMS are now recognized to occur as a “primary” form in as

many as 3%– 4% of otherwise typically developing children.7 Pri-

mary CMS typically appear before the age of 3 years, have a

persistent course, and respond poorly to pharmacologic interven-

tion.8,9 Stereotypies are not better described as tics or compul-

sions, though some degree of overlap and co-occurrence with

other disorders that affect frontostriatal brain systems (attention

deficit/hyperactivity disorder, obsessive compulsory disorder, tic

disorders, developmental coordination disorder) is common.10

Young children who present with CMS are at particular risk for

social, cognitive, and academic difficulties. Earlier identification

and a better understanding of the neurobiologic markers of CMS

can potentially minimize the harmful impact of the disorder and

lead to more targeted behavioral and pharmacologic treatments.

The underlying pathophysiologic mechanism of stereotypies

has not been fully established; hypotheses range from psycholog-

ical concerns to neurobiologic abnormalities.5,9,11 The absence of

premotor movement–related cortical potentials in children with

primary CMS during these stereotypic movements indicates that

motor stereotypies are initiated by different neural mechanisms

than voluntary, purposeful movements.12 Current research indi-

cates that stereotypies, similar to many other movement disor-

ders, likely involve cortico-striatal-thalamo-cortical circuits and

their interconnecting brain regions. Distinct cortical-striatal

pathways that support goal-directed (ventromedial prefrontal to

caudate) and habitual (premotor to putamen) behaviors have

been identified13 and the limbic circuit (anterior cingulate cortex

[ACC] to ventral striatum) is also involved in motor control13

through its contributions to the anticipation of tasks, emotional,

motivational, reward, attention, vigor, autonomic information,

and impulse control.14 In primary CMS, preliminary volumet-

ric imaging results indicate a decreased volume of the puta-

men-caudate,15 and recent findings from a deer mouse model

of CMS demonstrate a loss of striatal volume with a particular

reduction in GABAergic medium spiny neurons (H.S.S., oral

communication, January 22, 2015).

Several neurotransmitters, including dopamine, Glu, GABA,

serotonin, norepinephrine, acetylcholine, and opioids, have im-

portant roles in cortico-striatal-thalamo-cortical pathways. To

date, there has been limited in vivo investigation into the link

between specific neurotransmitter anomalies and motor symp-

toms in CMS. 1H-MRS provides an opportunity to measure the

major excitatory (Glu) and inhibitory (GABA) neurotransmitters

involved in cortico-striatal-thalamo-cortical circuits in vivo. Glu

and Gln are not as well resolved at 3T (and lower field strengths)

as at 7T and, therefore, are often reported as Glx. This may be

problematic because both of these amino acids can influence neu-

ronal functions and there are pathologic processes in which one

amino acid can increase and the other decrease.16 At higher field

strengths (ie, 7T), Glu and Gln can more easily and reliably be

differentiated.1,2 Previous research on habitual behaviors has pri-

marily hypothesized altered dopaminergic neurotransmission,

and animal models have been developed to mimic this change.17

Involvement of the glutamatergic system has been indicated

based, in part, on the interaction between dopaminergic and glu-

tamatergic activity in the corticostriatal system.13 In Tourette syn-

drome, another childhood movement disorder with intermittent

paroxysmal motor activity, animal models and human studies

have indicated a role for GABA.18-20

Potential glutamatergic and GABAergic dysfunction in the

goal-directed, habitual, and limbic pathways (Fig 1) were the fo-

cus of the present study. Specifically, we hypothesized that GABA

and Glu levels in these pathways would be altered in primary CMS

compared with healthy controls, with the greatest dysfunction

observed in regions that support habitual circuitry (premotor-

striatal). Examination of Gln, NAA, and Cho was also completed

to provide a contrast for examination of GABA and Glu.

MATERIALS AND METHODS
Participants
This study was approved by the institutional review board of the

Johns Hopkins Medical Institutions. Parents or legal guardians of

all the participants provided informed, written consent, and all

the participants provided assent before the study. Eighteen chil-

dren diagnosed with nonautistic, primary CMS, age range 5–10

years, were recruited through the Pediatric Movement Disorders

Clinic, Johns Hopkins Hospital; whereas 24 typically developing

children were recruited through community advertisements to

act as control participants. A pediatric neurologist (H.S.S.) made

the diagnosis of CMS, with specific confirmation that movements

were not better characterized as tics. Clinical characteristics used

to distinguish motor stereotypies from chronic motor tics include

the following: earlier age of onset, rhythmic movements of the

upper extremities, a constant and fixed pattern of movements, a

FIG 1. Illustration of the motor pathways and the neurotransmitter
connections investigated in the current study. DLPFC, PMC, and ACC
provide glutamatergic inputs to the striatum and outputs from the
striatum to the globus pallidus and substantia nigra are GABAergic.
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continuous and prolonged duration, the absence of a premoni-

tory urge, stereotypy exacerbation when engrossed in an activity,

and suppression by distraction (ie, calling one’s name).13

Exclusion criteria included current Full Scale IQ � 80, previ-

ous diagnoses of intellectual disability or autism spectrum disor-

ders, and medication use in the past 3 months. In addition, all the

participants in the CMS group were screened for autism spectrum

disorders and excluded if they had a score of �13 when using the

Autism Spectrum Screening Questionnaire.21 Severity of stereo-

typy symptoms was rated by parents at the time of scanning by

using the Stereotypy Severity Scale.22 The Stereotypy Severity

Scale is a 5-item caregiver questionnaire in which the parent rates

the child’s motor stereotypies with regard to the motor severity by

rating the number, frequency, intensity, and interference of ste-

reotypies (maximum, 18 points), and the global impairment

(maximum, 50 points) during the past few days. Stereotypy Se-

verity Scale motor and total stereotypy scores were used for brain-

behavior analyses.

MR Imaging and MR Spectroscopy Acquisition
All the children had a mock scan training session to improve

comfort, decrease anxiety, and train them to lie still. No sedation

was used. Structural MRI and MRS were performed by using a 7T

scanner (Achieva; Philips Healthcare, Best, the Netherlands)

equipped with a quadrature transmit head coil and 32-channel

receive coil array (Nova Medical, Wilmington, Massachusetts). A

high-quality T1-weighted MPRAGE structural brain image (TE/

TR � 2.1/4.8 milliseconds; resolution, 0.6 � 0.6 � 0.6 mm3; total

scan time, 6 minutes and 32 seconds) was acquired for planning of

the MRS voxel locations and subsequent gray matter segmenta-

tion by using SPM (FIL Methods Group, UCL, London UK;

http://www.fil.ion.ucl.ac.uk/spm/).23 Spectra were acquired from

4 voxels: ACC, dorsolateral prefrontal cortex (DLPFC), premotor

cortex (PMC), and striatum. The STEAM sequence was used for

signal localization with the following parameters: TE, mixing

time, TR � 14 milliseconds, 26 milliseconds, 3000 milliseconds,

respectively, 96 averages, and VAPOR (variable power and opti-

mized relaxation delays) water suppression. Voxel placement was

performed by using a documented procedure and images for ref-

erence. The approximately 8-mL ACC voxel was placed in the left

hemisphere on the ACC aligned tangential to the corpus callosum

in the sagittal plane, with the posterior edge centered to the genu.

This region of the ACC was selected to interrogate the premotor-

striatal circuitry. The approximately 8-mL PMC voxel was placed

on the left side, with the posterior face aligned to the precentral

sulcus, and the inferior face above the level of the corpus callo-

sum. The approximately 8-mL DLPFC voxel was placed on the

left side, anterior to the premotor voxel, angulated so as to max-

imize GM content while avoiding the skull. The approximately

8-mL striatum voxel was placed on the left side, aligned in the

sagittal plane with the principal axis of the striatum.

Postacquisition Image Analysis
LCModel (http://www.lcmodel.com/)24 was used to quantify

both GABA and Glu by using an in-house basis set that includes a

macromolecular basis spectrum. GABA, Glu, Gln, NAA, and Cho

were measured as a ratio to Cr within each voxel. GABA/Glu was

also calculated to investigate inhibitory-excitatory balance.

Statistical Analysis
Age, socioeconomic status, handedness, and sex balance between

the groups were compared by using ANOVAs for continuous

variables and �2 analyses for categoric variables. Distributions for

metabolite ratios were examined for normality by using the Kol-

mogorov-Smirnov test, and those that showed significant skew

were transformed by using square-root transformation (indicated

in the text with superscript t).

To examine global metabolite differences between the groups,

all voxel locations were pooled and a linear mixed-effects model

with the Fisher least significant difference as a post hoc test was

used to examine differences in regional metabolite concentrations

in CMS compared with controls, controlling for age, sex, and GM

fraction within the voxel. This test examines differences in metab-

olite levels across all brain regions and benefits from an increase in

power when examining the fixed effects factors (age and sex).

Subsequently, to address the primary aim of the study, regional

differences in metabolites were tested by using a second set of

linear mixed-effects models for each voxel (ACC, DLPFC, PMC,

and striatum). These models were derived and tested indepen-

dently; however, regional measurements within a single partici-

pant are not independent. Within each region, measurements

from different individuals are assumed to be independent. As

such, no corrections for multiple comparisons were performed.

The association between symptom severity (Stereotypy Severity

Scale motor and total scores) and metabolite levels was examined

by using Pearson correlations or partial correlations as applicable

(controlling for GM fraction).

RESULTS
Demographics
Eighteen participants with CMS were recruited. One participant

in the CMS group had comorbid diagnosis of separation anxiety

disorder. The mean Autism Spectrum Screening Questionnaire

score across subjects with CMS was 6.6 � 4.3, with an inner quar-

tile range of 3–9.75, well below the threshold for a diagnosis of

comorbid autism spectrum disorder. There were no significant

differences between CMS and control groups in age (F[1,40] �

3.19, P � .082), socioeconomic status (F[1,40] � 0.379, P � .542),

or handedness (�2 � 0.062, P � .094, n � 42); however, there was

a significant difference between groups in sex distribution (�2 �

7.41, P � .011, n � 42). Most of the individuals in the CMS group

(14/18) and the control group (22/24) were right-handed, with no

significant differences between groups in proportion of right- ver-

sus left-handers (�2 � 1.62, P � .375, n � 42). For mixed-effects

analyses that examined metabolite differences between groups,

age, sex, and GM fraction were used as covariates in the model.

MR Spectroscopy Acquisition
The MR imaging and/or MR spectroscopy protocol of 45– 60

minutes of duration was well tolerated in both controls and chil-

dren with CMS. Nevertheless, all 4 MR spectroscopy voxels were

not acquired in all the children due to movement or child fatigue,

which resulted in some missing data. Two children (both con-
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trols) completed a second scanning session to acquire the remain-

ing voxels. Table 1 summarizes the subject demographics for each

voxel.

Spectra
Example spectra from a participant with CMS are shown in Fig 2.

Across regions, the distributions for GABA/Cr, Glu/Cr, Gln/Cr,

NAA/Cr, and Cho/Cr were significantly skewed (Kolmogorov-

Smirnov test, P � .05 for each) and were thus transformed by

using square-root transformation for subsequent analysis. The

Kolmogorov-Smirnov tests confirmed the GABA/Glu data to be

normally distributed. Due to the challenges of segmenting 7T pe-

diatric images, GM fractions were available for the following

number of participants (for the controls: ACC, 21/24; DLPFC,

17/20; PMC, 17/19; striatum, 13/16; and for the CMS group: ACC,

16/16; DLPFC, 13/13; PMC, 12/13; and striatum, 18/18). To fa-

cilitate linear mixed-effects analyses, missing data for each voxel

were imputed by using the mean GM fraction for the respective

voxels.

To test for global group differences in metabolites (ie, across

the whole brain, when controlling for age, sex, and GM fraction),

data were pooled across all regions and did not differ between

groups for GABA/Crt (P � .119), Glu/Crt (P � .432), Gln/Crt

(P � .697), NAA/Crt (P � .144), or Cho/Crt (P � .841). Con-

versely, the overall group difference for GABA/Glu approached

significance (P � .052). Although age and sex were not associated

with any of these metabolite ratios across all voxels or within any

individual voxel, they, nevertheless, were retained in the model.

Across the whole brain, the GM fraction was associated signifi-

cantly with Glu/Crt and NAA/Crt (both P � .001), and GABA/Glu

(P � .021), and was retained as a covariate for these models as

well.

Data were subsequently analyzed in the individual voxels, con-

trolling for age, sex, and GM fraction. Mean metabolite ratios

within each voxel are presented in Table 2. There were no signif-

icant group differences in metabolite levels in any of the 4 voxels

for Glu/Crt, Gln/Crt, NAA/Crt, or Cho/Crt. For GABA/Crt, there

were significant metabolite reductions among the CMS group

within the ACC (F[1,35] � 4.163, P � .049, �p
2 � 0.106) and

striatum (F[1,30] � 5.44, P � .027, �p
2 � 0.154) but not within

DLPFC (F[1,26] � 0.526, P � .475, �p
2 � 0.020) or PMC (F[1,27]

� 2.156, P � .121, �p
2 � 0.087). A similar pattern was seen for

GABA/Glu, which showed reductions among the patients with

CMS in ACC (F[1,35] � 4.07, P � .051, �p
2 � 0.104) and stria-

tum (F[1,30] � 4.74, P � .037, �p
2 � 0.137), but not DLPFC

(F[1,26] � 0.01, P � .958, �p
2 � 0.001) or PMC (F[1,27] � 1.48,

P � .234, �p
2 � 0.052).

The association between GABA ratios (GABA/Crt, GABA/

Glu) and stereotypy severity (Stereotypy Severity Scale) were ex-

amined in the CMS group within the voxels, showing group dif-

ferences (ACC, striatum). Within the ACC, the GABA/Crt ratio

was significantly negatively associated

with the total motor Stereotypy Severity

Scale (r � �0.59, P � .021, n � 15) (Fig

3). Within the striatum, both GABA/Crt

(r � 0.50, P � .039, n � 17) and GABA/

Glu (r � 0.58, P � .019, n � 15) showed

significant positive associations with the

total Stereotypy Severity Scale score.

DISCUSSION
To our knowledge, this is the first
1H-MRS study performed at 7T in a

young pediatric clinical population. Al-

though the 7T MR system is classified as

an investigational device, it is a nonsig-

nificant-risk device per the FDA. Strict

guidelines guard against excessive power

deposition, which was continuously

monitored, and the acquisitions used

here stayed well within these limits. The

combined experience at multiple insti-

tutions over the past 10 years in adults

has not revealed any significant risks of

7T imaging. Some participants had ex-

perienced dizziness, and, for this reason,

we do not recruit participants with a his-

tory of vertigo, seizure disorder, middle

ear disorder, and double vision. SinceFIG 2. Example spectra and LCModel fit from each voxel.

Table 1: Summary demographics for each voxel dataset
CMS Controls

n
No.

Boys
Age, y

(mean � SD) n
No.

Boys
Age, y

(mean � SD)
ACC 16 14 6.7 � 1.4 24 9 7.5 � 1.5
PMC 13 10 6.4 � 1.5 18 9 7.4 � 1.4
Striatum 18 15 6.7 � 1.5 17 9 7.1 � 1.2
DLPFC 13 11 6.7 � 1.5 20 9 7.4 � 1.5
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2009, our research team has scanned �100 children at 7T with no

adverse effects. The MR spectroscopy protocol here was well tol-

erated in all 42 participants, with no report of dizziness, nausea, or

other discomfort. The objective was to investigate GABA and Glu

in the corticostriatal networks thought to be involved in the neu-

robiology of CMS.13,25 The use of an ultra-high field affords in-

creased SNR and spectra resolution, and enables the quantifica-

tion of Glu rather than the mixed index of Glx.1-3

Although there is limited literature for comparison, the levels

of GABA and Glu are consistent with a previous 7T study with a

voxel in the ACC.3 For this study, Cr was used as the reference

signal. The implicit assumption that Cr does not change across the

brain or with development is supported by finding only GABA

and GABA/Glu differences in 2 voxels and no changes in other

metabolites. Although water-signal referencing is becoming the

standard in MR spectroscopy, it was not possible in the current

study, and it is not clear how water-referenced metabolite quan-

tification would be impacted by changes in water relaxation dur-

ing childhood.26,27 The primary findings were decreased GABA

levels in CMS in the striatum and ACC but not in the PMC or

DLPFC, and associations between ACC and striatal GABA and

stereotypy severity. Similarly, decreases of GABA/Glu were de-

tected in the ACC and striatum. These findings are likely driven by

the decrease in GABA in these regions. No group differences in

Glu, Gln, NAA, or Cho were detected. NAA and Cho analysis were

included for completeness, not to investigate a specific hypothesis

for these metabolites. This pattern of results indicates that inhib-

itory dysfunction in the ACC and striatum are associated with

primary CMS. Of note, these measurements were obtained at

rest, without accounting for the time from the last stereotypic

behavior. Whether there are additional differences that present

during a stereotypy episode cannot be quantified by using this

methodology.

Reduced striatal GABA in young children with CMS was iden-

tified in this study. Unfortunately, the limited spatial resolution of

MR spectroscopy does not allow differentiation among putamen

(habitual pathway), caudate (goal-directed pathway), and ventral

(limbic pathway) striatum (Fig 1). The habitual motor network,

composed of the PMC and putamen,13 is involved in the devel-

opment, learning, and control of habitual motor actions.28 Func-

tional connectivity analysis implicated the habitual circuit in slips

of action (ie, extraneous behavior directed at no longer rewarding

outcomes),29 and a morphologic study detected reduced puta-

men volume in older children with CMS.10 Hence, the current

data could support a central role for the habitual pathway in

CMS4,11,13 based, in part, on decreased GABAergic inhibition ei-

ther within or involving output from the putamen. Another small

volumetric study in CMS identified a decrease in size and/or GM

attenuation of the caudate,15 which raises the possibility of a dys-

function in the goal-directed pathway. Regardless of whether the

goal-directed or habitual pathway is involved, decreased levels of

GABA in the striatum indicate that inhibitory output from the

striatum is altered in childhood CMS.

The observation of decreased GABA and its association with

stereotypy severity in the ACC raises the possibility that a dysfunc-

tion in CMS could be within the emotional-limbic circuit. The

emotional-limbic circuit includes the ACC projections to the ol-

factory tubercle and nucleus accumbens (ventral striatum), as

shown in Fig 1. Whether the behavioral alteration is related di-

rectly to the ACC involvement in conflict monitoring and re-

sponse30 or is secondary to increased, but undetected, glutama-

tergic activity from the ACC to the ventral striatum is unknown.

The combined results of this study indicate that CMS is not

associated with direct alterations in Glu levels in children. Never-

theless, decreased GABA levels could result in poor GABAergic

modulation and tuning of glutamatergic synapses rather than

simply impairing GABAergic network components. Although 7T

MR spectroscopy provides the ability to more easily and reliably

differentiate Glu from its precursor Gln, it does not provide the

ability to differentiate the metabolic and synaptic pools of Glu or

GABA.31 It, therefore, is possible that an imbalance between the

metabolic and neurotransmitter Glu pools is present, which im-

pacts glutamatergic function, but is not detected by MR spectros-

copy. It is important to note that all statistical models were de-

vised and tested independently. Measurements from different

individuals are assumed to be independent; however, measure-

ments from different regions within an individual are not inde-

pendent. Thus, in this study, no corrections for multiple compar-

isons were applied, but significant results would not have survived

a Bonferroni correction for multiple comparisons.

FIG 3. Association between GABA/Cr (after square-root transforma-
tion) in the ACC and severity of motor stereotypy.

Table 2: GABA and Glu levels across all voxels in the CMS and control groups
GABA/Cr Glu/Cr GABA/Glu

CMS Controls CMS Controls CMS Controls
ACC 0.21 � 0.052a 0.28 � 0.11a 1.65 � 0.10 1.64 � 0.10 0.13 � 0.029a 0.17 � 0.059a

DLPFC 0.23 � 0.10 0.22 � 0.20 1.66 � 0.10 1.60 � 0.16 0.13 � 0.066 0.13 � 0.10
PMC 0.23 � 0.13 0.26 � 0.12 1.60 � 0.13 1.67 � 0.16 0.14 � 0.077 0.15 � 0.061
Striatum 0.24 � 0.055a 0.28 � 0.049a 1.29 � 0.12 1.28 � 0.15 0.18 � 0.038a 0.22 � 0.048a

a Significant differences between CMS and control groups are indicated (P � .05).
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CONCLUSIONS
To investigate the neurobiology of CMS, we successfully per-

formed an MR spectroscopy study of children at 7T to examine

GABA and Glu in multiple brain regions. We showed significantly

lower GABA in the ACC and striatum in patients with CMS com-

pared with healthy controls. These findings were consistent with

abnormal function of corticostriatal networks in children with

primary CMS.
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Postoperative MR Imaging of Spontaneous Transdural Spinal
Cord Herniation: Expected Findings and Complications

X S. Gaudino, X R. Colantonio, X C. Schiarelli, X M. Martucci, X R. Calandrelli, X A. Botto, X M. Pileggi,
X E. Gangemi, X G. Maira, and X C. Colosimo

ABSTRACT

BACKGROUND AND PURPOSE: Spontaneous transdural spinal cord herniation is no longer a rare cause of myelopathy. The high fre-
quency of diagnoses has led to an increase in the number of surgical procedures. The purpose of this study was to describe the spectrum
of postoperative MR imaging findings concerning spontaneous transdural spinal cord herniation and to provide a practical imaging
approach for differentiating expected changes and complications after an operation.

MATERIALS AND METHODS: We retrospectively reviewed MR images from 12 patients surgically treated for spontaneous transdural
spinal cord herniation. Surgery comprised either dural defect enlargement or duraplasty procedures. Postoperative follow-ups included at
least 3 (early, intermediate, late) MR imaging studies. MR images were analyzed with respect to 3 spinal compartments: intradural intramed-
ullary, intradural extramedullary, and extradural. The meaning and reliability of changes detected on MR images were related to their
radiologic and clinical evolution with time.

RESULTS: Spinal cord realignment has been stable since the early study, whereas spinal cord signal and thickness evolved during the
following scans. Most extramedullary and extradural changes gradually reduced in later MR images. Three patients treated with dural
defect enlargements experienced the onset of new neurologic symptoms. In those patients, late MR images showed extradural fluid
collection and the development of pial siderosis.

CONCLUSIONS: Our findings demonstrate the spectrum of postoperative imaging findings in spontaneous transdural spinal cord herni-
ation. Spinal cord thickness and signal intensity continued to evolve with time; most extramedullary postsurgical changes became stable.
Changes observed in later images may be suggestive of complications.

ABBREVIATIONS: DDE � dural defect enlargement; E-MRI � early MR imaging; I-MRI � intermediate MR imaging; JOA � Japanese Orthopedic Association;
L-MRI � late MR imaging; STSCH � spontaneous transdural spinal cord herniation

Spontaneous transdural spinal cord herniation (STSCH) is a

rare, but potentially treatable cause of thoracic myelopathy

that occurs in middle-aged adults, with a female preponderance.1

It is defined as the herniation or prolapse of the spinal cord

through an anterior or anterolateral dural defect. Clinical findings

are nonspecific, and patients are typically affected by a slowly

progressive, Brown-Séquard syndrome or paraparesis.2 A variety

of theories have been postulated to explain the pathogenesis of

this entity, but the exact cause of dural defects remains unclear.1

Surgical treatment to restore a herniated cord to its normal intra-

dural position is mandatory for maximum reversal of neurologic

deficits.1 The primary techniques for treating STSCH are dural

defect enlargement (DDE) and duraplasty. In recent years, the

increased frequency of STSCH has led to more surgical treat-

ments. These increases may be due to a growing awareness among

clinicians and radiologists and to improvements in MR imaging

quality.2-4

A well-defined set of MR imaging diagnostic criteria has

been established for STSCH2,4-6; however, little has been said

about postoperative MR imaging of changes in the spinal cord

and adjacent structures. Less than half of the cases reported in

the literature have described postoperative MR imaging fea-

tures after reduction of spinal cord herniation1,4,7-10; none

provided descriptions of a rational analysis; and in cases of

complications, few have performed time-related assessments
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of the findings. The lack of a thorough knowledge of postop-

erative MR imaging findings and their evolution with time can

lead to misinterpretations of normal postoperative changes

and oversight of complications.

This study aimed to review the spectrum of postoperative MR

imaging findings and provide a practical imaging approach for

correctly differentiating normal postoperative findings and com-

plications. This approach was based on our analysis of a case series

of 12 patients who underwent surgery for STSCH and long-term

follow-up with MR imaging and clinical assessment.

MATERIALS AND METHODS
Subjects
We analyzed 17 consecutive patients who underwent surgery for

STSCH by the same surgeon between 1985 and 2012. Inclusion

criteria were radiologic diagnosis of STSCH surgically demon-

strated and the availability of both preoperative and at least 3

postoperative MR imaging studies, with the last study conducted

at least 1 year after the operation. Of the 17 patients considered, 12

(4 men and 8 women) were included in this analysis. Eleven pa-

tients were treated at our institution, and 5 of them have been

previously reported in the literature.1 Clinical history, surgical

outcomes, and radiographic findings were obtained for all pa-

tients. Medical records and MR imaging studies of the single pa-

tient not treated at our institution were collected by the surgeon

during clinical follow-up. The mean age was 46 years (range,

29 – 61 years).

We have used 2 different surgical techniques: DDE for the

first 3 patients and duraplasty for the other 9 patients. This

difference is because after an initial experience with DDE, our

surgeon preferred to repair the dural hole by using a dural

patch, to reduce the risk of extradural fluid collection observed

in patients whose dural defect was not repaired.1 All patients

underwent pre- and postoperative spine MR imaging, and 3

patients also underwent brain MR imaging in late follow-up,

due to neurologic deterioration. The median follow-up period

was 7.8 years (range, 2–23 years). Due to the lack of a pre-

defined MR imaging protocol for follow-up and in light of the

retrospective nature of the study, the number and timing of

postoperative MR imaging studies varied for each patient. In

addition, the change of the clinical picture, with the onset of

new neurologic symptoms many years after surgery, led to a

very late imaging follow-up in 3 patients (from 9 to 17 years

after the operation). However, in all cases, these studies con-

sisted of at least 3 serial examinations of the spine conducted as

follows: early MR imaging (E-MRI), conducted 7–10 days after

the operation; intermediate MR imaging (I-MRI), conducted

90 –120 days after the operation; and late MR imaging (L-

MRI), conducted �12 months after the operation. Postsurgi-

cal outcome was evaluated with the modified Japanese Ortho-

pedic Association (JOA) score for thoracic myelopathy, an 11-

point scale measuring lower extremity motor function, lower

extremity and trunk function, and bladder function.11,12

Informed consent was obtained from all patients, and the local

institutional review board approved this study. All data were ano-

nymized for review and publication.

MR Imaging Protocol
All postoperative MR imaging studies were performed with a 1.5T

scanner (Signa Horizon, Signa Infinity; GE Healthcare, Milwau-

kee, Wisconsin) and a 4- or 8-channel, dedicated spine coil. The

MR imaging protocol consisted at least of the following sequenc-

es: sagittal, axial, and coronal T2WI fast spin-echo (TR, �3000

ms; TE, �80 ms; NEX, 3); and sagittal and axial T1WI fast spin-

echo (TR, �700 ms; TE, Minimum Full; NEX, 2–3) or spin-echo

before and after intravenous administration of gadolinium (0.1

mmol/kg). Most MR imaging examinations also included fat-sat-

urated T2WI and fat-saturated postcontrast T1WI; and 8 L-MRI

also included gradient-echo T2* images (TR, 500 – 600 ms; TE, 20

ms; flip angle, 20°; NEX, 3). Serial MR images were acquired at

section thicknesses of 3– 4 mm, with interimage gaps of 0.3– 0.4

mm; the matrix size varied from 384 � 256 to 448 � 320. Steady-

state free precession MR imaging sequences were obtained in the

axial plane in all studies performed in 2003 or later. In addition, 3

patients underwent brain MR imaging studies that included gra-

dient-echo T2* images.

Image Analysis
Pre- and postoperative MR images were retrospectively reviewed

by 2 neuroradiologists (S.G. and C.S., with 10 and 2 years of ex-

perience, respectively); all determinations were made by consen-

sus. For systematic image analysis, we used a compartmental ap-

proach, which followed the anatomic algorithm predicated on a

myelographic interpretation13,14; consequently, the MR imaging

findings were analyzed as follows:

1) In the intradural intramedullary compartment, we evaluated

spinal cord realignment, dural adhesion of the spinal cord,

abnormal thickness, abnormal signal intensity on the T2WI,

and abnormal contrast enhancement of the spinal cord.

2) In the intradural extramedullary compartment, we evaluated

the dural patch, the presence of siderosis on pial surfaces, in-

tradural hemorrhage, and signs of CSF flow voids.

3) In the extradural compartment, we evaluated fluid collections.

A “spinal cord realignment” was defined as the repositioning of

the spinal cord to its normal, intradural location, assessed on axial

and sagittal T2WI. “Dural adhesion” was defined as a contact

between the spinal cord and the ventral dura mater, without evi-

dence of interposed CSF, assessed on axial T2WI and, when avail-

able, on steady-state free precession images. “Abnormal spinal

cord thickness” was defined as a thinning or thickening of the

spinal cord at the level of the operation, compared with the adja-

cent normal spinal cord, visible on T2WI and on at least 2 orthog-

onal planes. An “abnormal spinal cord signal intensity” on the

T2WI was defined as a change in the spinal cord signal at the level

of the operation, visible on at least 2 orthogonal planes (the con-

spicuity of the T2WI abnormality was further classified as either

“faint” or “intense”). We also recorded abnormal spinal cord sig-

nal intensities on the T2WI that changed in longitudinal exten-

sion with time (classified as either “increased” or “decreased”).

The dural patch was evaluated in terms of both the signal intensity

on T2 and T1WI and the presence or absence of contrast enhance-

ment. Extradural fluid collections were classified as either “ante-

rior” or “posterior.” All these MR imaging findings were
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evaluated across time to assess changes in terms of appearance,

disappearance, progression, reduction, and stability.

RESULTS
Postoperative MR Imaging Findings

Intradural Intramedullary Compartment. In all patients, the E-

MRIs demonstrated that the spinal cord was realigned to the nor-

mal intradural location. No recurrence of spinal cord herniation

was observed during the MR imaging follow-up. However, de-

spite realignment, in 10 cases, a focal anterior dural adhesion was

observed on the E-MRIs, and in 8 cases, it persisted on the L-

MRIs. The E-MRIs showed abnormal spinal cord thickness in all

patients, but with different degrees of thinning at the site of sur-

gery. Compared with the E-MRI, the I-MRIs showed that the

spinal cord thickness had increased in 7 patients, remained stable

in 3 patients, and decreased in 2 patients. Compared with the

I-MRI, the L-MRIs showed that among the 7 spinal cords that had

increased in thickness, 3 remained stable and 4 decreased; among

the 3 spinal cords with a stable thickness, 1 remained stable and 2

decreased; and both spinal cords that had decreased thickness

showed further thinning. Thus, at the end of the follow-up, 8

spinal cords showed progressive thinning and 4 remained stable.

On T2WI, the E-MRI showed abnormal spinal cord signal

intensities in all patients at the level of the operation. During MR

imaging follow-up, signal intensities increased in longitudinal ex-

tension in 4 patients: Two increases were observed between the

E-MRI and I-MRI, and 2 were observed between the I-MRI and

L-MRI. On the E-MRIs, the spinal cord signal intensity on T2WI

was faint in 11 patients and intense in 1 patient; on the I-MRIs, it

was faint in 7 and intense in 5 patients; and on the L-MRIs, it was

faint in 3 and intense in 9 patients. Thus, 8 patients showed an

overall modification in signal conspicuity at the end of the MR

imaging follow-up. After administration of gadolinium, no pa-

tients showed abnormal contrast enhancement in the spinal cord.

Intradural Extramedullary Compartment. Among the 9 patients

who underwent duraplasty, a dural patch was visible in 3 patients

on E-MRIs and in 4 patients on I-MRIs and L-MRIs. The dural

patch was a linear, T2 hyperintensity lying on the anterior surface

of the dura, with variable signal intensity on T1WI (iso- to hy-

pointensity). Dural patch contrast enhancement was observed in

1 case on the I-MRI. Posterior CSF flow artifacts were observed on

the E-MRIs in 1 patient, on the I-MRIs in 8 patients, and on the

L-MRIs in 9 patients. Intradural hemorrhage was observed on the

E-MRIs in 2 patients at the level of the operation, but it completely

resolved during the MR imaging follow-up. Spinal siderosis was

observed in 1 patient on L-MRI.

Extradural Compartment. Posterior fluid collections were pres-

ent in all patients on the E-MRI. They resolved in all except 2 on

the I-MRIs, and they completely resolved in all patients on the

L-MRIs. An anterior fluid collection adjacent to the site of previ-

ous herniation was present in 6 patients on the E-MRIs. In all

cases, the anterior fluid collections were evident on preoperative

MR images, and they began to show reductions on I-MRIs. In

particular, they resolved on the I-MRIs in 3 patients and on the

L-MRIs in the other 3 patients. An anterior extradural fluid col-

lection with a cervicothoracic extension appeared on the L-MRI

in 3 patients.

Brain Findings
Three patients had neurologic deterioration during follow-up

(headache that worsened in the upright position, progressive sen-

sorineural hearing loss, new-onset back pain). These patients re-

quired a brain MR imaging study. All 3 patients showed brain

superficial siderosis.

Postoperative Clinical Outcome
The preoperative JOA score of all patients ranged from 4 to 9

(average, 6.5), whereas the postoperative JOA score at 1-year fol-

low-up ranged from 5 to 10 (average 8), with an average recovery

rate of 36%. In particular, the postoperative score increased in 9 of

12 patients who showed a progressive improvement in spinal

symptoms; in the remaining 3 patients, spinal symptoms and

therefore the JOA score remained unchanged from the preopera-

tive condition. There was no correlation between the postopera-

tive JOA score and spinal cord changes. In fact, in our population,

major spinal cord changes, in terms of cord thinning and T2WI

signal extent, were present in 2 patients with an unvarying post-

operative JOA score and in 3 patients with an increased postop-

erative JOA score. The 3 patients who had undergone DDE devel-

oped new clinical symptoms in the late clinical follow-up,

including persistent headache that worsened in an upright posi-

tion (2 cases), progressive sensorineural hearing loss (2 cases),

and new-onset back pain (1 case).

DISCUSSION
STSCH is a rare, but treatable cause of slowly progressive thoracic

myelopathy. It has been increasingly recognized and treated sur-

gically in the past few years. Although great emphasis has been

placed on the role of MR imaging in the diagnosis of STSCH,

postoperative MR imaging findings have been exhaustively de-

scribed in only a small number of reports, to our knowledge.

Furthermore, no previous study has considered the time evolu-

tion in a series of MR imaging studies or attempted to interpret

the clinical significance of postoperative changes and complica-

tions. In this study, we investigated MR images acquired after

surgical treatment of STSCH in a series of MR imaging follow-

ups. Our aim was to differentiate normal or expected postopera-

tive changes and complications on the basis of their evolution in

time and the onset of new neurologic symptoms.

The major MR imaging findings of the present study (On-line

Table) were the following: 1) Spinal cord changes, such as thick-

ness and signal intensity on T2WI, could continue to evolve until

L-MRIs; 2) most extramedullary postsurgical changes became sta-

ble after the I-MRI; and 3) changes that developed in the late

phase that were associated with new neurologic symptoms could

be considered a complication, like extradural anterior fluid col-

lections or spinal superficial siderosis. These changes indicated a

need for brain MR imaging because they could be associated with

brain superficial siderosis.

The aim of STSCH surgery is to realign the spinal cord, to

reposition it to its normal intradural location.15 This aim was

well-accomplished in all patients on the basis of the E-MRIs;
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moreover, later MRIs showed that all realignments remained sta-

ble. Thus, evaluations of realignments could be reliably based on

the early postoperative MR imaging study (Fig 1A). However,

despite correct realignments, we observed a focal contact between

the ventral dura mater and the spinal cord in 10 patients on the

E-MRIs. In our opinion, this finding might be due to the presence

of a posterior extradural fluid collection, which may have caused

a persistent, mild anterior displacement of the spinal cord toward

the ventral dura (Fig 1B, -C). Although complete resorption of

posterior extradural fluid collections occurred in all patients, du-

ral adhesions disappeared in only 2 patients on the I-MRI and in 2

other patients at the end of the MR imaging follow-up. We spec-

ulate that adhesion disappearance was probably due to a repara-

tive or reactive process.

Spinal cord changes at the site of the operation occurred in all

patients, with a remarkable variability in terms of signal intensity

on T2WI and thickness during the MR imaging follow-up. Several

authors have investigated the meaning and evolution across time

of alterations in spinal cord T2WI signal intensity after different

types of spinal surgery. Many authors have hypothesized that in-

tramedullary T2WI hyperintensities might represent a variety of

histologic changes, including edema, ischemia, demyelination,

gliosis, and microcavities.16 Yagi et al17 reported intramedullary

signal-intensity changes up to 1 year after cervical laminoplasty,

and Sarkar et al18 described the postoperative evolution of spinal

cord T2WI, which changed in signal intensity and size, even after

a long-term follow-up (mean duration, 28 months). Among our

case series, some patients underwent a very long-term follow-up.

In 2 patients, we detected T2WI signal intensity changes up to 10

years after the operation. In general, these signals tended to show

progressive increases in both longitudinal extension and conspi-

cuity; the conspicuity became intense in 9 patients at the end of

follow-up. As recently proposed by Sarkar et al,18 we assumed that

in the early postoperative phase, a faint T2WI hyperintensity was

mainly related to the presence of edema. Accordingly, a progres-

sive increase in conspicuity with time might be due to edema

regression, which might unmask myelomalacia and/or gliosis.

Therefore, in the setting of late postoperative spinal cord T2WI

changes, the interpretation of these signal-intensity abnormalities

should consider active pathogenic processes, such as alterations in

venous circulation or arterial ischemia, which might indicate pro-

gression to myelomalacia and gliosis.

On E-MRIs, all patients showed decreases in spinal cord thick-

ness at the site of the operation compared with adjacent areas of

FIG 2. Dural patch showing contrast enhancement. Sagittal T1WI af-
ter intravenous administration of gadolinium shows the dural patch as
a linear hyperintensity lying on the anterior surface of the dura
(arrows) at the level of the operation (D4 –D5 vertebral bodies).

FIG 1. MR imaging findings after surgical treatment for STSCH. A, This drawing summarizes the expected MR imaging findings in early and
intermediate MR imaging studies, including spinal cord realignment, reduced cord thickness at the site of herniation (black arrowheads),
and anterior and posterior extradural fluid collections (white arrows). The thick dotted line along the anterior dura indicates the dural patch. B
and C, Early postoperative findings. B, Sagittal T2WI demonstrates intradural realignment, reduced thickness, and signal hyperintensity of the
spinal cord (arrows) at the T6 –T7 level (site of herniation) and a posterior fluid collection along the laminectomy (arrowheads). C, Axial T2WI
shows the position of the spinal cord in the intradural location, an anterior adhesion between the cord and the dura (arrowhead), a thin anterior
fluid collection (straight arrow), and a thick posterior fluid collection (curved arrows) with consequent total effacement of the posterior
subarachnoid space.
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cord that appeared normal. On I-MRIs, 7 patients showed vari-

able changes (increases or decreases in thickness), and on L-MRIs,

8 patients showed decreases in thickness. We speculated that these

phenomena might be correlated with the processes that gave rise

to the spinal cord signal-intensity abnormalities. We also hypoth-

esized that increased cord thickness on I-MRIs might, in part, be

related to the resorption of posterior extradural fluid collections

and the consequent resolution of compression on the dural sac

and spinal cord.

One final reflection on changes in spinal cord thickness after sur-

gery merits our attention. On E-MRIs, spinal cord thickness at the

level of the herniation always seemed increased (re-expanded) com-

pared with preoperative images. This finding seemed to be related to

evidence of immediate clinical benefit after the operation. However,

it was not possible to assess this finding accurately because when the

spinal cord was herniated through the dura mater, its deformation

made it difficult to measure cord thickness correctly.

Spinal cord contrast enhancement was not detected in our

population. This was an expected result because it rarely occurs

during follow-up in patients with chronic degenerative processes

of the spinal cord.19 However, in our population, the administra-

tion of gadolinium showed dural patch contrast enhancement in

1 patient on the I-MRI (Fig 2). This finding may have indicated

granulation tissue surrounding the patch, similar to scar tissue,

which typically enhances in patients who have undergone prior a

disc operation.20

Nine patients underwent duraplasty; among these, we de-

tected the dural patch on the E-MRIs in 3 cases, and on I-MRIs

and L-MRIs, in 4 cases. The dural patch appeared as a linear dural

hyperintensity on T2WI and as a variable linear iso- to hypoin-

tensity on T1WI. This variability in signal intensity may depend

on the use of different grafting materials and on the size of the

patch.

Posterior extradural fluid collections and intradural hemor-

rhage might be expected postoperatively. In fact, in all cases, these

findings rapidly decreased or disappeared in the early postopera-

tive phase. All posterior extradural fluid collections were located

at the site of posterior laminectomy. On E-MRIs, all posterior

collections displaced the dura anteriorly, resulting in a shrinking

or total effacement of the normal amplitude of the subarachnoid

space. This finding strictly correlated with the absence of CSF flow

voids in 11 patients on E-MRIs and with the re-appearance of CSF

flow voids in 8 patients on I-MRIs. In 1 patient, CSF flow voids

reappeared on the L-MRI simultaneously with the resorption of a

posterior extradural fluid collection.

Anterior extradural fluid collections have also been reported

in patients with STSCH. These collections were considered a con-

sequence of CSF leakage secondary to the dural defect.1,21 Among

our population, 6 patients showed anterior extradural fluid col-

lections in the preoperative MR imaging study, with variable lon-

gitudinal extensions. Of these, 3 anterior collections had com-

pletely resolved on I-MRIs and the other 3 had resolved on

L-MRIs. However, 3 patients treated with DDE showed no evi-

dence of anterior fluid collection on preoperative MR imaging but

had new neurologic symptoms at late clinic follow-up (Table) and

showed evidence on L-MRIs of developing anterior extradural

collections with a cervicothoracic exten-

sion (Fig 3A, -B). In 1 case, these find-

ings were associated with spinal cord

siderosis, and in all cases, they were as-

sociated with brain siderosis, most ex-

tensively at the cerebellum surface and

brain stem (Fig 3C).

Postoperative anterior extradural

collection development was reported

previously by Nakamura et al9 in 16 pa-

FIG 3. Anterior fluid collection and spinal and brain siderosis that developed 10 years after the operation for STSCH. A, Sagittal T2*WI
demonstrates hemosiderin deposition along the spinal cord (arrowheads) and a cervicothoracic, anterior extradural fluid collection (arrows). B,
Axial T2WI confirms the anterior fluid collection (arrows) and shows an intramedullary hyperintensity (arrowhead) and reduced spinal cord
thickness at the level of the operation (D3–D4 vertebral bodies). C, Axial T2* of the brain demonstrates superficial siderosis (arrows).

Postoperative L-MRI findings in patients with new onset of neurologic symptoms

Patient
No.

Anterior
Fluid

Collection

Spinal
Superficial
Siderosis

Brain
Superficial
Siderosis Neurologic Symptoms

2 Yes No Yes Persistent headache (worse in an upright
position), progressive SNHL

5 Yes Yes Yes Persistent headache (worse in an upright
position), progressive SNHL

10 Yes No Yes Low back pain

Note:—SNHL indicates sensorineural hearing loss.
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tients with STSCH treated with DDE; however, those patients

lacked symptomatology related to a persistent CSF leak. Superfi-

cial siderosis is thought to result from recurrent subarachnoid

bleeds, though the source of bleeding is not typically identified

with imaging.22 The precise mechanism of bleeding in our cases

remained unknown, but dural defects that were not repaired with

duraplasty were probably the source of chronic or recurrent mi-

crohemorrhages. In fact, in a few reports of superficial siderosis,

when a dural defect was detected, surgical repair of the dural tear

with duraplasty stopped the bleeding.23 Moreover, a recent study

described “duropathies” as conditions, like craniospinal hypovo-

lemia, multisegmental amyotrophy, and STSCH, in which the

common denominator was the presence of a dural defect with an

intraspinal fluid collection, accompanied by superficial sidero-

sis.24 To our knowledge, our 3 cases represent the first descrip-

tions of superficial siderosis, which might indicate a long-stand-

ing complication of STSCH surgery.

The possible correlation between the duration of follow-up

and the late MR imaging findings of fluid collection and siderosis

deserves some consideration. L-MRI showed anterior fluid collec-

tion and siderosis from 2 to 10 years and between 8 and 17 years

after surgery, respectively. These findings were observed in pa-

tients who had undergone DDE before the surgical technique was

replaced by duraplasty. Due to the small sample of patients, we

cannot conclude whether these MR imaging findings are related

to the longer duration of follow-up and/or to the type of opera-

tion because in our population, the 2 factors coincided. Further

studies with larger populations are needed to evaluate the possi-

bility that these findings may actually correlate with longer fol-

low-up duration, the type of operation, or both. Regarding spinal

and/or intracranial pial siderosis, gradient-echo T2*, which rep-

resents the optimal sequence to detect spinal siderosis, was per-

formed in only 8 L-MRI examinations and in no preoperative MR

imaging studies. No preoperative brain MR imaging studies were

available. Thus, the evidence of spinal siderosis was based only on

FSE T2WI for all preoperative studies and for most of the E-MRI

and I-MRI studies. However, FSE can show pial siderosis, most

likely in advanced stages, when the siderosis is extended and thick

and the paramagnetic effect is marked, as reported by Boncoraglio

et al,24 who described presurgical siderosis in a patient with spinal

cord herniation.

Our study had some limitations. First and foremost, our study

population was small, particularly when the different types of sur-

gical techniques are considered separately (duraplasty and DDE).

A separate analysis that compares postoperative MR imaging

findings and clinical outcome in patients treated with DDE or

duraplasty would have been interesting, to better understand the

nature of the relationship between pial siderosis, extradural ante-

rior fluid collection, and surgical procedures for STSCH and to

determine the most appropriate surgical technique for STSCH.

However, our small sample size precluded any meaningful statis-

tical analyses. Another limitation was that our study included pa-

tients treated at a single institution; therefore, our results might

not be generalizable to other neurosurgical units. To determine

the effectiveness of surgical interventions for STSCH, we encour-

age other groups to perform follow-up studies that include de-

tailed, comprehensive descriptions of postoperative MR imaging

findings.

CONCLUSIONS
In this study, we demonstrated that a systematic, rational analysis

of postoperative MR images acquired during the follow-up after

STSCH treatment allowed detection of a wide spectrum of MR

imaging changes that involved the spinal cord, intradural space,

dura mater, and epidural space. An understanding of these post-

operative changes and their evolution with time will provide the

radiologist with the means to recognize the normal postoperative

appearance of the spine and adjacent structures and to identify

changes that may represent early and late postoperational

complications.

Disclosures: Cesare Colosimo—UNRELATED: Consultancy: Bayer HealthCare,
Bracco Diagnostics.
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Normal Venous Phase Documented during Angiography in
Patients with Spinal Vascular Malformations: Incidence and

Clinical Implications
X D. Eckart Sorte, X M. Obrzut, X E. Wyse, and X P. Gailloud

ABSTRACT

BACKGROUND AND PURPOSE: A key angiographic sign observed in patients with spinal vascular malformations is the absence of a
normal venous phase. While this finding alone is often believed to rule out a lesion impacting the perimedullary venous drainage, the
observation of a venous phase in several patients with vascular malformations led us to reconsider the validity of that sign.

MATERIALS AND METHODS: Eighty-one patients with 6 spinal arteriovenous malformations, 16 perimedullary arteriovenous fistulas,
61 spinal epidural or dural AVFs, and 1 paravertebral AVF (2 patients had multiple lesions) were reviewed. The venous phase was
defined as normal, absent, or indeterminate. The venous phase timing was analyzed in patients with spinal dural or epidural AVFs.

RESULTS: The existence of a venous phase could not be determined for technical reasons in 23 patients. A venous phase was
documented in 25 of 58 patients (43%), including 16 of 49 vascular malformations (40.0%) with perimedullary venous drainage. Twelve
of the 30 patients (40.0%) with dural or epidural AVFs had a normal venous phase, appearing, on average, 10.1 seconds and best
visualized 15.0 seconds after opacification of the artery of Adamkiewicz.

CONCLUSIONS: A normal venous phase was observed in 43% of patients with spinal vascular malformations, and within an
acceptable delay (�18 seconds) in 40% of slow-flow AVFs. While it remains an important angiographic sign, the observation of a
normal venous phase cannot be used to exclude the presence of a vascular malformation or justify interrupting a diagnostic spinal
angiogram.

ABBREVIATIONS: SAVM � spinal AVM; SDAVF � spinal dural arteriovenous fistula; SEAVF � spinal epidural arteriovenous fistula; SpDSA � spinal digital subtraction
angiography; SVM � spinal vascular malformation

Spinal digital subtraction angiography (SpDSA) is the criterion

standard imaging technique for the evaluation of the spinal

vasculature and remains essential for the diagnosis and manage-

ment of spinal vascular malformations (SVMs).1 The practice of

SpDSA requires a sound understanding of the vascular anatomy

of the spinal cord, notably its venous system.2,3 A key angio-

graphic sign observed in patients with SVMs is the absence of a

normal venous phase, a phenomenon first reported in 2 cases of

spinal dural arteriovenous fistulas (SDAVFs).2 It was later sug-

gested that a spinal angiogram could be terminated when “a nor-

mal venous phase is visualized and the veins correspond to the

defects on the myelogram,” an approach based on the assumption

that “if the venous phase of the spinal circulation is normal, this

alone rules out DAVF [dural AVF] as the cause of the patient’s

symptoms.”4 While MR imaging has now supplanted myelogra-

phy in the work-up of spinal vascular anomalies, the notion that

the angiographic pursuit of an SVM can stop after the documen-

tation of a normal venous phase is still widely accepted, though at

times more cautiously. Some authors have, for example, sug-

gested that a normal venous phase “usually”5 or “reportedly”6

allows terminating a diagnostic angiogram or that it only makes

the “diagnosis of a fistula less likely.”7 To our knowledge, there is,

so far, only 1 reported instance of a normal venous phase associ-

ated with a vascular malformation draining into the perimedul-

lary system, but this case involved a cranial dural arteriovenous

fistula rather than an SVM.8

Several observations of a morphologically normal venous

phase associated with lesions involving the perimedullary ve-

nous system have pushed us to reconsider the validity of

this angiographic sign. The spinal venous phase was, therefore,
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evaluated in 81 patients diagnosed with an SVM in our prac-

tice during a 5-year period, with particular attention paid

to SDAVFs and spinal epidural arteriovenous fistulas

(SEAVFs).

MATERIALS AND METHODS
This study is based on 81 patients logged in an institutional

review board–approved data base between February 2010 and

February 2015, including 23 females (28%) and 58 males

(72%), with ages ranging from 19 months to 89 years (average,

49 years; median, 23 years). Only lesions with arteriovenous

shunting were considered. Seventy-nine patients had a single

lesion, while 2 patients had 2 and 3 lesions respectively, for

a total of 84 SVMs. The lesions included 39 SEAVFs, 20

SDAVFs, 1 paraspinal arteriovenous fistula, 6 spinal arterio-

venous malformations (SAVMs), and 16 perimedullary arterio-

venous fistulas. In 2 instances, a slow-flow fistula could not be

clearly classified as SEAVF or SDAVF. The multiple lesions were

all SEAVFs.

The angiographic venous phase
was evaluated after opacification of the
artery of Adamkiewicz and was classi-
fied as normal, absent, or indetermi-
nate. The venous phase timing was an-
alyzed in the subgroup of patients
with slow-flow arteriovenous fistulas
(SEAVF/SDAVF). We recorded 3 time
stamps: initial opacification of the an-
terior spinal artery (t1), initial detec-
tion of perimedullary venous struc-
tures (t2), and best delineation of the

spinal venous phase (t3). The times

at which the venous phase was first (t2 � t1) and best docu-

mented (t3 � t1) were then calculated (Fig 1).

RESULTS
The existence of a venous phase could not be determined for

technical reasons (eg, short acquisitions, motion artifacts) in

23 patients (28.4%). A venous phase was seen in 25 of the

remaining 58 patients (43%), including all 9 cases of SVM

without perimedullary venous drainage, principally consisting

of paraspinal arteriovenous fistulas or high-flow SEAVFs in

children.

Spinal Venous Phase in SVMs with Perimedullary
Venous Drainage
A normal venous phase was seen in 16 of the 49 patients

(32.7%) with angiographically documented perimedullary ve-

nous drainage, including 1 of 14 perimedullary arteriovenous

fistulas (7.1%), 3 of 5 SAVMs (all in cervical or cervi-

FIG 1. Timing of the spinal venous phase in a 51-year-old man with a progressive myelopathy secondary to a left T8 spinal dural arteriovenous
fistula. A, SpDSA, left T8 injection, posteroanterior view, documents an SDAVF (black arrow) with perimedullary venous drainage (black
arrowheads). B, SpDSA, left L1 injection, posteroanterior view, demonstrates the opacification sequence of the medullary circulation and the
time stamps used to calculate the spinal venous phase: T1 indicates initial opacification of the anterior spinal artery (white arrow) (4 seconds);
T2, initial detection of perimedullary structures, including the proximal segment of the left L2 radiculomedullary vein (white arrowheads) (8
seconds); and T3, best visualization of the spinal venous phase (19 seconds). In this case, the time to initial detection and best delineation was 4
and 15 seconds, respectively.

Spinal venous phase in slow-flow arteriovenous fistulas with perimedullary venous
drainage

Feature Overall Venous Phase Absent Venous Phase Present
No. of lesions 30 (100%) 18 (60.0%) 12 (40.0%)
SDAVF 11 8 (44.4%) 3 (25%)
SEAVF 17 9 (50.0%) 8 (66.7%)
SDAVF/SEAVF 2 1 (5.6%) 1 (8.3%)
Male predominance 26/30 (86.7%) 14/18 (77.8%) 12/12 (100%)
Age (average) 65 66.6 64.7
Symptomatic 29/30 (96.7%) 18/18 (100%) 11/12 (91.2%)
Flow voids on MRI 19 (63.3%) 10/18 (55.6%) 9/12 (75.0%)
Thoracic location 11 6 (33.3%) 5 (41.7%)
Lumbar location 11 8 (44.4.%) 3 (25.0%)
Sacral location 8 4 (22.2%) 4 (33.3%)
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cothoracic locations) (60.0%), and 12 of 30 SEAVFs/SDAVFs

(40.0%).

Spinal Venous Phase in Slow-Flow Arteriovenous Fistulas
with Perimedullary Venous Drainage
The 30 patients with SEAVFs/SDAVFs draining into the perimed-

ullary venous system are summarized in the Table. They included

4 women and 26 men, with ages ranging between 49 and 89 years

(average, 65 years; median, 65 years). The lesions were located

between T3 and S1; all were symptomatic except 1 SDAVF inci-

dentally noted during preoperative tumor embolization. A nor-

mal venous phase was detected in 12 of these patients (40%). In

particular, a lumbosacral radiculomedullary draining vein was

documented in 9 of the 10 cases that included the lumbosacral

region in the FOV. The type and topographic distribution of the

fistulas were comparable between the groups with and without a

venous phase. While our series is too limited for definitive statis-

tical analysis, it appears that lesions located in the lumbar region

lacked a venous phase (72.7%) more often than the thoracic or

sacral fistulas (54.5% and 50%, respectively) and that SDAVFs

lacked a venous phase more often than SEAVFs (72.7% versus

52.9%). In all cases, the vertebral levels at which the abnormal

perimedullary drainage and the normal venous phase were ob-

served overlapped.

The average time for the beginning of the venous phase was

10.1 seconds (range, 4 –29 seconds; median, 8 seconds), and

the average time for the best delineation of the venous phase

was 15.0 seconds (range, 7–39 seconds; median, 15 seconds). If

18 seconds is used as the upper limit for the observation of a

normal venous phase,6 a delayed venous phase was observed in

1 instance (29 seconds). When this outlying patient with re-

spective values of 29 and 39 seconds was omitted (case illustra-

tion 5), the average times for the be-

ginning and best delineation of the

venous phase were 8.4 seconds (range,

4 –14 seconds; median, 7.5 seconds)

and 12.8 seconds (range, 7–18

seconds; median, 14.5 seconds),

respectively.

Case Illustrations
Besides the patient demonstrating the

method used to time the venous phase

(Fig 1), 6 illustrative cases have been se-

lected, including 1 SAVM, 2 SEAVFs,

and 3 SDAVFs.

Case 1. A 21-year-old man with a

5-month history of progressive lower

extremity weakness was diagnosed with

a cervical SAVM after he had a posterior

fossa hemorrhage. He was referred to

our service 3 months later for further

evaluation. SpDSA confirmed the diag-

nosis of SAVM supplied by the right ver-

tebral artery and both costocervical

trunks (Fig 2A). The injection of the ar-

tery of Adamkiewicz, found at the left

T12, showed a normal venous phase (Fig 2B, -C).

Case 2. A 64-year-old man presented with a 9-month history

of leg weakness associated with urinary retention and consti-

pation, progressively worsening until he became wheelchair-

bound. MR imaging revealed an intramedullary T2 signal

abnormality without perimedullary flow voids. SpDSA

documented a right S1 SEAVF with extensive perimedullary

venous drainage (Fig 3A). The injection of the artery of Adam-

kiewicz, found at the left T11, showed a normal venous phase

(Fig 3B, -C).

Case 3. A 71-year-old man with an 8-month history of progres-

sive lower extremity weakness, initially diagnosed as transverse

myelitis, presented with a sudden deterioration of his bowel and

bladder function before becoming wheelchair-bound. MR imag-

ing showed intramedullary T2 signal abnormalities without peri-

medullary flow voids. SpDSA revealed a right S1 SEAVF with

perimedullary drainage (Fig 4A, -B). The injection of the artery of

Adamkiewicz, found at the left T8, showed a normal venous phase

(Fig 4C, -D).

Case 4. A 58-year-old man was referred for preoperative em-

bolization of a spinal metastasis from renal cell carcinoma.

SpDSA incidentally documented an SDAVF supplied by the

right L1 intersegmental artery (Fig 5A). The injection of the

artery of Adamkiewicz, found at left L1, showed a normal ve-

nous phase (Fig 5B, -C).

Case 5. A 66-year-old man had a progressive right lower ex-

tremity weakness associated with paresthesias and pain. MR

imaging showed intramedullary T2 signal abnormalities with-

out perimedullary flow voids. A work-up for infectious and

inflammatory etiologies remained negative. SpDSA revealed a

FIG 2. A 21-year-old man with a spinal arteriovenous malformation. A, DSA, left costocervical
trunk injection, posteroanterior view, documents a large cervicothoracic SAVM nidus. Note that
the venous drainage essentially occurs at the level of the lesion or in a cranial direction (black
arrow). B, SpDSA, left T12 injection, posteroanterior view, arterial phase with opacification of the
artery of Adamkiewicz. C, SpDSA, left T12 injection, posteroanterior view, later phase, documents
the normal perimedullary venous drainage, including the visualization of spinal (white arrow-
heads) and radiculomedullary (white arrow) veins.
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right L1 SDAVF (Fig 6A). The injec-

tion of the artery of Adamkiewicz,

found at the left T12, documented a

normal venous phase (Fig 6B).

Case 6. A 65-year-old man with a recent

history of heart transplantation and du-

odenal neuroendocrine tumor pre-

sented with rapidly worsening back

pain, quadriparesis, and paresthesias.

MR imaging showed perimedullary flow

voids without definite intramedullary

signal abnormality. SpDSA demon-

strated a left T3 SDAVF (Fig 7A). The

injection of the artery of Adamkiewicz,

found at left T9, revealed a normal

venous phase (Fig 7B, -C).

DISCUSSION
Classification and Diagnosis of
Spinal Vascular Malformations
Spinal vascular anomalies with arte-

riovenous shunts can pragmatically be

divided into 2 main categories. The

high-flow lesions include the SAVMs,

the fast perimedullary arteriovenous

fistulas (Merland types 2 and 3),9 and

some high-output SEAVFs, generally

of congenital or traumatic nature. The

slow-flow lesions include SDAVFs,

FIG 3. A 64-year-old man with a right S1 spinal epidural arteriovenous fistula. A, SpDSA, right
S1 injection, posteroanterior view. The selective injection of the right S1 SEAVF (white arrow)
reveals extensive perimedullary drainage (black arrowheads) from the sacral region up to
about T5 (above L1 is not shown in this image). B, SpDSA, left T11 injection, posteroanterior
view, arterial phase with opacification of the artery of Adamkiewicz. C, SpDSA, left T11
injection, posteroanterior view, later phase, documents the normal perimedullary venous
drainage, including the visualization of spinal (white arrowheads) and radiculomedullary
(white arrow) veins. Venous phase timing: first detection � 14 seconds, best delineation � 18
seconds.

FIG 4. A 71-year-old patient with a right S1 spinal epidural arteriovenous fistula. A, SpDSA, right S1 injection, posteroanterior view; the
selective injection of the right S1 radicular artery (small black arrow) opacifies the epidural venous pouch of the SEAVF (large black
arrow). B, SpDSA right S1 injection, posteroanterior view; a slightly later phase shows the drainage of the isolated epidural pouch (large
black arrow) into a right S1 radiculomedullary vein (black arrowheads). C, SpDSA, left T11 injection, posteroanterior view, arterial phase
with opacification of the artery of Adamkiewicz. D, SpDSA, left T11 injection, posteroanterior view, later phase, documenting the normal
perimedullary venous drainage, including the visualization of spinal (white arrowheads) and radiculomedullary (white arrow) veins.
Venous phase timing: first detection � 7 seconds, best delineation � 13 seconds.
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SEAVFs, and the slow perimedullary arteriovenous fistula

(Merland type 1).

From a diagnostic viewpoint, high-flow SVMs are usually

easily identified by noninvasive imag-

ing methods. On the other hand, the

nonspecific MR imaging changes asso-

ciated with slow-flow arteriovenous

fistulas can be deceptive, particularly

in the absence of typical flow voids. A

recent study found that the sensitivity

and positive predictive value of MR

imaging for SVMs in general could be

as low as 51% and 48%, respectively.10

Our cohort similarly suggested a lim-

ited value for MR imaging, notably for

slow-flow lesions, which were associ-

ated with an inaccurate initial diagno-

sis in 65% of cases.11 This low predic-

tive value may be related to the

importance generally attributed to the

absence of detectable flow voids,

which were only noted in 49 of our 81

patients (60.5%). This situation is par-

ticularly relevant to our report because

the angiographic documentation of a

normal venous phase is generally used

to rule out the presence of a slow-flow

arteriovenous fistula in patients with

inconclusive MR imaging findings.

Spinal Angiography Technique
The fundamental principles of selec-

tive spinal angiography established by

its pioneers remain valid to this

day.12-14 While partial studies may be

performed in certain circumstances

(eg, the limited diagnostic portion of a

therapeutic procedure or follow-up

angiograms), a typical diagnostic

study includes at least the selective

catheterization of each pair of in-

tersegmental arteries and a pelvic flush

aortogram (documenting an SVM

does not rule out the presence of addi-

tional lesions1), often complemented

by selective injections of the internal

iliac, subclavian, vertebral, supreme

intercostal, and (in some instances)

carotid arteries.4,6,15 The appropriate

technique and equipment allow per-

forming a complete spinal angiogram

with the patient under conscious seda-

tion with short procedure durations,

reasonable radiation and contrast

agent doses, and extremely low com-

plication rates.10 However, a sign reli-

ably permitting terminating the proce-

dure early, such as the observation of a normal venous phase,

would carry an important clinical value. The emphasis placed

on reliability is particularly important because it has been es-

FIG 5. A 58-year-old man with a right L1 spinal dural arteriovenous fistula. A, SpDSA, right L1
injection, posteroanterior view, documents a right L1 SDAVF (black arrow) draining into the
perimedullary venous system (white arrowheads). B, SpDSA, left L1 injection, posteroanterior
view, arterial phase with opacification of prominent anterior and posterior radiculomedullary
arteries (artery of Lazorthes). C, SpDSA, left L1 injection, posteroanterior view, later phase, doc-
uments the normal perimedullary venous drainage, including the visualization of spinal (white
arrowheads) and radiculomedullary (white arrow) veins. Note that the opacified longitudinal
spinal axis is identical to the one seen draining the SDAVF in A. Venous phase timing: first detec-
tion � 7 seconds, best delineation � 10 seconds.

FIG 6. A 66-year-old man with a right L1 spinal dural arteriovenous fistula. A, SpDSA, right L1
injection, posteroanterior view, documents a right L1 SDAVF (white arrow) draining into the
perimedullary venous system (black arrowheads). B, SpDSA, left T12 injection, posteroanterior
view, arterial phase with opacification of the artery of Adamkiewicz. C, SpDSA, left T12 injection,
posteroanterior view, later phase, documents the normal perimedullary venous drainage, includ-
ing the visualization of perimedullary veins (white arrowhead). A radiculomedullary vein is not
clearly identified in this case. Venous phase timing: first detection � 29 seconds, best delinea-
tion � 39 seconds.
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timated that about 50% of so-called false-negative findings on

spinal angiograms result from a failure to investigate the vessel

supplying the SVM.16

Normal Venous Phase of Spinal Angiography
Multiple factors influence the detectability of normal venous

structures during the injection of the artery of Adamkiewicz,

including the quality of the angiographic equipment, the pa-

tient’s age and body habitus, the use of general anesthesia or

conscious sedation (including the use of paralytic agents or the

patient’s ability to breath-hold when studied awake), and

the presence of significant motion and/or bowel artifacts. The

presence of a normal venous phase may, therefore, be under-

estimated by our retrospective study, in which a substantial

portion of angiograms (28.4%) were technically inadequate for

the detection of small venous structures, principally because of

respiratory and gastrointestinal motion artifacts or limited an-

giographic sequences in patients generally studied under con-

scious sedation. It is possible that performing diagnostic

SpDSA with the patient under general anesthesia (by using

paralytics and pausing the ventilator during injections) would

reduce motion artifacts, particularly at the end of long angio-

graphic sequences, and increase the visibility of small venous

structures and the number of normal venous phases identified

in patients with spinal vascular malformations. Yet, despite

these drawbacks, 43% of all the reviewed SVMs were associated

with a normal venous phase, including

40% of slow-flow lesions. The venous

phase was analyzed at the lower tho-

racic and lumbosacral levels of the spi-

nal cord (ie, the venous return of the

anterior spinal artery after injection of

the artery of Adamkiewicz). Some of

the SVMs were, therefore, remotely lo-

cated normal venous structures, such

as a cervical cord SAVM (case 1) or an

upper thoracic SDAVF (case 6), but

most drained at the levels opacified

during the observed normal venous

phase. An interesting point made by

Trop et al in 19988 in regard to their

cranial arteriovenous fistula with peri-

medullary drainage but associated

with a normal venous phase was the

normal MR imaging appearance of the

lower spinal cord in their patient,

which led them to conclude that

“venous compartmentalization ac-

counted for the isolated abnormal sig-

nal of the cervical cord and the normal

venous drainage of the lower cord at

MR imaging.” This idea of a “longitu-

dinal compartmentalization“ could

certainly apply to our 3 cases with re-

motely located SVMs.

Cases in which the normal and ab-

normal venous phases were docu-

mented at the same vertebral levels

may suggest a relative functional independence of the anterior

and posterior longitudinal venous systems, one preferentially

participating in the drainage of the SVM while the other is

involved in the visualization of a normal venous phase. Due to

the 2D nature of SpDSA, however, the distinction between

anterior and posterior spinal veins is generally not possible

without the acquisition of lateral projections, which were gen-

erally not obtained in our patients. The existence of a “trans-

verse compartmentalization” of the perimedullary venous

drainage, therefore, remains hypothetic.

The Mechanisms Underlying the Visualization or
Nonvisualization of a Spinal Venous Phase in
Perimedullary Venous Hypertension
In our series, the lack of a spinal venous phase was slightly more

common in SDAVFs than SEAVFs and in lesions located at the

lumbar level. Both factors seem to favor a role for locoregional

venous pressure variations. Hence, the observation of a venous

phase, typically made at the level of the conus medullaris, would

be more likely prevented by the pressure gradient produced by a

closely rather than remotely located fistula (ie, lumbar versus

sacral or thoracic). Similarly, the pressure gradient associated

with an SDAVF, which consists of an arteriovenous shunt directly

involving a radiculomedullary vein, should have a more signifi-

cant locoregional impact than the gradient resulting from an

FIG 7. A 65-year-old man with a left T3 spinal dural arteriovenous fistula. A, SpDSA, left T3
injection, posteroanterior view, documents a left T3 SDAVF (white arrow) with extensive peri-
medullary venous drainage. B, SpDSA, left T9 injection, posteroanterior view, arterial phase with
opacification of the artery of Adamkiewicz. C, SpDSA, left T9 injection, posteroanterior view,
later phase, documents the normal perimedullary venous drainage, including the visualization of
spinal (white arrowheads) and radiculomedullary (white arrow) veins. Venous phase timing: first
detection � 11 seconds, best delineation � 15 seconds.
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SEAVF, in which the arteriovenous shunt is located on an epidu-

ral venous pouch with secondary drainage into a radiculomedul-

lary vein (and other possible venous outflow pathways).

Case illustration 5 (Fig 6) suggests that the visualization of a nor-

mal venous phase may also depend on the existence of a patent ra-

diculomedullary vein locally available to drain the perimedullary ve-

nous blood. In terms of venous timing, this case was a clear outlier

(first documentation at 29 seconds, best delineation at 39 seconds)

and could have easily been considered as lacking a normal venous

phase without a long angiographic acquisition. Most interesting, this

“transitional case” is also the one in which a patent lumbosacral ra-

diculomedullary vein was not documented. It is, therefore, reason-

able to think that a disappearing venous phase correlates with in-

creasing venous drainage impairment and venous hypertension, a

phenomenon typical of slow-flow arteriovenous fistulas well-de-

scribed by Merland et al in 1980:17 “Hyperpressure is due to the

presence of the shunt but also to impaired venous return, which in

turn probably depends upon the absence of the veins normally drain-

ing into the epidural space.”

CONCLUSIONS
A normal venous phase was observed in 43% of our patients,

including all the SVMs without perimedullary drainage and all

cervical or cervicothoracic junction SAVMs. More important,

40% of the slow-flow lesions (SEAVFs/SDAVFs) were associated

with a normal venous phase as well. While the timing of the ve-

nous phase appeared to be delayed in that latter group, it was still

within accepted normal limits (18 seconds) in all except 1 case.

The principal implication of our report is that while it remains an

interesting angiographic sign, the observation of a normal venous

phase cannot be used to rule out the presence of an SVM or justify

interrupting a diagnostic spinal angiogram.
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ORIGINAL RESEARCH
SPINE

Using Body Mass Index to Predict Needle Length in
Fluoroscopy-Guided Lumbar Punctures

X A.P. Nayate, X I.M. Nasrallah, X J.E. Schmitt, and X S. Mohan

ABSTRACT

BACKGROUND AND PURPOSE: Predicting the appropriate needle length to use in oblique interlaminar-approach fluoroscopy-
guided lumbar punctures in patients with a large body mass index is difficult. Using the wrong needle length can lead to an increased
radiation dose and patient discomfort. We hypothesized that body mass index could help determine the appropriate needle length
to use in patients.

MATERIALS AND METHODS: We randomly selected patients who underwent oblique interlaminar-approach fluoroscopy-guided lumbar
punctures and had cross-sectional imaging of the lumbar spine within 1 year of imaging (n � 50). The distance from the skin to the
midlumbar spinal canal (skin-canal distance) at the level of the lumbar puncture was measured by using an oblique angle of 8.6°, which is
an average of angles most often used to perform the procedure. A formula was devised using the skin-canal distance and body mass index
to predict the appropriate needle length, subsequently confirmed in 45 patients.

RESULTS: The body mass index and skin-canal distance were significantly higher (P � .001) in patients who underwent fluoroscopy-guided
lumbar puncture with 5- or 7-inch needles (n � 22) than in patients requiring 3.5-inch needles (n � 28). Using linear regression, we
determined the formula to predict the needle length as Skin-Canal Distance (inches) � 0.077 � Body Mass Index � 0.88. We found a strong
correlation (P � .001) between the predicted and actual skin canal distance in 45 patients, and our formula better predicted the skin-canal
distance than others.

CONCLUSIONS: We designed a formula that uses body mass index to predict the appropriate needle length in oblique interlaminar-
approach fluoroscopy-guided lumbar punctures and validated it by demonstrating a strong correlation between the predicted and actual
skin-canal distance.

ABBREVIATIONS: BMI � body mass index; BMIC � BMI category; FGLP � fluoroscopy-guided lumbar puncture; LP � lumbar puncture; OIA � oblique interlaminar-
approach; SCD � skin-canal distance

The palpation of bony landmarks required to successfully per-

form lumbar punctures (LPs)1 can be masked in 33% of over-

weight patients and 68% of patients with obesity2 due to overlying

soft tissue and can lead to an LP failure rate of 19%3 without

image guidance. Sonography can be helpful for guidance but can

only visualize pertinent bony landmarks in patients with obesity

74% of the time.2 Fluoroscopy-guided LP (FGLP) can help alle-

viate this issue because fluoroscopy helps the operator visualize

the bony structures, irrespective of the body habitus, and, in real

time, can help the operator guide the needle from the soft tissues

to the spinal canal.

An oblique interlaminar approach (OIA) is a common FGLP

technique, which allows the operator to maximize visualization of

the interlaminar space and bypass normal and abnormal osseous

obstacles, such as spondylosis.4A 3.5-inch-long (8.9-cm) LP nee-

dle is most often used to perform this procedure in adults; how-

ever with the obesity epidemic in the United States,5 the use of

5-inch-long (12.7 cm) and 7-inch-long (17.8 cm) needles is be-

coming increasingly common and has been estimated to be nec-

essary in 13.8% of patients.6 Predicting the appropriate needle

length to use in OIA-FGLP in patients with a larger body mass

index (BMI) is difficult and primarily relies on the operator’s

experience. A needle that is too long may lead to an increased risk
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of piercing the anterior epidural space, which can cause a trau-

matic tap,7 while a needle that is too short may not reach the

spinal canal, requiring the insertion of a longer needle and poten-

tially increasing patient discomfort and fluoroscopy time/radia-

tion dose. An increased radiation dose is a particular concern in

patients with obesity because increasing BMI is directly related to

higher fluoroscopy times in patients undergoing FGLP.8 In 2011,

The Joint Commission expressed concern about the exposure of

the American population to medical imaging ionizing radiation

and recommended reviews of practices to reduce radiation expo-

sure to as low as reasonably achievable without compromising

patient care.9

Formulas to determine proper needle length in non-fluoros-

copy-guided interspinous lumbar punctures have been investi-

gated10-13; however, there is no established method to determine

the appropriate needle length for OIA-FGLPs. The purpose of this

study is to determine whether BMI could help predict the appro-

priate needle length in OIA-FGLPs.

MATERIALS AND METHODS
This study was approved by the local institutional review board.

Procedure Technique
Following informed consent, all patients underwent FGLP in

the prone position by using a standard biplanar fluoroscopy

machine in a neurointerventional suite. The procedures were

performed by using techniques as dictated by the American

College of Radiology–American Society of Neuroradiology–

Society for Pediatric Radiology practice parameters.14 LPs

were performed by first-year neuroradiology fellows (fellows

had little or no prior experience in performing FGLPs before

the fellowship) under the supervision of attending neuroradi-

ologists (experience in FGLPs ranged from 1 to 20� years).

Under fluoroscopy, the lumbar levels were visualized and the

x-ray tube was maneuvered to the right or left oblique orientation

to optimize the view of the interlaminar space as determined by

the operator. Using a 3.5-, 5-, or 7-inch beveled tip 22-ga needle,

we accessed the lumbar spinal canal mostly at the L2–L3 or L3–L4

level as instructed by the American College of Radiology–Ameri-

can Society of Neuroradiology–Society for Pediatric Radiology

practice parameters.14 Briefly, these levels are favored because the

distance of the skin to the subarachnoid space is shorter6 and the

thecal sac cross-sectional area is larger compared with L4 –L5 or

L5–S1,15 while there is a higher rate of traumatic puncture7 from

LPs at L4 –L5 and a higher incidence of degenerative changes and

spinal canal stenosis at L4 –L5 and L5–S1.16 At our institution, LPs

are rarely performed at L4 –L5 or L5–S1. L1–L2 was never ac-

cessed due to the risk of injuring the spinal cord.

The choice of the needle length was determined by the opera-

tor on the basis of the patient’s body habitus. Patient BMIs were

not routinely checked before the LP. This check is not a standard

practice at our institution or explicitly stated by the American

College of Radiology–American Society of Neuroradiology–

Society for Pediatric Radiology guidelines.14

The needle was advanced through the skin into the lumbar

spine with intermittent pulsed fluoroscopy. Access into the

thecal sac was confirmed on egress of CSF after the removal of

the stylet.

Determination of Tube Angulation
The oblique angle of the x-ray tube used for FGLP at our institu-

tion from September 30 to November 4, 2014, was recorded in a

consecutive subset of patients (n � 30; age range, 19 – 69 years of

age; 14 females and 16 males). In 5/30 patients, a single operator

used a craniocaudal angle (range, 7°–27°) in addition to the lateral

obliquity. The lumbar punctures were performed at L2–L3 in 14

patients, at L3–L4 in 15 patients, and at L4 –L5 in 1 patient. The

average oblique angle used to perform the lumbar punctures was

8.6° � 5.2°.

Patients with Imaging of the Lumbar Spine (Derivation
Sample)
All patients who had FGLP at our hospital during 11 consecu-

tive months from August 2013 to June 2014 were retrospec-

tively reviewed. FGLP was performed on 322 patients (3.5-inch

needle, n � 279; 5-inch needle, n � 36; and 7-inch needle, n �

7). In all patients, age, sex, indication for lumbar puncture,

anatomic level of lumbar puncture, and total fluoroscopy time

were recorded.

We randomly selected 50/279 patients from the 3.5-inch nee-

dle set and included all the patients in the 5- (n � 36) and 7-inch

(n � 7) needle sets for further analysis (total, n � 93). All 50

patients had successful FGLP without adverse events. Our insti-

tutional PACS was queried to identify from these 93 patients those

who had cross-sectional imaging of the abdomen or lumbar spine

(CT, MR imaging, PET/CT covering the abdomen, or CT or MR

imaging of the lumbar spine) performed within 1 year of the LP.

Inclusion criteria for cross-sectional imaging were supine acqui-

sition and inclusion of the flank skin and soft tissue, lumbar spinal

canal, and lumbar vertebral bodies in the FOV. Fifty subjects of

the 93 in the study met these criteria: 28/50 patients in the 3.5-inch

group, 19/36 patients in the 5-inch group, and 3/7 patients in the

7-inch group. Additionally, the patient’s BMI obtained closest to

the day of the FGLP and lumbar or abdominal imaging and days

between imaging and LP were recorded. BMI was categorized

(BMI category [BMIC]) as underweight (BMI � 18.5), normal

(BMI � 18.5–24.9), overweight (BMI � 25–29.9), obese (BMI �

30 –39.9), and extremely obese (BMI � 40), according to the obe-

sity guidelines of the National Heart, Lung, and Blood Institute.17

Measurement of Skin-to-Mid-Spinal Canal in the Patients
with Lumbar Spine Imaging
We measured the distance from the skin to the midpoint of the

spinal canal (skin-canal distance [SCD]) at the level where the

lumbar puncture was performed in our cohort of 50 patients by

using the standard measurement tools available on our PACS.

To account for potential variations in needle approach, we

measured the SCD at several angles, including parallel to and

intersecting the spinous process (eg, standard bedside interspi-

nous approach lumbar puncture angle, 0°) at the empirically

determined mean oblique angle (8.6°) and at angles 1 SD from

the mean angle (3.4° and 13.8°). We excluded the craniocaudal
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angles to simplify the measurements. Figure 1 summarizes the

measurement process.

Confirmation Sample
For confirmation, in a sample of 45 patients (n � 16 at L2–L3; n �

21 at L3–L4; and n � 8 at L4 –L5) who underwent OIA-FGLP

from December 2014 to May 2015, the SCD was physically mea-

sured. Specifically, the tip of the needle was confirmed to be in the

center of the spinal canal with a single lateral view. After the com-

pletion of the FGLP, the LP needle was marked at the skin and

removed, and the distance from the skin surface to the tip of the

needle was measured. BMIs obtained closest to the day of FGLP

and other demographic measures were acquired from the elec-

tronic medical record as described above. To minimize selection

bias, we required no inclusion criteria for our confirmation sam-

ple, including prior cross-sectional imaging. One patient was in-

cluded in the confirmation sample and in the derivation sample;

the remaining 44 patients were separate from the derivation

sample.

Statistical Analysis
Demographic information was summarized with means for con-

tinuous variables and proportions for discrete variables. T tests

were performed to compare group differences in BMI and fluo-

roscopy time. To estimate the effect of potentially variant needle

angles on the reliability of CT- and MR imaging– derived SCD

measurements, we calculated the intraclass correlation coefficient

among measurements at different angles (0°, 3.4°, 8.6°, 13.8°).

Following graphic display of the data and assessment for normal-

ity, linear regression was used to explore the relationship between

BMI and SCD. The � weights from the best-fit model were used to

construct a formula for predicting needle length from BMI alone.

On the basis of this formula, SCD was estimated for our confir-

mation sample on the basis of BMI and was compared with the

actual measured SCD length via linear regression. Repeated-mea-

sures ANOVA was used to compare the deviation between the

predicted and actual SCD between our formula and others. Mul-

tiple regression was used to examine the relationship between

fluoroscopy time and needle length after accounting for BMI. For

hypothesis tests, a 2-tailed � of .05 was defined as the threshold for

statistical significance.

RESULTS
Patients with Imaging of the Lumbar Spine (Derivation
Sample)
In our sample of subjects with both LP and cross-sectional imag-

ing data, there were 18 women and 32 men with a mean age of

49.1 � 17.2 years. Twenty-eight patients had LP at L2–L3; 17

patients, at L3–L4; 4 patients, at L4 –L5; and 1 patient, at L5–S1.

The indications for the LP were the following: 23 patients, intra-

thecal chemotherapy; 15 patients, CSF tumor cell detection; 1

patient, evaluation for neurosarcoidosis; 6 patients, detection of

an infectious/inflammatory process in the CSF; 3 patients, con-

cern for pseudotumor cerebri; 1 patient, indeterminate cervical

spinal cord lesion; and 1 patient, concern for subarachnoid

hemorrhage.

Patients had cross-sectional imaging of the abdomen or lum-

bar spine an average of 90 days (range, 1–353 days) before or after

the LP. The cross-sectional imaging consisted of the following: 34

patients with CT of the abdomen, 9 patients with MR imaging of

the lumbar spine, 5 patients with PET/CT, 1 patient with MR

imaging of the abdomen, and 1 patient with CT of the lumbar

spine.

In our sample of 50 patients, based on BMI, 2 patients (2%)

were characterized as underweight; 11 patients (22%), as having

normal weight; 11 patients (22%), as overweight; 19 patients

(38%), as obese; and 7 patients (14%), as extremely obese. Pa-

tients, on average, had a BMI obtained within 12 days of their

FGLP and within 17 days of their cross-sectional lumbar or

abdominal imaging. These 2 BMI values were not significantly

different (average difference in BMI, 1.4; range, 0 – 6.4; P �

.78), nor were the BMI of men (average BMI � 30.7 � 11)

compared to women (average BMI � 33.34 � 9.5), P � .38.

The BMIs of the patients who underwent FGLP with a 5- or

7-inch needle (n � 22; average, 40.1 � 9.8; BMIC, extremely

obese; 11 women and 11 men) were significantly higher (P �

.001) than the BMIs of patients who underwent FGLP with a

FIG 1. Angles used to measure skin to midlumbar spinal canal. Labels:
1 � 0°, 2 � 3.4°, 3 � 8.6°, 4 � 13.8°.
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3.5-inch needle (n � 28; average, 25 � 4.7; BMIC, normal-over-

weight; 7 women and 21 men). The fluoroscopy time in patients

who underwent FGLP with a 5- or 7-inch needle (average, 1.32 �

0.89 minutes) was significantly longer (P � .004) than that in

patients who underwent FGLP with a 3.5-inch needle (average,

0.65 � 0.57 minutes) and also in the entire cohort of patients

(3.5-inch needle, n � 279; 5- and 7-inch needle, n � 43) who

underwent FGLP (P � .004). Multiple regression confirmed that

needle length was an independent predictor of fluoroscopy time,

even after accounting for BMI (P � .003).

Measurement of the Skin-to-Mid-Spinal Canal in Patients
with Lumbar Spine Imaging
SCD estimates were highly reliable between the measured-ap-

proach angles (intraclass correlation coefficient � 0.99). The dis-

tance measured on the cross-sectional imaging in the cohort of 50

patients at the mean FGLP right oblique angle of 8.6° was signif-

icantly higher (P � .001) in patients who underwent FGLP with a

5- or 7-inch needle (average, 4.1 � 0.6 inches) compared with

patients who underwent FGLP with a 3.5-inch needle (mean,

2.7 � 0.6 inches). Similar results were seen at other angle mea-

surements (all P � .001). The data ob-

tained from the cross-sectional imaging

were plotted against the BMI, and with

linear fit, we determined the following

formula at an oblique angle of 8.6°: Skin

to Center of Spinal Canal (inches) �

0.077 � BMI � 0.88 (Fig 2).

Confirmation Sample
There was a strong correlation between

predicted and actual SCD in our confir-

mation sample (r � 0.80, R2 � 0.63, P �

.001), with a difference of 8.0% � 6.2%

(Fig 3). There was no significant differ-

ence (P � .76) between the predicted

and measured lengths if the procedure

was performed at L2–L3 (n � 16; aver-

age, 8.4% � 5.5%), at L3–L4 (n � 21;

average, 8.3% � 7.4%), or at L4 –L5

(n � 8; average, 6.5% � 4.0%). The av-

erage SCD was not significantly different

between the predicted (3.27 � 0.60

inches) and measured (3.36 � 0.61

inches) length difference, 0.09 inches;

P � .15. The average difference between

the predicted and measured SCD length

for women was 11.5% � 6% (n � 15)

and was significantly higher (P � .001)

than that for men (6.23% � 5.4%; n �

30). Our formula more accurately pre-

dicted the needle length from the skin to

the spinal canal than other published

formulas, which were determined for

ISLPs (On-line Table). Figure 4 com-

pares the accuracy of existing formulas

in predicting the actual SCD in our con-

firmation sample. The current model

was significantly more accurate (P � .0001) compared with other

formulas.

In the confirmation sample of 15 women and 30 men, the

average age was 47.1 � 16.9 years and the average BMI was 31.1 �

7.7 (average BMI in men, 30.6 � 6.7; BMIC, overweight; average

BMI in women, 33.0 � 10.1; BMIC, overweight). On the basis of

the BMI, 2 patients (4%) were classified as underweight; 8 pa-

tients, as having normal weight (18%); 10 patients, as being over-

weight (25%); 18 patients, as being obese (40%); and 7 patients

(16%), as being extremely obese. These values were similar to

those seen in our cohort of 50 patients from which we determined

the formula. The average oblique angle used was 8.5° � 4.8° (n �

42; for 3 patients, the angle was not recorded), similar to the 8.6°

angle determined from the angle-determination cohort of 30

patients.

In 36/45 patients, a 3.5-inch needle was used; in 8/45 patients,

a 5-inch needle was used; and in 1 patient, a 7-inch needle was

used. In 1 of the patients requiring a 5-inch needle, originally a

3.5-inch needle was used; however, LP was unsuccessful and CSF

was obtained after the use of a 5-inch needle. Our formula pre-

FIG 2. Correlation of 50 patient BMIs and the distance to the center of the spinal canal on
cross-sectional imaging.

FIG 3. Correlation between actual and predicted SCDs.
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dicted that a 5-inch needle would be required in this patient. In

the patient in whom a 7-inch needle was used, initially LP was

unsuccessful with a 5-inch needle inserted at the L4 –L5 level.

Fluoroscopy showed the needle tip in center of the spinal canal,

but there was no egress of CSF. LP with a 7-inch needle was suc-

cessful at the L3–L4 level. The skin-to-mid-spinal canal measure-

ment based on the LP needle was 4.72 inches, confirming that a

5-inch needle could also have been used at L3–L4; our formula

predicted the SCD to be 4.5 inches. Similarly, in 1 patient, a 5-inch

needle was used at L3–L4; however, our formula predicted that a

3.5-inch could have been used, and our

prediction was confirmed with mea-

surements on the LP needle (predicted,

3.06 inches; actual, 3.15 inches) (On-

line Table). Table 1 shows the accuracy

of our formula in needle-length predic-

tion, and Table 2 shows a comparison

between the needle-length predictions

by the formula and neuroradiologists’ at

our institution.

DISCUSSION
Predicting lumbar puncture needle

length in overweight patients and those

with obesity is usually based on the op-

erator’s experience and can have a fail-

ure rate of 19%3 without image guid-

ance. Many of these patients with prior

unsuccessful lumbar punctures are re-

ferred to the neuroradiology depart-

ment for image-guided lumbar punc-

tures under fluoroscopy. There are no

established methods to help determine

the appropriate needle length to use in

OIA-FGLPs, and this determination primarily relies on the oper-

ator’s experience.

We derived a formula to predict the appropriate needle length

to use in OIA-FGLP by using measurements from the skin to the

midlumbar spinal canal on lumbar cross-sectional imaging, pa-

tients’ BMIs, and oblique angles most commonly used to perform

the procedure. The measurements we obtained from 4 angles (0°,

8.6°, 3.4°, and 13.8°) were very similar, suggesting that our for-

mula can be used on a wide range of OIA angles and with the

interspinous approach, which is much more commonly used

without fluoroscopic guidance.

We validated our formula by measuring the distance from the

skin surface to the needle tip in patients who underwent FGLP

and found it highly predictive of actual SCD. The distance our

formula predicted was, on average, 0.28 inches (8.0%) different,

not statistically significantly different from that measured (P �

.51). Our formula overpredicted the needle length in 13/45 (29%)

patients, underpredicted it in 22/45 (49%) patients, and precisely

predicted (difference of �0.1 inch) it in 10/45 (22%) patients. The

underpredictions never resulted in a needle too short to reach the

spinal canal, while the overpredictions would have resulted in

using a longer needle than needed in 3/45 (7%) patients (5 inch

instead of 3.5 inch). In 7/45 (16%) patients, the SCD was 3.5

inches, so a 3.5- or 5-inch needle could be appropriately used.

The needle-length prediction from our formula would have

guided the operator to use a 5-inch needle in a case that was

unsuccessful with the use of a 3.5-inch needle and would have

guided the operator to use a 5-inch needle instead of a 7-inch

needle and a 3.5-inch instead of a 5-inch needle in 2 patients,

appropriate changes as confirmed on measurements performed

on the LP needles. Our formula correctly predicted the appropri-

ate needle length to use in 92% of patients (3.5 inch, n � 28/31; 5

inch, n � 7/7) (Table 1) and more accurately predicted the

FIG 4. Boxplots demonstrating the accuracy in predicted SCD as a function of the formula. The
predicted SCD from our method was closer to the actual SCD in our confirmation sample com-
pared with the other formulas (P � .0001 for all pair-wise comparisons, repeated measures
ANOVA, Bonferroni correction).

Table 1: Accuracy of formula to predict the appropriate needle
length to use in the confirmation samplea

Actual SCD Correct Incorrect
�3.5 inches 28/31 (90%)b 3/31 (10%)c

�3.5 inches 7/7 (100%)c 0 (0%)
Total 35/38 (92%) 3/38 (8%)

a Accuracy of formula needle-length prediction, 3.5 or 5 inches. In 7/45 patients, the
actual SCD was 3.5 inches; our formula predicted a 5-inch needle in 3/7 (43%) patients
and a 3.5-inch needle in 4/7 (57%) patients.
b Predicted 3.5-inch needle.
c Predicted 5-inch needle.

Table 2: Accuracy of formula versus neuroradiologists at our
institution (fellow or attending, n � 19) in selecting the
appropriate needle lengtha

Actual SCD Formula Neuroradiologists
�3.5 inches 28/31 (90%)b 30/31 (97%)b

�3.5 inches 7/7 (100%)c 5/7 (71%)d

Total 35/38 (92%) 35/38 (92%)
a In 7/45 patients, the actual SCD is 3.5 inches. Our formula predicted a 5-inch needle
in 3/7 (43%) patients and a 3.5-inch needle in 4/7 (57%) patients, and the neuroradi-
ologists selected a 3.5-inch needle in 6/7 (86%) patients and a 5-inch needle in 1/7
(14%) patients.
b Predicted 3.5-inch needle.
c Predicted 5-inch needle.
d A 3.5-inch needle was unsuccessfully used in 1 patient, and a 7-inch needle, in
another patient by 2 different neuroradiologists.

576 Nayate Mar 2016 www.ajnr.org



appropriate use of a 5-inch needle than the subjective assessment

of 2 neuroradiologists (7/7 patients versus 5/7 patients, Table 2).

Neuroradiologists more accurately predicted the use of a 3.5-inch

needle than the formula, but overall (the 3.5- and 5-inch-needle

groups included), the formula and neuroradiologists were equal

in predicting the correct needle length (35/38, 92%). The high

accuracy of subjective needle-length prediction by neuroradiolo-

gists at our institution may be related to the extensive experience

in performing FGLP, because approximately 400� FGLPs are

performed at our institution yearly. Our formula may be partic-

ularly helpful to health care practitioners who perform FGLPs less

frequently.

Our formula more accurately predicted the needle length in

male patients than in female patients (6.23% versus 11.5%, re-

spectively; P � .001) and is probably due to sex differences in body

fat distribution, with women having a more variable fat distribu-

tion with higher subcutaneous fat in the lower back and gluteal

region, while men have more central adiposity.18,19 However, less

accuracy in female patients did not translate to errors in needle

selection as our formula better predicted the correct needle length

in women than in men. Our formula would have predicted the

correct needle length in 14/15 (93%) female patients and selection

of a needle that was too long (5 versus 3.5 inch) in 1 patient; while

in men, our formula predicted the correct needle in 25/30 (83%)

patients and selection of a needle that was too long (5 versus 3.5

inch) in 5 male patients.

There have been studies that have derived formulas to estimate

SCD for interspinous approach LPs, including the formulas by

Abe et al,10 Ma et al,11 Stoker and Bonsu,12, and Chong et al,13

which are often cited in the literature. The SCD that all 4 formulas

predicted were significantly different from the actual SCD (all,

P � .001) measured in our cohort of 45 patients. The predicted

SCD from our formula was 8% different from the actual one,

while the predicted lengths from the formulas of Abe et al, Ma et

al, Stoker and Bonsu, and Chong et al were 20%, 18%, 24%, and

25% different from the actual SCD, respectively (Fig 4). The use of

the formulas of Ma et al, Stocker and Bonsu, and Chong et al in

our cohort resulted in average predicted lengths of 0.56, 0.83, and

0.85 inches less than the actual distance, respectively; and using

their formulas would have resulted in selection of a needle that

was too short (3.5 versus 5 inches) in 2% (1/45) of patients with

the formula of Ma et al, 13% (6/45) of patients with the formula of

Stoker and Bonsu, and 11% (5/45) of patients with the formula of

Chong et al. The formula of Abe et al predicted an average length

of 0.62 inches higher than the actual distance. Most of the differ-

ences (41/45) were overpredictions and would have led to an un-

necessary use of a longer needle length in 64% (29/45) of patients.

The unnecessary use of a longer needle can be problematic be-

cause longer needles are independent predictors of longer fluoro-

scopic time (P � .003, in our cohort of 7 neuroradiology fellows),

even after accounting for BMI, and there may be an increased risk

of piercing the anterior epidural space, which can lead to a trau-

matic tap.7 Furthermore, anecdotally, a longer needle is more

difficult to guide from the skin into the spinal canal, particularly

for less experienced operators; and there is often slower egress of

CSF through longer needles, potentially causing a longer proce-

dural time.

We believe our formula more accurately predicted the SCD

length than the formula of Abe et al,10 because the BMI in the

cohort of 50 patients from which we derived our formula is more

reflective of the adult US population. The patient population in

the Abe et al study had a BMI of 22.6 (BMIC, normal) and in-

cluded children and adults, while the BMI in our cohort of adult

patients was 31.7 (BMIC, obese), which is more similar to the

average BMI of 28.4 (BMIC, overweight) seen in the adult US

population.20 We believe our formula more accurately predicted

the needle length than the formula of Ma et al11 because in our

cohort of 50 patients, the SD of weight (kilograms) of the patients

was higher (24.2 versus 12.7 Kg). A formula derived from a wider

range of patient weights suggests that the formula is potentially

more applicable to a larger subset of the general population. We

speculate that our formula more accurately predicted the needle

length than the formulas of Stocker and Bonsu12 or Chong et al13

because children, who constituted their patient population, have

shorter skin-to-mid-spinal canal measurements compared with

adults and typically require 1.5-, 2.5-, or 3.5-inch needles.

Needle-length predictions from our formula are validated for

FGLPs at L2–L3 and L3–L4 because 90% of the patients from

whom we devised our formula underwent LPs at these levels. This

finding is consistent with the practices of our institution and most

other neuroradiology practices, where most of the FGLPs are per-

formed at these 2 levels.20 LPs are usually avoided at L4 –L5 and

L5–S1 due to the higher incidence of degenerative changes and

spinal canal stenosis16 and the smaller cross-sectional area of the-

cal sac compared with L2–L3 and L3–L4,15 which could cause a

lower success rate. In addition, lumbar punctures at L4 –L5 are

associated with twice the risk of traumatic lumbar puncture com-

pared with L2–L3 and L3–L4,7 which could lead to complications

and confound results, especially in patients with concern for sub-

arachnoid hemorrhage. In the limited patients in whom we per-

formed FGLPs at L4 –L5, our formula was accurate in predicting

the needle length in 8/8 patients, with a 6.5% difference between

the predicted and actual length. However, the average BMI in

these patients was 25.6 � 5.2 (BMIC, normal-overweight), which

was lower than the average BMI in our cohort of patients who

underwent LPs at L2–L3 (average BMI, 31.5 � 8.4; BMIC, obese;

n � 16) and L3–L4 (average BMI, 32.6 � 7.5; BMIC, obese; n �

21) because operators favored performing FGLPs at L2–L3 and

L3–L4 in patients with large BMIs because the distance from the

skin to the subarachnoid space is shorter at L2–L3 and L3–L4

compared with L4 –L5.6

Our study has limitations. First, our sample size (n � 50) from

which we derived our formula was small; however, our patient

population is reflective of the US population because the BMI of

31.7 (BMIC, obese) in our cohort is similar to the average BMI of

28.4 (BMIC, overweight) in the adult US population.21 Second,

our findings are based on the FGLPs performed at a single insti-

tution; though with a total of 14 neuroradiology fellows perform-

ing the FGLP under the supervision of 15 attending neuroradiolo-

gists, there was a range of operator skills. Third, our formula is

designed to predict the appropriate needle length to use at the

L2–L3 and L3–L4 levels and might not be accurate at L4 –L5 or

L5–S1, especially in patients with obesity (BMI � 30). Fourth, on

cross-sectional imaging, we measured the distance from the skin
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to the midspinal canal with the patient in a supine position, which

can vary slightly (approximately 0.1 inch) from that determined

from measurement in the prone position used for FGLP.22 Fifth,

lumbar puncture needles can bend while traversing from the skin

to the spinal canal and could potentially affect the measured dis-

tance on the needle used as the reference standard. Sixth, the

accuracy of prediction of SCD diminishes in patients with ex-

treme obesity.

CONCLUSIONS
We derived a formula (0.077 � BMI � 0.88) to predict the

distance from the skin to the center of the spinal canal to deter-

mine the needle length (inches) to use in OIA-FGLPs in adults.

We validated our formula by demonstrating only an 8% differ-

ence between the needle-length predictions and the actual dis-

tance from lumbar puncture needles used in patients. Our for-

mula better predicted the SCD than other published formulas and

can help guide operators in selecting the appropriate needle

length for FGLPs.
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ORIGINAL RESEARCH
SPINE

3D T2 MR Imaging–Based Measurements of the Posterior
Cervical Thecal Sac in Flexion and Extension for

Cervical Puncture
X M.P. Bazylewicz, X F. Berkowitz, and X A. Sayah

ABSTRACT

BACKGROUND AND PURPOSE: The current standard technique for cervical puncture involves prone positioning with neck extension.
The purpose of this study was to compare measurements of the posterior cervical thecal sac during neck flexion and extension in supine
and prone positions by using high-resolution MR imaging to help determine the optimal positioning for cervical puncture.

MATERIALS AND METHODS: High-resolution T2-weighted MR imaging was performed of the cervical spine in 10 adult volunteers 18 years
of age and older. Exclusion criteria included the following: a history of cervical spine injury/surgery, neck pain, and degenerative spondy-
losis. Images of sagittal 3D sampling perfection with application-optimized contrasts by using different flip angle evolutions were obtained
in the following neck positions: supine extension, supine flexion, prone extension, and prone flexion. The degree of neck flexion and
extension and the distance from the posterior margin of the spinal cord to the posterior aspect of the C1–C2 thecal sac were measured in
each position.

RESULTS: The mean anteroposterior size of the posterior C1–C2 thecal sac was as follows: 4.76 mm for supine extension, 3.63 mm for
supine flexion, 5.00 mm for prone extension, and 4.00 mm for prone flexion. Neck extension yielded a larger CSF space than flexion,
independent of supine/prone positioning. There was no correlation with neck angle and thecal sac size.

CONCLUSIONS: The posterior C1–C2 thecal sac is larger with neck extension than flexion, independent of prone or supine positioning.
Given that this space is the target for cervical puncture, findings suggest that extension is the ideal position for performing the procedure,
and the decision for prone-versus-supine positioning can be made on the basis of operator comfort and patient preference/ability.

ABBREVIATION: SPACE � sampling perfection with application-optimized contrasts by using different flip angle evolution

Often the approach for accessing the thecal sac for CSF sam-

pling or myelography is via lumbar puncture. There are sub-

sets of patients, however, in whom lumbar puncture is not possi-

ble or is contraindicated. These include patients with severe

lumbar spondylosis, extensive bony lumbar fusion, lumbar canal

stenosis, spinal dysraphism, extensive lumbar hardware, and lum-

bar epidural abscess. In these cases, cervical puncture may be per-

formed as an alternative. For cervical myelography, cervical punc-

ture may actually be the preferred method for instillation of

intrathecal contrast.

Although its use is being curbed by heavily T2-weighted, high-

resolution MR imaging techniques, cervical myelography is still

indicated in patients who have a contraindication to MR imaging

or equivocal findings on MR imaging or who have failed MR

imaging. Administering contrast via cervical puncture has several

advantages, including less dilution of contrast within the cervical

canal, better control of contrast to prevent intracranial spillage,

and the ability to perform the procedure with the patient in a

prone or supine position. Additionally, cervical puncture can be

helpful to delineate the upper margin of an obstructive mass

within the spinal canal below the cervical level. Disadvantages

include a slightly increased risk of damage to nearby structures

such as the spinal cord, vessels, or nerves.1,2

C1–C2 puncture for myelography is often performed with the

patient in the prone position with the neck extended, though the

procedure can be performed with patients in the lateral decubitus

and supine positions.3,4 Neck extension is helpful in the preven-

tion of intrathecal contrast spilling into the intracranial space.

This positioning may also be used for C1–C2 puncture for CSF
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sampling, though there is no contrast as in myelography to war-

rant the extended neck position. Under fluoroscopic guidance,

the needle is advanced into the posterior thecal sac between the C1

and C2 vertebrae at approximately the junction of the anterior

two-thirds and posterior one-third of the spinal canal.3 As a re-

sult, the size of the posterior thecal sac in various neck positions

during puncture is of interest. That the diameter of the spinal

canal varies on imaging with neck position, notably in flexion or

extension, is well-documented; however, these studies are focused

on the mid- and lower cervical spine in regard to stenosis from

spondylotic change.5-7 Measurements of the posterior cervical

thecal sac are reported with x-ray myelography, with mention of a

subjective change in dural configuration and lack of subjective

movement of the cord at the C1–C2 level on flexion and exten-

sion.8 Recently, thin-section MR imaging techniques have been

used to assess cervical spinal canal dimensions in healthy

volunteers.9

To our knowledge, no study has confirmed that there is more

space in the posterior thecal sac at C1–C2 with neck extension

over flexion or with prone-versus-supine positioning. The pur-

pose of this study was to compare measurements of the posterior

cervical thecal sac at C1–C2 during neck flexion and extension in

the supine and prone positions by using high-resolution MR im-

aging in healthy volunteers, to determine which position allows

the largest CSF space for cervical puncture.

MATERIALS AND METHODS
Patients
The Georgetown University Hospital institutional review board

approved this prospective, Health Insurance Portability and Ac-

countability– compliant study. The study included 10 healthy vol-

unteers. The inclusion criterion was age older than 18 years. Ex-

clusion criteria were the following: history of cervical spine injury,

known cervical disc herniations, cervical canal or neuroforaminal

stenosis, or cervical spine surgery; acute or chronic neck pain; and

any contraindication to MR imaging. The mean age of the sub-

jects was 30.3 years (range, 26 –34 years). There were 6 male and 4

female subjects. Informed consent was obtained from all subjects

for a noncontrast MR imaging of the cervical spine.

MR Imaging Evaluation
Each subject underwent 3T MR imaging (Magnetom Verio; Sie-

mens, Erlangen, Germany) of the cervical spine by using a 6-

element body surface coil and a 16-element table spine coil.

Sequences were obtained in the following 4 neck positions: prone

flexion, prone extension, supine flexion, and supine extension. In

each position, a single high-resolution sagittal T2 sampling per-

fection with application-optimized contrasts by using different

flip angle evolution (SPACE; Siemens) sequence was performed

through the cervical spine by using isotropic voxels. The SPACE

sequence involved the following imaging parameters: TE, 123 ms;

TR, 1200 ms; flip angle, 125°; partition thickness, 0.9 mm; FOV,

280 � 280 mm; matrix size, 320 � 317; receiver bandwidth, 744

Hz; parallel imaging factor, 2; 2 excitations. Each sequence was

performed with the patient in the maximum amount of neck flex-

ion or extension that could be maintained for the entire scan to

prevent motion (Fig 1). Scanning time was 5 minutes 18 seconds

for each position.

Image Analysis
All measurements were made on a true midline sagittal image of

the cervical spine. The midline image was determined via 3D ma-

nipulation of the isotropic data on a separate workstation

(AquariusNET; TeraRecon, San Mateo, California). The angle of

cervical spine flexion and extension, defined as the angle between

a line drawn parallel to the inferior endplate of C2 and a second

line drawn parallel to the superior endplate of C7, was measured

in each patient (Fig 2). The posterior thecal sac anteroposterior

distance was measured in each subject with each neck position.

These measurements were obtained by drawing a line from the

dorsal spinal cord to the posterior wall of the spinal canal midway

between the C1 and C2 spinous processes (Fig 3).

Statistical Analysis
Measurements within patients were not considered independent.

Therefore, we used a repeated measures ANOVA, assuming a co-

variance structure of compound symmetry among the 4 different

positions. Each position was treated as a fixed effect and com-

FIG 1. Sagittal T2 SPACE in the following neck positions: supine flex-
ion (A) and prone extension (B).

FIG 2. Sagittal T2 SPACE in the prone flexion position with angle
measurements obtained from the lines drawn parallel to the inferior
endplate of C2 and superior endplate of C7.
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pared with each of the other 3 positions. Correlative analysis of

neck angle values and thecal sac size was also performed. A P value

�.01 was considered statistically significant. Analysis was per-

formed by using SAS 9.3 software (SAS Institute, Cary, North

Carolina).

RESULTS
The mean angle of extension was 37.3° for the supine and 39.8° for

the prone position. The mean angle of flexion was 28.6° for the

supine and 28.8° for the prone position. The mean anteroposte-

rior dimensions of the posterior thecal sac at the C1–C2 level were

as follows: 4.00 � 1.12 mm for prone flexion, 5.00 � 1.29 mm for

prone extension, 3.62 � 1.25 mm for supine flexion, and 4.76 �

1.23 mm for supine extension (Table). There was a statistically

significant difference in distances measured at different positions

at P � .01.

The posterior thecal sac size for each position was held as a

fixed variable and then compared with the measurements in each

of the other 3 positions. Comparing with prone flexion, we calcu-

lated the following P values: prone extension at P � .0003, supine

extension at P � .004, and supine flexion

at P � .128. Comparing with prone ex-

tension, we calculated the following P

values: supine flexion at P � .0001 and

supine extension at P � .342. Compared

with supine flexion, supine extension

demonstrated P � .0001. In summary,

statistically significant differences

(P � .01) were found between prone

flexion and prone extension, prone flex-

ion and supine extension, prone exten-

sion and supine flexion, and supine flex-

ion and supine extension. Three of these

significant correlations met even

highly rigorous significance criteria at

P � .0001 (prone flexion versus prone

extension; prone extension versus su-

pine flexion; and supine flexion versus

supine extension).

Additional correlative analysis be-

tween the distance and neck angle at

each position resulted in the following P

values: prone flexion at .963, prone ex-

tension at .983, supine flexion at .290,

and supine extension at .257. There was

no significant association between dis-

tance and neck angle at any position.

Overall results demonstrate that the

posterior thecal sac is larger with the ex-

tension position compared with flexion but that there is no sig-

nificant difference in the posterior thecal sac size between prone

and supine imaging.

DISCUSSION
Cervical puncture is a very effective approach for CSF sampling

and instillation of intrathecal contrast for myelography. Although

lumbar puncture is often used for these purposes, myriad indica-

tions would warrant C1–C2 puncture into the thecal sac. These

mostly include limited or contraindicated access at the level of the

lumbar spine due to extensive bony fusion, epidural abscess,

spondylosis, and so forth. Additionally one may prefer to inject

intrathecal contrast into the cervical thecal sac for cervical my-

elography due to the advantages, such as less contrast dilution and

better control of contrast to prevent intracranial spill.

The use of cervical puncture seems to be waning possibly due

to growing inexperience with the technique and concern for the

associated risks, mainly involving cervical cord injury. However,

in 2009, Yousem et al1 provided a discussion about the relevance

of cervical puncture with regard to the current standard of prac-

tice and found that there are still reasonable indications for cervi-

cal puncture and that the complication rate is low when per-

formed by experienced neuroradiologists. Additionally, a 2008

study of cervical myelography at 1 large center revealed that the

authors’ major approach was cervical puncture at a ratio of 6:1,

with a slightly higher prevalence of documented minor adverse

reactions over lumbar puncture.10

Complications of cervical puncture include the potential for

FIG 3. Anteroposterior measurements of the posterior C1–C2 thecal sac obtained off reformat-
ted true midline images of the sagittal T2 SPACE in the same patient in prone flexion (A), prone
extension (B), supine flexion (C), and supine extension (D).

Statistical analysis of C1–C2 posterior thecal sac measurements in
various neck positions

Position

Analysis Variable: Distance (mm)

No. Mean Median SD Minimum Maximum
Prone extension 10 5.00 4.69 1.29 3.19 7.16
Prone flexion 10 4.00 3.72 1.12 2.42 6.21
Supine extension 10 4.76 4.85 1.23 3.03 7.03
Supine flexion 10 3.62 3.18 1.25 1.56 5.56
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spinal cord puncture and injection of contrast into the cord pa-

renchyma.11-13 Another concern, albeit less common, is injury to

nearby cervical nerves and major arteries such as the vertebral or

posterior inferior cerebellar arteries, resulting in symptoms re-

lated to cord, brain stem, and brain infarcts. There are also case

reports of spinal hematoma leading to a variety of complications,

including cord compression and death.14-16

Cervical puncture can be performed with the neck flexed or

extended and in either the prone or supine position. Standard

positioning of the patient for cervical puncture involves placing

the patient’s neck in a prone extended position. In this study, we

evaluated the anteroposterior size of the posterior cervical thecal

sac in various neck positions to determine which yields the largest

CSF space for access, theoretically decreasing the risk of cord in-

jury. To our knowledge, there are no prior studies that measure

the size of the posterior upper cervical thecal sac in these various

positions. Orrison et al8 performed a postmortem study and

found that the average posterior thecal sac size at C1–C2 in the

neutral position was 4.3 mm, in a range similar to that of mea-

surements obtained in our study. Most interesting, Orrison et al

also showed up to 1 cm of tenting of the dura ahead of the needle

in cervical puncture before CSF was seen in the hub.

We used high-resolution 3D T2 SPACE MR imaging to refor-

mat the data and determine the most accurate midline position of

the spinal canal. This sequence has been reported by others to be

of high quality and clinically acceptable for imaging of the spine

and spinal canal.17,18 Our measurement and analysis of healthy

volunteers by using MR imaging of the cervical spine demon-

strates that the posterior cervical subarachnoid space is approxi-

mately 25% larger with neck extension than with neck flexion.

This result is independent of prone or supine positioning.

Prior studies have shown that the upper cervical levels from C2

to C4 (starting at the inferior edge of C2) demonstrate increases in

the ventral subarachnoid space and decreases in the dorsal sub-

arachnoid space on neck extension. Our measurements were ob-

tained at the mid-C2 level (above the levels discussed in prior

reports); in all subjects in both the prone and supine positions, the

reverse was observed with decreases in the ventral subarachnoid

space and increases in the dorsal space. On the basis of our eval-

uation of the images obtained in all of our subjects in the various

positions, we postulate that the dynamics above the inferior mar-

gin of C2 vary from that observed in the remainder of the cervical

spine. We theorize that the cervicomedullary cord remains in a

relatively stable position between the flexed and extended posi-

tions in comparison with the bony spine and it is the upper cer-

vical vertebral bodies that move closer to the anterior cord in

extension, in effect widening the posterior thecal sac.

Although the study was limited by the small number of sub-

jects, most of the differences between extension and flexion were

highly statistically significant, meeting even the stringent criteria

of P � .0001. A larger number of subjects would be required to see

if the lack of a significant difference between the prone and supine

position was due to a true lack of difference or the limited power

of the study. Another possible limitation included small inconsis-

tencies in placing calipers during measurements, given the rela-

tively small size of the posterior thecal sac and mild motion arti-

facts. Additionally, we did not consider sex or height analyses,

mainly due to the number of subjects in the study, and this anal-

ysis may be a topic of interest in future studies.

Some may argue that the homogeneous, young, healthy nature

of our subject group does not reflect that seen on a clinical basis.

The strongest indications for cervical puncture in our institution

are for CSF sampling and myelography in patients in whom lum-

bar puncture is not possible for reasons such as extensive lumbar

bony fusion or lumbar epidural abscess. These indications occur

in patients young and old, with or without cervical spondylosis.

As such, our study population included healthy young volunteers

to determine the effect of flexion and extension without other

confounding factors.

We think that the increase in posterior thecal sac size in the

extended neck position theoretically decreases the risk of the nee-

dle coming in contact with the spinal cord during cervical punc-

ture. However, prolonged neck extension may be difficult in a

subset of patients who have significant cervical disease. In cases in

which prone positioning of the patient may not be possible due to

anatomic limitations, medical conditions, and safety concerns, it

is important to know that supine positioning does not have a

significant impact on the space available for needle placement.

This is of great importance in patients with cervical disease who

may have problems with prone-versus-supine positioning.

Future studies could be performed including more subjects to

increase the power of the analysis and possibly including patients

who have clinical indications for cervical puncture to see if this

patient population has results similar to those in healthy subjects.

CONCLUSIONS
The posterior cervical thecal sac at C1–C2 is larger in extension

than flexion, suggesting that extension is the ideal position for

cervical puncture for CSF sampling or cervical myelography.

There is no difference in posterior cervical thecal sac size in prone-

versus-supine positioning.
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LETTERS

Re: The Benefits of High Relaxivity for Brain Tumor Imaging:
Results of a Multicenter Intraindividual Crossover Comparison

of Gadobenate Dimeglumine with Gadoterate Meglumine
(The BENEFIT Study)

We have read with interest the publication by Vaneckova et

al1 reporting the results of a clinical study that assessed the

diagnostic performances of 2 gadolinium-based contrast agents

(GBCAs) used for brain tumor imaging. The authors performed a

multicentric, prospective, randomized, intraindividual, cross-

over, 2-arm study. The objective of Arm 1 was to demonstrate

the superiority of a full dose (0.1 mmol/kg) of gadobenate

dimeglumine over the same dose of gadoterate meglumine,

whereas in Arm 2, the aim was to ascertain whether a half

dose (0.05 mmol/kg) of gadobenate provides diagnostic infor-

mation similar to that of a full dose of gadoterate. GBCA ad-

ministrations and image analyses were performed in a blinded

manner. The primary end point was the overall diagnostic

preference of the readers for one GBCA over the other. In Arm

1, a significant superiority was shown in favor of gadobenate,

and in Arm 2, no significant differences could be found be-

tween the 2 GBCAs. The authors concluded that when admin-

istered at the approved dose of 0.1 mmol/kg, gadobenate is

superior to gadoterate for qualitative and quantitative assess-

ment of brain lesions, and that a half dose of the former agent

is equivalent to a full dose of the latter. However, we consider

that some biases limit the interpretation of the results and even

lead to wrong assertions.

First, the statistical analysis was not adapted to the objec-

tives of the study. To compute the sample size in each arm, the

authors assumed that no difference in overall diagnosis pref-

erence would be found between the 2 GBCAs in half of the

patients. In the other half, they hypothesized that the prefer-

ence would be in favor of gadobenate in 80% of the patients

who received the full dose (Arm 1) and in 75% of those who

received the half dose (Arm 2). Then they applied the Wil-

coxon signed rank test to demonstrate the superiority of gado-

benate in both arms. The results showed a significant prefer-

ence for this GBCA in Arm 1 but not in Arm 2. However, in

Arm 1, the agreement among the 3 readers reached only 50.8%,

with a � value of 0.273. According to Landis and Koch,2 this is

a moderate level of agreement, and it casts some doubt on the

robustness of the interpretations. The second arm was clearly

not designed as an equivalence or a noninferiority trial, as

defined in the “Consolidated Standards of Reporting Trials”

statement,3 and failure to show a difference should not have

been interpreted as an equivalence between both GBCAs.

Therefore, when the authors concluded that “a half dose of

gadobenate (0.05 mmol/kg body weight) is equivalent to a full

dose (0.1 mmol/kg body weight) of gadoterate,”1 they obvi-

ously made a biased interpretation of the results. The compar-

ison in Arm 2 simply failed because the hypothesis of superi-

ority was not met.

Second, the number of lesions subjected to signal intensity

measurements with the T1-weighted gradient-echo (T1GRE) se-

quence differed from that of the T1-weighted spin-echo (T1SE)

sequence. Most surprising, fewer lesions were considered with the

T1GRE sequence, though they were all larger than 5 mm: In

Arm 1, 63, 66, and 54 lesions were assessed by readers 1, 2, and

3 in T1SE and 60, 61, and 51 lesions in T1GRE; in Arm 2, 84, 89,

and 78 lesions were assessed in T1SE and 82, 85, and 75 lesions

in T1GRE. This discrepancy between sequences may have cre-

ated a bias in the analysis of the images. As both GBCAs as-

sessed the same number of lesions, it is likely that the choice of

sequence is more important than differences in relaxivity be-

tween GBCAs.

In conclusion, the design of this multicenter randomized clin-

ical trial had some important weaknesses that affected the com-

parability between the 2 GBCAs. Some of the conclusions are not

supported by the results, especially the assumed equivalence of

the half dose of gadobenate. As for the full dose, the low inter-

reader agreement shows the variability of the interpretation of a

qualitative end point such as the diagnostic preference of one

GBCA over another. More important is the clinical impact of the

diagnosis on patient management. Unfortunately, this end point

was not assessed in the present study.
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REPLY:

We thank Drs Lancelot, Piednoir, and Desché for their inter-

est in our work and their comments regarding our recent

article.1 However, we disagree strongly with the critique pre-

sented in their letter. The necessity to comply with word count

limitations when preparing manuscripts for publication means

that the description of the statistical methodology is often too

brief. We now address the points raised.

Statistical Analysis and Sample Size
The study design and analysis described in our article1 are sim-

ilar to the methodology used in many previous intraindividual

comparative studies.2-9 The primary study end point was the

overall diagnostic preference of each of 3 readers for one gad-

olinium-based contrast agent (GBCA) over the other. Other

qualitative end points (determinations of lesion border delin-

eation, definition of disease extent, visualization of lesion in-

ternal morphology, and lesion contrast enhancement) are ac-

cepted clinically relevant parameters that can directly impact

patient management decisions and surgical planning, particu-

larly for patients with glial tumors in whom macroscopically

complete surgical removal is associated with improved prog-

nosis and longer patient survival, and those with metastases,

for whom determination of the precise number, size, and lo-

cation of lesions can aid selection of the most appropriate

treatment option.3,6-9 Image assessment was performed by

comparing images from the 2 MR imaging examinations side-

by-side, with the readers blinded to the contrast agent used and

all clinical information. Each reader expressed preference for

examination 1 or 2 or determined that the 2 examinations were

equal. The resulting data for each reader were 1 observation

per patient (ie, 1 paired sample datum with an ordinal scale).

Nonparametric analysis with a 2-sided Wilcoxon signed rank

test is the appropriate statistical analysis method for assess-

ment of overall diagnostic preference. The distribution of the

preference between the 2 examinations was also tested by using

a 1-sample �2 test for equal proportions. The results obtained

were similar to those from the Wilcoxon signed rank test. This

analysis was not included in the article due to the word

restrictions.

The results for Study Arm 1 revealed a highly significant (P �

.0001) preference for gadobenate over gadoterate at an equivalent

dose for each reader (Fig 1). Variation of measurements between

readers is expected in a fully blinded read setting. Figure 1 shows

that all 3 readers were in high agreement and consistent, especially

concerning the very few assessments in which gadoterate was pre-

ferred over gadobenate (1.6%–3.2% of patients across 3 readers).

The major reason for the 50.8% agreement among readers was the

differential percentage of preferences for gadobenate across the 3

readers (49.2%, 82.3%, 69.4%). As already discussed in our arti-

cle,1 a � value of 0.273 was due to the skewed distribution of

preferences (very few preferences for gadoterate). Feinstein et al10

demonstrated clearly that a low � can result from a substantial

imbalance in marginal totals.

The results for Study Arm 2 revealed no statistically significant

differences between gadoterate at 0.1 mmol/kg and gadobenate at

0.05 mmol/kg of body weight.1 In the abstract, we concluded, “No

meaningful differences were recorded between 0.05 mmol/kg

gadobenate and 0.1 mmol/kg gadoterate.” We understand from a

statistical point of view that equivalence cannot be claimed if the

test hypothesis is not prospectively defined as “noninferiority.”

However, a conclusion of “no statistically significant difference”

between treatments simply means that the evidence that the 2

treatments lead to different outcomes is not strong enough. As

can readily be seen in Fig 2, all 3 readers determined that the

images from most patients were diagnostically equal (ie, no diag-

nostic preference between the images with half-dose gadobenate

and full-dose gadoterate).

The sample size calculation was based on the �2 test of

specified proportions in 3 categories for paired 1-sample re-

sponses. Assumptions for the study were as follows: for Study

Arm 1, an “equal” response for 50% of the patients and a ratio

of superiority of either contrast agent of 4:1, with an effect size

of 0.18; and for study Arm 2, an “equal” response for 50% of

the patients and a ratio of superiority of either contrast agent of

3:1, with an effect size of 0.125. The sample size assumption

should be based on the full distribution of the study population

for the paired 1-sample data with the ordinal scale and cannot

be divided in half; in addition, the hypothesis test was 2-sided

and did not assume “that the preference would be in favor of

gadobenate in 80% of the patients who received the full dose

(Arm 1) and in 75% of those who received the half dose (Arm

2)” as stated in the comment/letter.

In summary, we believe that the statistical methods were cor-

rectly applied in line with the study objectives. The power deter-

mination and sample size consideration correctly reflected the

primary analysis; the assumptions were evidence-based and re-

flected the information available from previous clinical trials with

identical designs.6,8,9

Quantitative Data
The methodology adopted for quantitative evaluation has been

validated in several prior comparative studies of this type,5-9 and

there are absolutely no surprising or biased results.

Quantitative contrast parameters are an excellent metric forhttp://dx.doi.org/10.3174/ajnr.A4707

FIG 1. Distribution of overall diagnostic preference: gadobenate 0.1
mmol/kg versus gadoterate 0.1 mmol/kg.
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lesion detection, which is certainly sequence-dependent. How-

ever, within-sequence intrapatient intralesion analyses were per-

formed in this study, which eliminated any possible opportunity

for biased interpretation. Criteria for measurement and selection

of lesions to measure were common across readers. Moreover,

training sessions were conducted with each blinded reader before

the assessment of study images to ensure a consistent approach to

image assessment. To standardize the size and placement of ROIs

within a subject, ROIs were positioned in a paired fashion on

predose T1-weighted spin-echo (SE) images and the correspond-

ing postdose T1-weighted SE images of both examinations 1 and

2. Round or elliptic ROIs were placed on the image frame, which

provided the best visualization of the lesions. ROIs were as large as

possible but included only homogeneous areas. The same lesions

were measured on predose and postdose T1-weighted SE/fast SE

sequences for both examinations 1 and 2. This same procedure

was used for the placement of ROIs on T1-weighted gradient re-

called-echo (GRE) images. ROIs of the same shape and size were

used for the individual measurements (lesion, normal paren-

chyma, and background noise) on each sequence type. For pa-

tients with multiple lesions, a maximum of 3 lesions that met the

measurability criteria (ie, a homogeneous enhancing area of �5

mm, not having just very subtle rim enhancement, not being to-

tally hemorrhagic, and not needing ROIs of �5 mm2) were

considered.

Most important, in light of the issue raised by Drs Lancelot,

Piednoir, and Desché, each reader individually chose the total

number of lesions to be measured in a patient with multiple le-

sions. This approach created situations in which one reader might

have measured 3 lesions while the others measured only 1 or 2 in

the same patient. Likewise, readers were free to measure different

numbers of lesions across different sequence types (T1-weighted

SE or T1-weighted GRE). In crossover studies of this type, the

intraindividual comparison (ie, the comparison within the reader

of the same lesions on the same sequence type) is important.

Therefore, the minimal differences in the number of lesions on

the 2 different T1-weighted sequences (from 2 to 5, depending

on the reader) do not bias or influence the results of the study

because the analysis was performed by sequence type. Quantita-

tive findings confirmed the predictable superiority of gadobenate

at the same dose of 0.1 mmol/kg of body weight and the lack of any

meaningful difference for half-dose gadobenate compared with

full-dose gadoterate. In addition to confirming the results of pre-

vious large scale intraindividual comparative studies,6-9 these

quantitative results demonstrate once again the value of relaxivity

as the only contributor to this specific outcome. The importance

of relaxivity and the outcomes of previous trials that have com-

pared gadobenate with other GBCAs6,8 have been recognized by

regulatory agencies in Europe in section 5.1 of the current Sum-

mary of Products Characteristics.11

While the study did not evaluate the impact of the diagnosis

on patient management, such studies are extremely difficult to

design because their interpretation presents the fundamental

problem that the definition of accurate patient management

based on either positive or negative test results may not be a

single expected therapeutic choice and, more important, that a

measured change in management does not necessarily trans-

late into improved health outcomes. To date, there are no ac-

cepted guidelines for the design, reporting, and appraisal of

patient-management studies.12

In conclusion, we believe that the design of this well-con-

trolled clinical trial provides valuable information on the 2

GBCAs. First, it demonstrates that gadobenate is significantly su-

perior to gadoterate for qualitative and quantitative enhancement

of brain lesions when these agents are administered at an equiva-

lent dose of 0.1 mmol/kg of body weight. This finding can be

ascribed exclusively and unequivocally to the higher r1 relaxivity

of gadobenate, which leads to superior contrast enhancement and

significantly more clinically relevant morphologic information,

which may be helpful for improved patient management and sur-

gical planning. Second, it shows that there is no meaningful or

relevant difference between a half dose of gadobenate and a full

dose of gadoterate. The possibility of halving the amount of gad-

olinium administered is potentially extremely important for pa-

tients undergoing routine screening or follow-up examinations.
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LETTERS

Cerebral Amyloid Angiopathy as an Etiology for Cortical
Superficial Siderosis: An Unproven Hypothesis

We read with great interest a recent article by Inoue et al1 on

the diagnostic significance of cortical superficial siderosis

(cSS) for Alzheimer disease in patients with cognitive impair-

ment. The article focused on presymptomatic cases of cSS diag-

nosed by MR imaging.

The major finding of the article was that cSS was associated

with a lobar location of microbleeds (MBs) and may be an initial

radiologic finding of cerebral amyloid angiopathy (CAA) in pa-

tients with cognitive impairment. Lobar location includes both

the cortical gray matter and the subcortical white matter. The

imaging manifestations of hemosiderin deposition from cSS and

MBs from CAA can be indistinguishable on gradient-echo T2-

weighted images,2 especially when MBs are seen on the surface of

the cerebral cortex. There is even a suggestion that CAA can be an

underlying cause of cSS.3 In the current study, there was 72%

correspondence between the location of cSS and that of MBs. The

definition of cSS was only based on the shape of the signal abnor-

mality on SWI (ie, linear). Because there are currently no widely

recognized criteria to distinguish hemosiderin deposition from

MBs on imaging, it may be helpful to show interobserver variabil-

ity in the assignment of individual lesions to ensure agreement on

the nature of the hypointensity seen on T2-weighted MR imaging.

Although its detection has increased with the advances in MR

imaging technology, cSS is still a rare disease.4 The most accepted

hypothesis for its etiology has been chronic iron deposition in

neuronal tissues associated with CSF.5 Chronic bleeding into the

subarachnoid space of the brain releases erythrocytes into the

CSF. The chronic bleeding source can be a result of past brain

surgery or CNS trauma.5 Less common bleeding sources include

CSF cavity lesions, tumors, vascular malformations, and so forth.4

The authors stated that cSS related to previous symptomatic sub-

arachnoid hemorrhage, traumatic subdural hematoma, or intra-

cranial surgery was not included, but they did not provide infor-

mation on the number of patients excluded. According to the

literature, the source of bleeding was never found in as many as

half of all described cases.4 Even for the 12 patients included in the

analysis, it is possible that they still had an occult source of bleed-

ing. Consequently, the relationship between cSS and CAA may be

either overestimated or underestimated in the studied cohort, de-

pending on how many patients were excluded due to a known

bleeding source.

In conclusion, the pathogenesis of cSS from CAA is still an

unproven hypothesis. An unidentified bleeding source may ac-

count for cSS in the studied cohort instead of CAA.
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REPLY:

We sincerely thank Harrison X. Bai and colleagues for their

interest and comments regarding our recent article, in

which we demonstrated the diagnostic significance of cortical su-

perficial siderosis (cSS) for Alzheimer disease in patients with cog-

nitive impairment.1

Regarding the methodologic issues of the present study that

their letter raises, the diagnosis of cSS seen on susceptibility-

weighted imaging was based on collegial discussion with experi-

enced neuroradiologists, and no data are available for interob-

server variability. We defined cSS as linear hypointensities on the

surface of the cerebral gyri on SWI. The appearance of cSS on SWI

was obvious in this study; fortunately, we had no difficulty in

distinguishing cSS from lobar cerebral microbleeds (MBs). Very

superficial clusters of multiple MBs can be mistaken for cSS, but

these would be distinguished by their irregular appearance.2

In relation to exclusions, 4 patients with previous symptom-

atic subarachnoid hemorrhage, 23 patients with traumatic sub-

dural hematoma, and 1 patient with an intracranial operation

were excluded according to medical charts. We therefore pre-

sented 12 cases with cSS that did not seem to have occult sources

of bleeding, as the authors pointed out.

We agree with their statement that elucidating the pathogen-

esis of cSS from cerebral amyloid angiopathy (CAA) warrants

further analysis. However, imaging-histopathologic correlations

shown in cases with CAA might indicate that recurrent blood

leakage of meningeal vessels leads to the propagation of cSS.3 To

confirm the progression of CAA-related cSS, prospective studies

are needed that recruit patients with CAA based on the Boston

criteria.4
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LETTERS

Hemorrhagic Pituitary Adenoma versus Rathke Cleft Cyst:
A Frequent Dilemma

Iread with interest the article of Park et al1 published in the

October issue of the American Journal of Neuroradiology. Dif-

ferentiation with MR imaging of a cystic or hemorrhagic pituitary

adenoma from a Rathke cleft cyst (RCC) remains a common is-

sue. In daily practice, this situation may be particularly confusing

in a young woman with mild hyperprolactinemia whose symp-

toms are frequently hidden by taking contraceptive pills. More-

over, parallelism between the prolactin level and tumoral volume

is missing in hemorrhagic microprolactinomas. Then, diagnosis

of hemorrhagic microprolactinoma versus T1 hyperintense intra-

sellar mucoid RCC is challenging.

Park et al reported that the main differentiating features of

pituitary adenomas are off-midline location, tilting of the pitu-

itary stalk, fluid-fluid level, T2 hypointense hemosiderin rim, and

septations, while Rathke cleft cysts are more likely located on the

midline and frequently present with a T2 hypointense character-

istic nodule.

Nevertheless, pituitary adenomas may be on the midline, for

instance corticotroph adenomas. The fluid-fluid level is incon-

stant, particularly with fresh hemorrhage and a peripheral hemo-

siderin rim because of the absence of blood-brain barrier in the

pituitary gland; septations are inconstant. On the other hand,

Rathke cleft cysts may be, rarely, in an off-midline location, and

their T2 hypointense waxy nodules are detected in no more than

70% of cases.

Moreover, the diagnostic tree model proposed by Park et al

seems difficult to apply to the strictly intrasellar infracentimetric

lesions, which are more and more frequently seen with high-

resolution 3T scanners, either discovered fortuitously or in the

assessment of hyperprolactinemia.

Ancillary signs are then welcome to differentiate RCCs from

cystic or hemorrhagic pituitary adenomas.

The axial T1-weighted sequence is optimal for making the di-

agnosis of such RCCs: Strict midline location, regular convex

symmetric anterior surface, and close contact with the posterior

lobe are characteristic features.2

Furthermore, while intrasellar pituitary adenomas, even tiny

ones, give rise to mass effect, such as bulging of the sellar dia-

phragm and eroding of the bony contours of the sella, intrasellar

RCCs of equal volume give rise to a less important mass effect or

even to no mass effect, most probably because of intracystic low

pressure, at least with an asymptomatic RCC (Fig 1).

This observation is helpful in the presence of the not-so-rare

concomitant intrasellar pituitary adenoma and RCC, in which the

soft RCC is deformed by the firmer pituitary adenoma, even if the

latter is smaller (Fig 2).
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FIG 1. Hemorrhagic pituitary adenoma (A and B) versus mucoid RCC
(C and D) on coronal and axial T1WI. This hemorrhagic pituitary ade-
noma (A and B) has fluid-fluid levels (short arrow) and mass effect on
the sellar diaphragm, posterior lobe, and anterior wall of the sella
(long arrows). In this RCC (C and D), note a mild imprint on the pos-
terior lobe but no deformation of the sellar diaphragm or of the
anterior wall.

FIG 2. Concomitant pituitary adenoma and RCC. A and B, Coronal
T1WI before and after cabergoline treatment. C and D, Corresponding
axial T1WI. The T1 isointense pituitary microadenoma deforms the
sellar floor, upraises the upper surface of the gland (long arrows), and
imprints the lateral margin of a T1 hyperintense mucoid RCC (curved
arrow). After treatment (B and D), shrinkage of the adenoma leads to
a re-expansion of the RCC, whose pattern is pathognomonic in axial
T1WI. D, Note again the absence of mass effect.
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REPLY:

We appreciate the comments from Jean-François Bonneville

on our study entitled “Differentiation between Cystic Pi-

tuitary Adenomas and Rathke Cleft Cysts: A Diagnostic Model

Using MRI.”1 As Dr Bonneville mentioned, differentiating cystic

or hemorrhagic adenoma and Rathke cleft cyst (RCC) is some-

times challenging, and preoperative differentiation of these con-

ditions is important for treatment planning2,3; therefore, we sug-

gested a diagnostic tree model for differentiating cystic pituitary

adenoma from RCC by using preoperative MR imaging and re-

ported an improved diagnostic accuracy when using the diagnos-

tic tree model.1

We agree with Dr Bonneville that pituitary adenomas, espe-

cially corticotroph-secreting adenomas, may be on the midline as

seen in Fig 5, and 16.7% of pituitary adenomas in our study were

also located on the midline.1 In addition, other imaging findings

were seen with various frequencies: fluid-fluid levels in 68.5%,

T2-hypointense rims in 75.9%, septations in 38.9% of pituitary

adenomas, and intracystic nodules in 67.9% of RCCs. Therefore,

we tried to develop a diagnostic tree model that included several

imaging features because differential diagnoses are sometimes

inconclusive with only 1 or 2 imaging findings. By applying the

diagnostic tree model, we were also able to attain high diagnostic

accuracy in the validation group (91.7%).1

Dr Bonneville also raised concerns about applying the diag-

nostic tree to subcentimeter lesions. In our study, we included

cystic pituitary adenomas and RCCs that were confirmed histo-

pathologically. Small asymptomatic RCCs showing typical imag-

ing features were not treated surgically; therefore, they were not

included in our study. Although this omission can be considered

a limitation of our study, we think that preoperative differentia-

tion between cystic adenoma and RCC is important in patients

who are considered for surgery due to hormonal or nonhormonal

symptoms because different surgical procedures are required ac-

cording to the different diagnoses. The diagnostic tree model may

provide guidance to neurosurgeons for appropriate surgical

planning.

We agree with Dr Bonneville that intrasellar pituitary ade-

noma can show mass effects such as a bulging sellar diaphragm

and erosion of the body contours of the sella,4 which we did not

include in our diagnostic tree. Therefore, further studies that add

these imaging features to the diagnostic tree model will be helpful

in the differential diagnosis of cystic pituitary adenoma and RCC.
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LETTERS

In Reply to Antiplatelet Therapy Prior to Temporary
Stent-Assisted Coiling

We would like to thank Drs Almekhlafi and Goyal for their

comments1 concerning our article, “Temporary Solitaire

Stent-Assisted Coiling: A Technique for the Treatment of Acutely

Ruptured Wide-Neck Intracranial Aneurysms.”2

Almekhlafi et al noticed that we performed the procedures

without preadministering antiplatelet therapy, and they would

like to caution against the wide adoption of this technique with-

out pretreatment with antiplatelet agents. They reported the en-

dovascular treatment of 10 aneurysms (6 unruptured and 4 rup-

tured) in 8 patients by using temporary stent-assisted coiling. One

of their patients with an unruptured aneurysm was not pretreated

with dual antiplatelet therapy and presented with a procedural

in-stent thrombosis with no clinical sequelae.

An antiplatelet regimen is usually administered before stent

placement in selective cases. However, in our article,2 we reported

our experience in a different situation (acutely ruptured aneu-

rysms). In this setting, to the best of our knowledge, it seems clear

that adverse events happen more commonly and clinical out-

comes are likely to be worse than those achieved without stent

assistance3; thus, we did not use antiplatelet therapy in our series.

Recently, Bechan et al4 compared the rate of stent-placement

complications in acutely ruptured versus unruptured aneurysms,

and they have shown that the morbidity and mortality increased.

Application of dual antiplatelet therapy in stent-assisted coiling

of acutely ruptured aneurysms is associated with an increased risk

of hemorrhagic complications following shunt placement,5 espe-

cially in middle cerebral artery and anterior communicating ar-

tery aneurysms.6 In our series, 4 of the 8 patients underwent

emergent shunt placement and no hemorrhagic complication was

noted.

As Drs Almekhlafi and Goyal noted, temporary stent-assisted

coiling could be a helpful technique; however, it should be con-

sidered only when other endovascular techniques are not feasible,

especially in the setting of acute ruptured aneurysms. The current

literature does not support using antiplatelet therapy in this set-

ting because it associated with worse prognosis.
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