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Headway® DUO 

Microcatheter

Braided Coil Assist Stents with High 

Neck Coverage, Excellent Opening, 

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

Innovative Catheter Technology 

and Construction in a Complete 

Range of Sizes and Softness

MicroVention, Inc.
Worldwide Headquarters PH +1.714.247.8000
35 Enterprise
Aliso Viejo, CA 92656 USA
MicroVention UK Limited PH +44 (0) 191 258 6777
MicroVention Europe, S.A.R.L. PH +33 (1) 39 21 77 46
MicroVention Deutschland GmbH PH +49  211 210 798-0
microvention.com

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

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



Bending expectations of 
conformability and stability.

Enhanced conformability – The hybrid cell structure is 

designed to enhance stent opening and conformability 

in bifurcations and tight curves.

Ease of use – All sizes of the Neuroform Atlas Stent are 

deliverable through Excelsior® SL-10® and Excelsior XT-17™ 

Microcatheters.

Higher deployment accuracy – The Neuroform Atlas Stent

is designed to have very low foreshortening, which enables 

very high deployment accuracy.

Copyright © 2017 Stryker
AP001839 v1.0  |  Page 1 of 2

The Neuroform Atlas Stent System is authorized under a Humanitarian Device Exemption (HDE). 
IRB approval is required prior to use.



FLOW-DEPENDENT MICROCATHETER SERIES

BALT USA 
18 Technology Drive #169, Irvine, CA 92618 

 P 949.788.1443   F 949.788.1444
© 2017 BALT USA   MKTG-068 Rev. B

ordermagics@balt-usa.com

Now available through Balt USA

MAGIC catheters are designed for general intravascular use. 
They may be used for the controlled, selective regional infusion 
of therapeutic agents or embolic materials into vessels.1

Federal (USA) law restricts this device to sale, distribution by 
or on the order of a physician. Indications, contraindications, 
warnings and instructions for use can be found in the product 
labeling supplied with each device.

1. Magic Catheters IFU – Ind 19
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Welcome and Greetings
Please join us in Vancouver, CANADA for the 56th Annual 
Meeting of the American Society of Neuroradiology  on  
June 2–7, 2018 at the Vancouver Convention Centre East. 
Surrounded by the coastal mountains and located on the 
waterfront, you can enjoy these spectacular views in the heart 
of downtown Vancouver. With its undeniable charm and friendly 
atmosphere, Vancouver is known around the world as both a 
popular tourist attraction and one of the best places to live.

ASNR enthusiastically presents Neuroradiology: Adding Value 
and Improving Healthcare  at the Symposium of the Foundation 
of the ASNR, as well as the common thread throughout the 
Annual Meeting. Implementing a value-based strategy in 
imaging has grasped the attention of nearly every healthcare 
provider; in particular with Radiologists understanding that the 
future will demand their imaging practices deliver better value. 
Value in healthcar
strategies that yield improved outcomes, lower costs, or both. 
As payment transitions from a fee-for-service to a value-based 
system, thus creating a fundamentally different marketplace 
dynamic, measuring good outcomes are at the center of this 
changeover. At this time of uncertainty what little remains clear 

medical specialty will be able to succeed in the future value-
based system. The Symposium will feature how Neuroradiology, 
in its many subspecialty areas, adds value to clinical care 
pathways by directing healthcare practice towards better 
outcomes. The annual meeting programming will continue on 
this theme emphasizing imaging that improves health 
outcomes, while considering costs, thus adding value. Our 
discussions will incorporate many innovative approaches to 
how neuroimaging currently does and will continue to improve 
overall healthcare performance.

As the Program Chair for ASNR 2018, it is my pleasure and 
honor to welcome you to Vancouver, CANADA for our annual 
meeting! Vancouver is known for being a very walkable city 
with a compact downtown core hosting many places to enjoy. 
So pack your comfortable walking shoes and let’s tour together 
with our colleagues and friends!

Pina C. Sanelli, MD, MPH, FACR  
ASNR 2018 Program Chair/President-Elect

ASNR 56 th Annual Meeting
c/o American Society of Neuroradiology
800 Enterprise Drive, Suite 205
Oak Brook, Illinois 60523-4216
Phone: 630-574-0220 + Fax: 630 574-0661
2018.asnr.org

The Vancouver Convention Centre East 
© 2013 Vancouver Convention Centre

Fairmont Waterfront  
© Copyright 2017 FRHI

Vancouver  
rts

ASNR 56 th Annual Meeting &
The Foundation of the ASNR Symposium 2018

June 2 - 7, 2018  | Vancouver, B.C., CANADA

Pina C. Sanelli, MD, MPH, FACR  

ASNR 2018 Program Chair/President-Elect
Programming developed in cooperation with the…
American Society of Functional Neuroradiology (ASFNR)

Max Wintermark, MD
American Society of Head and Neck Radiology (ASHNR)

Deborah R. Shatzkes, MD
American Society of Pediatric Neuroradiology (ASPNR)

Ashok Panigrahy, MD
American Society of Spine Radiology (ASSR)

John D. Barr, MD, FACR, FSIR, FAHA
Society of NeuroInterventional Surgery (SNIS)

Mahesh V. Jayaraman, MD
ASNR Health Policy (HPC) Committee
William D. Donovan, MD, MPH, FACR,  

Gregory N. Nicola, MD, FACR
ASNR Computer Sciences & Informatics (CSI) Committee

John L. Go, MD, FACR
ASNR Research Scientist Programming Committee
Dikoma C. Shungu, PhD, Timothy P.L. Roberts, PhD

The International Hydrocephalus Imaging Working Group 
(IHIWG) / CSF Flow Group

Ari M Blitz, MD, Harold L. Rekate, MD and Bryn A. Martin, PhD

Meeting Registration Opening SOON!
Please visit 2018.asnr.org for more information





We’re Inside Every Great Neuroradiologist!

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

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



52nd Annual Meeting   |  American Society of

Head & Neck Radiology

The Westin Savannah Harbor Golf Resort & Spa
Savannah, GA 

September 26 - 30, 2018

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



 CMEgateway.org
  It’s Easy and Free!
 Log on to CME Gateway to:
• View or print reports of your CME credits from 
 multiple societies from a single access point.
• Print an aggregated report or certifi cate from 
 each participating organization.
• Link to SAMs and other tools to help with 
 maintenance of certifi cation.

 American Board of Radiology 
(ABR) participation!

 By activating ABR in your organizational profi le, 
your MOC–fulfi lling CME and SAM credits can be 
transferred to your own personalized database 
on the ABR Web site. 

 Sign Up Today!
 go to CMEgateway.org

Manage
         your CME Credits Online

Simplify
        the MOC Process

Available to Members of
Participating Societies

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



SAVE THE DATE 2018

12 th Annual Meeting of the 

American Society of

Functional  
Neuroradiology
October 15-17, 2018 
Hotel del Coronado, San Diego, CA

October 14, 2018

Optional Hands-on BOLD fMRI Workshop

For More Information, Visit www.asfnr.org
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Stryker Neurovascular
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Stryker Neurovascular
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Neuroform Atlas™ Stent System 
See package insert for complete indications, contraindications, 
warnings and instructions for use.
Humanitarian Device.   Authorized by Federal law for use with 
neurovascular embolic coils in patients who are ≥ 18 years of age for the 
treatment of wide neck, intracranial, saccular aneurysms arising from a parent 
vessel with a diameter of ≥ 2 mm and ≤ 4.5 mm that are not amenable to 
treatment with surgical clipping. Wide neck aneurysms are defined as having 
a neck ≥ 4 mm or a dome-to-neck ratio < 2. The effectiveness of this device for 
this use has not been demonstrated.

INDICATIONS FOR USE
The Neuroform Atlas™ Stent System is indicated for use with neurovascular 
embolic coils in patients who are ≥ 18 years of age for the treatment of wide 
neck, intracranial, saccular aneurysms arising from a parent vessel with a 
diameter of ≥ 2 mm and ≤ 4.5 mm that are not amenable to treatment with 
surgical clipping. Wide neck aneurysms are defined as having a neck ≥ 4 mm 
or a dome-to-neck ratio of < 2.

CONTRAINDICATIONS
Patients in whom antiplatelet and/or anticoagulation therapy is 
contraindicated.

POTENTIAL ADVERSE EVENTS
The potential adverse events listed below, as well as others, may be 
associated with the use of the Neuroform Atlas™ Stent System or with the 
procedure:
Allergic reaction to nitinol metal and medications, Aneurysm perforation or 
rupture, Coil herniation through stent into parent vessel, Death, Embolus, 
Headache, Hemorrhage, In-stent stenosis, Infection, Ischemia, Neurological 
deficit/intracranial sequelae, Pseudoaneurysm, Stent fracture, Stent 
migration/embolization, Stent misplacement, Stent thrombosis, Stroke, 
Transient ischemic attack, Vasospasm, Vessel occlusion or closure, Vessel 
perforation/rupture, Vessel dissection, Vessel trauma or damage, Vessel 
thrombosis, Visual impairment, and 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.

• Select a stent size (length) to maintain a minimum of 4 mm on each side of 
the aneurysm neck along the parent vessel. An incorrectly sized stent may 
result in damage to the vessel or stent migration. Therefore, the stent is not 
designed to treat an aneurysm with a neck greater than 22 mm in length.

• If excessive resistance is encountered during the use of the Neuroform 
Atlas™ Stent System or any of its components at any time during the 
procedure, discontinue use of the stent system. Continuing to move the 
stent system against resistance may result in damage to the vessel or a 
system component.

• Persons allergic to nickel titanium (Nitinol) may suffer an allergic response 
to this stent implant.

• Purge the system carefully to avoid the accidental introduction of air into 
the stent system.

• Confirm there are no air bubbles trapped anywhere in the stent system.

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

physician.
• Use the Neuroform Atlas Stent System prior to the “Use By” date printed 

on the package
• Carefully inspect the sterile package and Neuroform Atlas Stent System 

prior to use to verify that neither has been damaged during shipment. Do 
not use kinked or damaged components; contact your Stryker Neurovascular 
representative.

• The stent delivery microcatheter and the Neuroform Atlas Stent delivery 
wire should not be used to recapture the stent.

• Exercise caution when crossing the deployed stent with adjunctive devices.
• After deployment, the stent may foreshorten from up to 6.3%.
• The max OD of the coiling microcatheter should not exceed the max OD of 

the stent delivery microcatheter.

• Standard interventional devices with distal tips > 1.8 F may not be able to 
pass through the interstices of the stent.

• Safety of the Neuroform Atlas Stent System in patients below the age of 18 
has not been established.

• In cases where multiple aneurysms are to be treated, start at the most distal  
aneurysm first. 

MAGNETIC RESONANCE IMAGING (MRI)
Safety Information Magnetic Resonance Conditional
Non-clinical testing and analysis have demonstrated that the Neuroform Atlas 
Stent is MR Conditional alone, or when overlapped with a second stent, and 
adjacent to a Stryker Neurovascular coil mass. A patient with the Neuroform 
Atlas Stent can be safely scanned immediately after placement of this 
implant, under the following conditions:
• Static magnetic field of 1.5 and 3.0 Tesla
• Maximum spatial gradient field up to 2500 Gauss/cm (25 Tesla/m)
• Maximum MR system reported whole body averaged specific absorption 

rate of 2 W/kg (Normal Operating Mode) and head averaged specific 
absorption rate of 3.2 W/kg.

Under the scan conditions defined above, the Neuroform Atlas Stent is 
expected to produce a maximum temperature rise of 4°C after 15 minutes of 
continuous scanning. The Neuroform Atlas Stent should not migrate in this 
MRI environment.
In non-clinical testing, the image artifact caused by the device extends 
approximately 2 mm from the Neuroform Atlas Stent when imaged with a 
spin echo pulse sequence and 3 Tesla MRI System. The artifact may obscure 
the device lumen. It may be necessary to optimize MR imaging parameters for 
the presence of this implant.

Excelsior® XT-17™ Microcatheter
See package insert for complete indications, contraindications, 
warnings and instructions for use.

INTENDED USE / INDICATIONS FOR USE
Stryker Neurovascular’s Excelsior XT-17 Microcatheters are intended to 
assist in the delivery of diagnostic agents, such as contrast media, and 
therapeutic agents, such as occlusion coils, into the peripheral, coronary and 
neuro vasculature.

CONTRAINDICATIONS
None known.

POTENTIAL ADVERSE EVENTS 
Potential adverse events associated with the use of microcatheters or 
with the endovascular procedures include, but are not limited to: access 
site complications, allergic reaction, aneurysm perforation, aneurysm 
rupture, death, embolism (air, foreign body, plaque, thrombus), hematoma, 
hemorrhage, infection, ischemia, neurological deficits, pseudoaneurysm, 
stroke, transient ischemic attack, vasospasm, vessel dissection, vessel 
occlusion, vessel perforation, vessel rupture, vessel thrombosis

WARNINGS
• The accessories are not intended for use inside the human body.
• Limited testing has been performed with solutions such as contrast media, 

saline and suspended embolic particles. The use of these microcatheters 
for delivery of solutions other than the types that have been tested for 
compatibility is not recommended. Do not use with glue or glue mixtures.

• Carefully inspect all devices prior to use. Verify shape, size and condition are 
suitable for the specific procedure.

• Exchange microcatheters frequently during lengthy procedures that require 
extensive guidewire manipulation or multiple guidewire exchanges.

• Never advance or withdraw an intravascular device against resistance 
until the cause of the resistance is determined by fluoroscopy. Movement 
of the microcatheter or guidewire against resistance could dislodge a clot, 
perforate a vessel wall, or damage microcatheter and guidewire. In severe 
cases, tip separation of the microcatheter or guidewire may occur.

• 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.

• These devices are intended for use only by physicians trained in performing 
endovascular procedures.

• Inspect product before use for any bends, kinks or damage. Do not use 
a microcatheter that has been damaged. Damaged microcatheters may 
rupture causing vessel trauma or tip detachment during steering maneuvers.

• The shaping mandrel is not intended for use inside the human body.

• Discontinue use of microcatheter for infusion if increased resistance is 
noted. Resistance indicates possible blockage. Remove and replace blocked 
microcatheter immediately. DO NOT attempt to clear blockage by over-
pressurization. Doing so may cause the microcatheter to rupture, resulting in 
vascular damage or patient injury.

• Do not exceed 2,070 kPa (300 psi) infusion pressure. Excessive pressure 
could dislodge a clot, causing thromboemboli, or could result in a ruptured 
microcatheter or severed tip, causing vessel injury.

CAUTIONS / PRECAUTIONS
• To reduce the probability of coating damage in tortuous vasculature, 

use a guide catheter with a minimum internal diameter as specified in 
Table 1 above, and is recommended for use with Stryker Neurovascular 
hydrophilically coated microcatheters.

• To control the proper introduction, movement, positioning and removal of 
the microcatheter within the vascular system, users should employ standard 
clinical angiographic and fluoroscopic practices and techniques throughout 
the interventional procedure.

• Exercise care in handling of the microcatheter during a procedure to reduce 
the possibility of accidental breakage, bending or kinking.

• Use the product prior to the “Use By” date printed on the label.
• Limited testing indicates that Excelsior XT-17 Microcatheter is compatible 

with Dimethyl Sulfoxide (DMSO). The compatibility of Excelsior XT-17 
Microcatheter with individual agents suspended in DMSO has not been 
established.

• Federal Law (USA) restricts this device to sale by or on the order of a 
physician.

• Wet dispenser coil or packaging tray and hydrophilically coated outer 
shaft of microcatheters prior to removal from packaging tray. Once the 
microcatheter has been wetted, do not allow to dry.

• The packaging mandrel is not intended for reuse. The packaging mandrel is 
not intended for use inside the human body.

• Check that all fittings are secure so that air is not introduced into guide 
catheter or microcatheter during continuous flush.

• In order to achieve optimal performance of Stryker Neurovascular 
Microcatheters and to maintain the lubricity of the Hydrolene® Coating 
surface, it is critical that a continuous flow of appropriate flush solution be 
maintained between the Stryker Neurovascular Microcatheter and guide 
catheter, and the microcatheter and any intraluminal device. In addition, 
flushing aids in preventing contrast crystal formation and/or clotting on 
both the intraluminal device and inside the guide catheter and/or the 
microcatheter lumen.

• Do not position microcatheter closer than 2.54 cm (1 in) from the steam 
source. Damage to the microcatheter may result.

• Excessive tightening of a hemostatic valve onto the microcatheter shaft may 
result in damage to the microcatheter. Removing the peel away introducer 
without a guidewire inserted in the microcatheter lumen might result in 
damage to the microcatheter shaft.

• To facilitate microcatheter handling, the proximal portion of the 
microcatheter does not have the hydrophilic surface. Greater resistance 
may be encountered when this section of the microcatheter is advanced 
into the RHV.

Excelsior® SL-10® Microcatheter
See package insert for complete indications, contraindications, 
warnings and instructions for use.

INTENDED USE / INDICATIONS FOR USE
Stryker Neurovascular Excelsior SL-10 Microcatheter is intended to 
assist in the delivery of diagnostic agents, such as contrast media, and 
therapeutic agents, such as occlusion coils, into the peripheral, coronary, and 
neurovasculature.

CONTRAINDICATIONS
None known.

POTENTIAL ADVERSE EVENTS
Potential adverse events associated with the use of microcatheters or 
with the endovascular procedures include, but are not limited to: access 
site complications, allergic reaction, aneurysm perforation, aneurysm 
rupture, death, embolism (air, foreign body, plaque, thrombus), hematoma, 
hemorrhage, infection, ischemia, neurological deficits, pseudoaneurysm, 
stroke, transient ischemic attack, vessel dissection, vessel occlusion, vessel 
perforation, vessel rupture, vessel thrombosis.

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 patient 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.
•  These devices are intended for use only by physicians trained in 

performing endovascular procedures.
• Limited testing has been performed with solutions such as contrast 

media, saline and suspended embolic particles. The use of these catheters 
for delivery of solutions other than the types that have been tested for 
compatibility is not recommended. Do not use with glue or glue mixtures.

• The accessories are not intended for use inside the human body.
• Carefully inspect all devices prior to use. Verify shape, size and condition are 

suitable for the specific procedure.
• Exchange microcatheters frequently during lengthy procedures that require 

extensive guidewire manipulation or multiple guidewire exchanges.
• Never advance or withdraw an intravascular device against resistance 

until the cause of the resistance is determined by fluoroscopy. Movement 
of the microcatheter or guidewire against resistance could dislodge a clot, 
perforate a vessel wall, or damage microcatheter and guidewire. In severe 
cases, tip separation of the microcatheter or guidewire may occur.

• Inspect product before use for any bends, kinks or damage. Do not use 
a microcatheter that has been damaged. Damaged microcatheters may 
rupture causing vessel trauma or tip detachment during steering maneuvers.

• Shaping mandrel is not intended for use inside the human body.
• Discontinue use of microcatheter for infusion if increased resistance is 

noted. Resistance indicates possible blockage. Remove and replace blocked 
microcatheter immediately. DO NOT attempt to clear blockage by over-
pressurization. Doing so may cause the microcatheter to rupture, resulting in 
vascular damage or patient injury.

• Do not exceed 2,070 kPa (300 psi) infusion pressure. Excessive pressure 
could dislodge a clot, causing thromboemboli, or could result in a ruptured 
microcatheter or severed tip, causing vessel injury.

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

physician.
• To facilitate microcatheter handling, the proximal portion of the 

microcatheter does not have the hydrophilic surface. Greater resistance 
may be encountered when this section of the microcatheter is advanced 
into the RHV.

• Exercise care in handling of the microcatheter during a procedure to reduce 
the possibility of accidental breakage, bending or kinking.

• To reduce the probability of coating damage in tortuous vasculature, use a 
guide catheter with a minimum internal diameter that is ≥ 1.00 mm (0.038 in) 
and is recommended for use with Stryker Neurovascular hydrophilically 
coated microcatheters.

• To control the proper introduction, movement, positioning and removal of 
the microcatheter within the vascular system, users should employ standard 
clinical angiographic and fluoroscopic practices and techniques throughout 
the interventional procedure.

• Flush dispenser coil of hydrophilically coated microcatheters prior to removal 
from dispenser coil. Once the microcatheter has been wetted, do not allow 
to dry. Do not reinsert the microcatheter into dispenser coil.

• Do not position microcatheter closer than 2.54 cm (1 in) from the steam 
source. Damage to the microcatheter may result.

• Check that all fittings are secure so that air is not introduced into guide 
catheter or microcatheter during continuous flush.

• In order to achieve optimal performance of Stryker Neurovascular 
Microcatheters and to maintain the lubricity of the Hydrolene® Coating 
surface, it is critical that a continuous flow of appropriate flush solution be 
maintained between the Stryker Neurovascular Microcatheter and guide 
catheter, and the microcatheter and any intraluminal device. In addition, 
flushing aids in preventing contrast crystal formation and/or clotting on 
both the intraluminal device and inside the guide catheter and/or the 
microcatheter lumen.

• Excessive tightening of a hemostatic valve onto the microcatheter shaft may 
result in damage to the microcatheter.

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 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 
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PERSPECTIVES

Title: Glomus Tumor of the Carotid Artery with Light Effects. This model was created from axial serial radiologic sections received from a patient with glomus tumor of
the carotid artery by using medical reconstruction software (Mimics Research, Materialize HQ, Leuveen, Belgium) and then it was transferred to animation software
(Cinema 4D, Maxon Computer, Friedrichsdorf, Germany) in object format for the addition of texture, lighting, and visual effects and stored as a high-resolution file.

Tuncay Peker, MD, Gazi University Faculty of Medicine, Department of Anatomy, Ankara, Turkey
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REVIEW ARTICLE

Health Care Economics: A Study Guide for
Neuroradiology Fellows, Part 1

X S.L. Weiner, X R. Tu, X R. Javan, and X M.R. Taheri

ABSTRACT
SUMMARY: Few resources are available in the medical literature for a comprehensive review of current health care economics as it relates
to radiologists, specifically framed by topics defined by the Accreditation Council for Graduate Medical Education in the evaluation of
neuroradiology fellows. Therefore, we present a comprehensive review article as a study guide for fellows to learn from and gain
competence in the Accreditation Council for Graduate Medical Education neuroradiology milestones on health care economics.

ABBREVIATIONS: ACGME � Accreditation Council for Graduate Medical Education; ASNR � American Society of Neuroradiology; CMS � Centers for Medicare
and Medicaid Services; CPT � Current Procedural Terminology; ICD � International Statistical Classification of Diseases and Related Health Problems; MACRA �
Medicare Access and Children’s Health Insurance Program Reauthorization Act; MPPR � Multiple Procedure Payment Reduction; PC � professional component; RUC �
American Medical Association Specialty Society Relative Value Scale Update Committee; RVS � Resource-Based Relative Value Scale; RVU � relative value unit;
TDABC � Time-Driven Activity-Based Costing; TC � technical component

Understanding and pragmatically applying the economic

principles found in existing resources may be challenging for

fellows, given the relatively fragmented dissemination of the prin-

ciples in the literature. Therefore, we present a comprehensive

review article as a study guide for fellows to learn from and gain

competence in the ACGME neuroradiology milestones on health

care economics. In addition, it is the authors’ hope that this work

might serve as a foundation for diagnostic radiology residents,

other imaging subspecialty fellows, and practicing radiologists,

facilitating implementation in real-world radiology practice. This

review article primarily relates to Medicare and its unique role in

the physician reimbursement process. The role of private payers is

beyond the scope of this effort and will not be explored to any

meaningful degree. Finally, this work will be presented as a 2-part

review article, with Part 1 covering ACGME milestones 1–3 and

Part 2 covering milestones 4 –5.

MATERIALS AND METHODS
A search using the PubMed Medical Subject Heading terms “di-

agnostic imaging/economics” and “radiology/economics” per-

formed in late 2016 resulted in a nonexhaustive compilation of

approximately 50 review articles on current health care econom-

ics, nearly all of which were published within the past 5– 6 years,

many within the past 1–2 years. From these, approximately 20

reference articles were used to synthesize a relatively comprehen-

sive compendium of useful reference information on the topic,

with the ACGME neuroradiology milestones on health care eco-

nomics and systems-based practice serving as a framework.

ACGME Neuroradiology Milestones on Health
Care Economics and Systems-Based Practice:
Defining the Levels
The ACGME neuroradiology milestones on health care econom-

ics and systems-based practice are made up of 5 levels per the most

recent iteration of The Neuroradiology Milestone Project from

July 2015.1 In general, this project is part of a larger effort by the

ACGME to assess the competence of residents and fellows in their

respective specialties or subspecialties as they matriculate through

their training program toward unsupervised practice. It provides

a framework for assessing the development of trainees in several

key elements of specialty/subspecialty competency across 6 core

domains: medical knowledge, patient care, professionalism, in-

terpersonal communication, practice-based learning, and sys-

tem-based practice. More specifically, as a neuroradiology fellow

progresses through his or her training program, the milestones

serve as a benchmark for measuring competence in key elements

related to the subspecialty of neuroradiology, one of which is

health care economics. The 5 levels of each key element are pre-

sented as a developmental framework, moving from less advanced

From the Neuroradiology Section, Department of Radiology, George Washington
University Hospital, Washington, DC.
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(level 1) to more advanced (level 5). As the fellow progresses from

entry into the training program to graduation, the goal is to move

from novice to expert in the subspecialty, with level 4 (or above)

being the target for graduation.

The 5 levels for measuring a neuroradiology fellow’s com-

petence in health care economics are outlined in Table 1 and

are presented in order as major section headings (levels) in this

article.

Historical Background
Under the Social Security Act of 1965 (P.L. 89 –97, Approved July

30, 1965 [79 Stat. 286]; please refer to https://www.ssa.gov/OP_

Home/comp2/F089-097.html), physicians were reimbursed for

both their professional work and any practice expenses directly

related to that work on an as-billed fee-for-service basis. Modest

oversight was provided to facilitate billing that was “usual, cus-

tomary, and reasonable,” though there were no established na-

tional guidelines to ensure uniformity, which resulted in a wide

range of reimbursements. This indiscriminate scheme persisted

until 1982 when the Tax Equity and Fiscal Responsibility Act was

passed into law. It established the diagnosis-related group, which

was a payment system in which hospitals were paid an established

(fixed) prospective fee for the cost of inpatient care based on spe-

cific patient diagnoses.2,3 In 1983, Congress amended the Social

Security Act to include a national diagnosis-related group– based

hospital payment system for all patients on Medicare. Although

Medicare costs stabilized via shorter hospital stays, radiologists’

reimbursements leveled off or diminished; this change acceler-

ated a trend at that time in which increasing numbers of radiolo-

gists were detaching themselves from hospital employment (and

therefore the diagnosis-related group payment model). These ra-

diologists began to set up professional corporations that con-

tracted with hospitals and maintained separate billing arrange-

ments. Although already prevalent, this program accelerated the

separation of billing components; the professional fees are

charged by the radiologists for the interpretation of inpatient im-

aging studies, and the technical fees are charged by the hospitals

for the performance of the studies.2

However, in a setting of rising health care costs in the 1980s

and burgeoning capitation of physician reimbursement, there was

a call by Congress for greater scrutiny of the way government

revenue was being distributed for medical services, which resulted

in the creation of the Resource-Based Relative Value Scale (RVS),

a constantly evolving entity that remains in use today.2 Congress

commissioned William Hsaio, PhD, of the Harvard School of

Public Health to establish the RVS; he was, at the time, a national

spokesperson on the concept. It estimated the discrete amount of

work involved in providing specific medical services and ranked

those services on the basis of the time needed to complete the

work, the intensity of the work, and practice expense. Intensity

was defined by technical/physical skill, mental effort/judgment,

and stress, the latter being a gauge for the possibility of untoward

legal action. The radiology community played an important role

in the early adoption of the RVS system, having an RVS of its own

as far back as 1963 at the request of the Department of Defense;

this RVS became incorporated into the RVS used by all specialties.

Broad adoption of the RVS was largely due to this early effort of

the radiology community, which predated Dr Hsaio’s effort, in

concert with other specialties, resulting in its use by the greater

medical community.2 A timeline is presented in the Figure, which

highlights additional historical details.

Level 1: Technical and Professional Components

Defining the Terms. Radiology services comprise 2 distinct bill-

able elements, the technical component (TC) and the professional

component (PC).4 The TC is that portion of the global fee that

reflects the cost of operating and maintaining the medical equip-

ment, the cost of medical supplies, the cost of renting or purchas-

ing the real estate that houses the equipment, the cost associated

with having radiologic technologists who perform the examina-

tions, and so forth. The PC refers to the cost associated with the

radiologist’s interpretation of the examination, which includes

the written radiology report, which is the sum of the physician

work, practice expense, and professional liability insurance inher-

ent in the production of the report. In short, the technical fee

reflects the cost of performing the study and the professional fee

reflects the cost of interpreting the study, which vary on the basis

of geographic location (Table 2).

Relative Value Unit. Many physicians, including radiologists, use

relative value units (RVUs) as defined by Medicare as a measure of

value in the Centers for Medicare and Medicaid Services (CMS)

reimbursement formula for radiologist services. RVUs are typi-

cally the method used to allocate radiologist reimbursement, be-

ing based on the complexity, skill, and time required to perform a

clinical treatment plan or procedure, which are elements related

to the PC. In general, the TC amounts to a higher percentage of

the global cost of a radiologic examination, due to the consider-

ably larger overhead needed to maintain its various operational

elements. For example, the current National Physician Fee Sched-

ule Relative Value File breaks down a “brain MR imaging without

contrast” in the Washington, DC area in the following manner: It

Table 1: Neuroradiology Milestones—ACGME Report Worksheeta

Health Care Economics—Systems-Based Practice 1

Level 1 Level 2 Level 3 Level 4 Level 5
Describes the technical

and professional
components of
imaging costs in the
subspecialty division

Participates in departmental
cost-savings initiatives

Describes billing and coding of
subspecialty-specific exams
and recognizes and corrects
incorrect coding; creates
reports that contain the
elements necessary to
support exam coding

Describes Medicare
reimbursement
for radiology
studies and
available bonus
payments for
physicians

Describes the roles
of the ACR and
AMA in the
valuation and
revaluation of
CPT codes

Note:—ACR indicates American College of Radiology; AMA, American Medical Association.
a Reprinted from The Neuroradiology Milestone Project, The Accreditation Council for Graduate Medical Education and the American Board of Radiology.1
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is assigned 6.52 RVUs for the global payment, 4.41 RVUs for the

technical component, and 2.11 RVUs for the professional com-

ponent (1.48 RVUs for physician work).6

Basics of Current Procedural Terminology. Accurate and consis-

tent physician reimbursement mandates a standardized language

for medical procedures. In recognition of this need, the American

Medical Association developed the Current Procedural Termi-

nology (CPT; https://www.ama-assn.org/practice-management/

cpt-current-procedural-terminology) nomenclature in 1965 as a

description of medical services and procedures.7 Initially, this

manual focused on surgery, so radiology, much less neuroradiol-

ogy, had little representation in the form of billable coding. In

1970 when the second edition was published, each code was ex-

panded to 5 digits with the 70000 –79999 code series applying to

radiology. By the mid-to-late 1970s, the third and fourth editions

were released, which contained increasingly detailed codes in

keeping with the ever-growing complexity of the health care sys-

tem. This procedural coding system has continued to evolve

across the years, merging with other coding systems and via the

Health Insurance Portability and Accountability Act of 1996, was

updated to support standards for electronic transactions. These

changes culminated in the establishment of the CPT-5 project,

which resulted in nomenclature that facilitated new tracking pro-

cedures and specific reporting measures that could be used in

performance-based payment. This expansion paved the way for

the Centers for Medicare and Medicaid Services opting to for-

mally incorporate CPT codes in Medicare claims processing. Fi-

nally, in 2000, CPT became the national coding standard for re-

porting medical services and procedures.7

The codes found in the CPT codebook are divided into 3 cat-

egories (Table 3). Category I codes are common to everyday clin-

ical practice and are referred to the American Medical Association

Specialty Society Relative Value Scale Update Committee for val-

uation.8 They require US Food and Drug Administration ap-

proval for any related drugs or devices, must have demonstrated

clinical efficacy validated by peer-reviewed literature, and must be

the standard of care practiced by multiple physicians in the

United States. Category II codes are used to report quality perfor-

mance initiatives and are designed to facilitate data collection,

FIGURE. Timeline of the RVS. ACR indicates American College of Radiology; AMA, American Medical Association; HCFA, Health Care Financing
Administration; HOD, House of Delegates; MedPAC, Medicare Payment Advisory Committee; OBRA, Omnibus Budget Reconciliation Act; RAW,
Relativity Assessment Workgroup; DRG, diagnosis-related group; RBRVS, Resource-Based Relative Value Scale. Adapted with permission from
Donovan.2

Table 2: Centers for Medicare and Medicaid Services
2017 CMS Component Fees for MRI Brain without Dye

(HCPCS Code 70551)5,6

TC PC Global Fee
Arkansas $137.58 $ 71.88 $209.46
District of Columbia $190.74 $83.10 $ 273.84
Minnesota $160.56 $74.15 $234.71

Note:—HCPCS indicates Healthcare Common Procedure Coding System.
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tracking of performance measures, and compliance with state and

federal law, with minimal medical record review. They are not

used for coding services or procedures that are billed. As Physician

Quality Reporting System measures grow, the number of category

II codes continues to increase (Physician Quality Reporting Sys-

tem will be more fully discussed later in this article). Category III

codes were initially created in 2001 to track new or experimental

procedures and technologies that aid the FDA in the approval

process. They are temporary by definition, being approved for a

5-year period with the option of extending this period once, and

are not assigned a work value. Therefore, payment for category III

codes is discretionary. Considering the scientific evidence, a cat-

egory III code can be converted to a category I code before the

expiration of the initial or renewal term. If the procedure proves

ineffective at the end of the term, the code can die. Category I and

III codes have different rigors; having a code does not ensure

coverage and payment.

Two key committees are responsible for proposing new CPT

codes and changes to the code set: the CPT Editorial Panel and the

CPT Advisory Committee. The CPT Editorial Panel oversees the

development of new and revised codes and governs the mainte-

nance of code sets.7 The panel comprises physicians and other

relevant stakeholders, including CMS representatives. The CPT

Advisory Committee is made up of societal representatives from

the American Medical Association House of Delegates and is the

apparatus through which the American Society of Neuroradiol-

ogy (ASNR) and other medical societies are represented. The Ad-

visory Committee assists the CPT Editorial Panel by proposing

code set changes and providing insight into coding proposals sub-

mitted by other interested stakeholders, whether they are other

medical societies, industry vendors, insurance carriers, and so

forth. These panels will be discussed later in this article.

Controversies

Multiple Procedure Payment Reduction. Multiple procedure

payment reduction (MPPR) is a very controversial element of

radiology reimbursements.4 This cost-saving scheme was first

proposed by CMS in 2006 across multiple code families, including

those related to radiologic imaging; it applies to advanced imaging

examinations defined as sonography, CT, CT angiography, MR

imaging, and MR angiography. In this practice, Medicare will

fully reimburse for the most expensive examination when mul-

tiple imaging examinations are performed on a single patient

by the same physician or group during a single health care

encounter (single patient session), but it will reduce reim-

bursements for subsequent imaging examinations performed

during that encounter.

This practice was implemented in a graded manner during

several years,4 with a 25% reduction in 2006 to the TC of advanced

imaging examinations of adjacent anatomy performed by the

same physician, on the same patient, on the same day. In 2010,

this reduction increased to 50% through the Affordable Care Act.

MPPR was subsequently modified in 2011 by the CMS to include

nonadjacent anatomy across different imaging modalities (re-

gardless of the relevant code family). In other words, the imaging

MPPR was modified to apply to multiple imaging services fur-

nished within the same family of codes or across code families,

currently applying to CT and CTA, MR imaging and MRA, and

sonography services furnished to the same patient in the same

session, regardless of the imaging technique, and not limited to

contiguous body areas. Additional regulations were imposed in

2012, expanding the MPPR by cutting the PC by 25%. In 2013, the

MPPR was further broadened by the CMS to apply to physicians

in the same group practice (same Group National Provider Iden-

tifier) caring for the same patient on the same day. It is estimated

that the total losses in both TC and PC imaging fee reimburse-

ment due to the implementation of the MPPR policy were ap-

proximately $1.2 billion from 2006 to 2013.4

According to the CMS, the primary rationale for these cuts to

reimbursement related to redundant work within both the TC

and PC, when patients undergo multiple imaging examinations

during a single day.4 The justification for reducing the TC reim-

bursements related to activities that are not repeated during mul-

tiple examinations on the same patient during the same encoun-

ter, such as preparing and cleaning the examination room,

educating the patient, obtaining informed consent, placing an IV

line, and so forth. However, applying MPPR to a radiologist’s

interpretation (PC) of multiple imaging examinations is par-

ticularly controversial, because the radiologist is responsible

for all subsequent images when multiple examinations are per-

formed and these follow-up examinations are often as time-

intensive as the initial examination. See Table 4 for an example

of how MPPR can reduce technical and professional compo-

nent reimbursement.

Code Bundling. With the development of new bundled CPT

codes, further reductions in radiology reimbursement have been

seen. The American Medical Association Specialty Society Rela-

tive Value Scale Update Committee (RUC) has pinpointed “po-

tentially misvalued” services, which are defined as services per-

formed and billed together with varying

degrees of overlap or redundancy in

time and effort. On the basis of methods

provided by the CMS and the RUC,

codes have been identified that have a

history of being billed together 95%,

90%, and 75% of the time (and more

Table 3: Three categories of codes found in the CPT codebook
CPT Category Description
I FDA approved and common in clinical practice

Based on peer-reviewed literature
Referred to RUC for valuation

II Used to report quality performance initiatives
Decreased need for records review
No reimbursement

III Track new/experimental procedures
Literature suggests possible future use
Temporary, by definition

Table 4: How MPPR can reduce technical and professional component reimbursement

Procedure 1 Procedure 2
Total

Payment MPPR Applied
TC $500 $400 $900 $700 ($500 � �$0.50 � $400�)
PC $100 $80 $180 $160 ($100 � �$0.75 � $80�)
Global $600 $480 $1080 $860
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recently 50% of the time), which often result in the creation of

new revalued “bundled” codes. This practice, in turn, initiates a

controversial cascade of payment reductions for the TC, PC, and

hospital, with often little advanced notice between notification

and implementation (approximately 3 months).4

The ASNR has played a proactive role in neuroradiology-re-

lated code valuation and revaluation recommendations brought

before the RUC.7 One prototypical procedure usually performed

by neuroradiologists flagged by the “codes performed together

screen” was myelography and the near-universal association

among injection, supervisory, and interpretation codes. The ASNR,

along with the American College of Radiology, revised the code

set and presented both the new bundled code sets and the

original free-standing codes to the RUC for valuation. Four

new bundled codes were introduced in CPT 2015 for myelog-

raphy with the same physician performing and supervising the

procedure and interpreting the images. If separate providers

perform the procedure and interpret the images, then the non-

bundled codes are used.

Another example from 2010 involved carotid/cerebral angiog-

raphy, for which a plethora of related procedure codes were

flagged by the screen describing catheterization and injection as

well as radiologic supervision and interpretation. As a result, after

input from multiple stakeholders including the ASNR, a new se-

ries of codes were proposed and subsequently approved by the

CPT Editorial Panel in 2012, which were then forwarded to the

RUC for valuation. This revision, nonetheless, resulted in a sub-

stantial decrease in RVUs beginning in January 2013, which, in

turn, caused physician reimbursement to plummet. A single-ves-

sel selective diagnostic angiogram of an internal carotid artery

that had a CMS valuation of 7.6 RVUs in 2012 would be replaced

with a single bundled code for the procedure and interpretation

valued at 6.5 RVUs in 2013, a reduction of 15%. A standard 4-ves-

sel angiogram valued at 18.22 RVUs decreased to 14.25 RVUs, a

reduction of 22%.

Bundling of codes has probably had the greatest impact in

mammography. As a result, an entire group of breast interven-

tions has been condensed into 14 new bundled codes, resulting in

measurable reductions to the TC and PC across this group of

interventions. Stereotactic breast biopsy alone has undergone re-

ductions of up to 45% for the PC and up to 3% for the TC.4 This

reduction has untoward consequences when attempting to recruit

trainees into breast imaging fellowships and radiologists into

breast imaging careers/positions, not to mention its impact on

retaining patients within a given radiologist’s health care system.

In addition to myelography and carotid/cerebral angiography

noted above, areas of neuroradiology most affected by code bun-

dling include vertebroplasty/vertebral augmentation, scoliosis

plain film series, and fetal MR imaging, to name a few. As CPT

code families continue to be screened by the Relativity Assessment

Workgroup (discussed later in this article) or CMS, the ASNR

continues to represent the interests of neuroradiology. In cooper-

ation with the CPT Editorial Panel, the ASNR has been instru-

mental in crafting new coding proposals for these procedures

(and others) in their ongoing advocacy for the subspecialty.

Bundled Payments for Care Improvement Initiative. The Bun-

dled Payments for Care Improvement Initiative offers providers a

single combined reimbursement for a single illness or “episode of

care” in an Accountable Care Organization, which seeks to incen-

tivize higher value care and more effective coordination of pro-

viders across multiple settings via alternative payment models.9

By offering a bundled payment, the assumption is that providers

will develop their own internal controls and become jointly ac-

countable for each episode of care; these results will cause provid-

ers to assume greater risk as costs burgeon compared with the

aging fee-for-service model. This form of payment bundling is

separate and distinct from the CPT code bundling discussed

above, which refers to the redefining of multiple CPT codes for

services often reported together in a single CPT code for a given

combination of services. Both CPT code bundling and payment

(or procedure) bundling have a similar effect, to reduce overall

payment for a given combination of services.

The Bundled Payments for Care Improvement initiative seeks

to align incentives for providers across a broad spectrum of med-

ical and paramedical services provided by physicians, hospitals,

nonphysician providers, and other health care facilities under 4

basic models: 1) acute care inpatient hospitalization with a stan-

dard discount related to Medicare Part A inpatient payments, 2

and 3) retrospective bundling of payments in which expenditures

are reconciled against a target price for each episode of care, and

4) a prospective bundled payment scheme in which a lump sum

payment is made to providers for the entire episode of care.9 Each

of these models has a different impact on providers, from main-

taining status quo payment under the current fee-for-service sys-

tem for model 1 to varying degrees of payment bundling, with

model 4 (“prospective bundling”) being the most ambitious with

its single prospectively determined reimbursement made to the

hospital to cover all services that occur during a single episode of

care.

Level 2: Cost-Savings Initiatives

Time-Driven Activity-Based Costing. Time-Driven Activity-Based

Costing (TDABC) is a strategic accounting and profitability tool

used by many businesses, which can be applied by health care

providers to monitor the cost of a patient’s treatment pathway.10

Combining this tool with the patient’s outcome data provides a

means to more objectively measure the value of care. It reveals to

clinicians the underlying factors that drive costs and functions

across a broad spectrum of medical settings and organizations.

Clinicians are then able to identify variation in costs among sim-

ilar providers across different pathways for the same medical ser-

vices. For example, when one compares the average cost of pri-

mary total knee arthroplasty for an organization, the 90th

percentile of total cost is nearly twice the average for an organiza-

tion at the 10th percentile of total cost using the TDABC ap-

proach.10 TDABC only applies to a practice or departmental ef-

fort to control its own costs and is independent of coding, billing,

and reimbursement.

Current costing mechanisms lack standardization, given a pa-

tient’s treatment plan, which often involves several departments,

none of which use a standard treatment pathway for patients with

similar illnesses. They often focus on only measuring and control-

ling costs for a small subset, such as a department or for individual

procedures; this focus is not effective for reducing long-term
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costs, given the pedantic micromanaging of line-item expenses

with implementation of arbitrary limits on department spending,

which can greatly reduce the value and quality of services pro-

vided.10 These accounting problems are further exacerbated by

the reimbursement systems and accounting practices currently in

place at many health care organizations.

As mentioned above, many providers use RVUs to allocate

clinical departmental costs to various procedures and treatments;

this use tends to introduce substantial distortions into cost mea-

surement. This allocation is problematic when attempting cost

stratification, given the highly subjective judgments and aggregate

data on which RVUs are based and the difficulty of validating

them in actual clinical practice. Only reimbursed procedures and

processes have RVUs assigned to them, not unreimbursed ones;

therefore, they do not reflect the use of different staff and person-

nel with widely different compensation, thereby confusing proce-

dure complexity with the resource time required to perform the

procedure.

There are several foundational principles for measuring costs

in health care, and TDABC provides a means for enabling each of

them.10 First, the cost of using a resource, whether personnel or

equipment, depends only on the time the resource is in use and

the price rate for that resource, even with varying reimbursement

for different services. The cost of a clinician is the same if the time

required for the procedure is the same, whether performing a

high-RVU procedure or a low-RVU procedure. Second, the unit

of analysis for measuring costs and outcomes should be the pa-

tient’s medical condition. Third, costs should be measured over

the entire treatment cycle for a given medical condition, including

diagnosis, tests, education/counseling, interventions, and manag-

ing ongoing care. Fourth, if a resource is not used, it should be

considered unused and not assigned to the services provided.

TDABC, a well-established method of cost measurement

across multiple industries,10 calculates the cost of resources used

to perform a procedure or treat a patient across the care cycle by

estimating the cost (rate) of each used resource and the time it is

consumed over the full cycle of the patient’s care for a particular

medical condition. This is facilitated by creating a process map of

the care cycle or procedure and identifying all clinical and admin-

istrative resources used to treat the specific medical condition.

Various methods can be used to elicit information for the afore-

mentioned process maps within an organization, including inter-

viewing involved personnel about the care processes, direct ob-

servation via shadowing, data capture from the electronic medical

record, and review of administrative data. When the project team

can accurately measure the quantities of personnel, equipment time,

and all material consumables used during the complete treatment

cycle, the process map is considered complete. Next, the project team

uses the payroll data of the institution to calculate the cost rate per

minute of time of each resource, whether personnel, equipment, or

space, and then multiplies the cost rate of each resource by the

amount of time the patient spent in each resource, followed by sum-

ming of all resource cost rates to compute the total cost of the patient

care cycle.

The results of a comprehensive TDABC analysis will provide

hospitals and departments with valuable opportunities to inter-

vene at multiple levels in the process; with analytic comparisons

both before and after interventions, organizations will be pro-

vided the necessary information to identify and implement real

and sustained reductions in costs.

Avoid Penalties: Preemptive Participation in Medicare Access and
Children’s Health Insurance Program Reauthorization Act. The US

Department of Health and Human Services has put forth an am-

bitious plan for health care in the United States, focusing on “bet-

ter care, smarter spending, and healthier people,” seeking to tie

90% of the Medicare payment to the quality of care by 2018,

which stands in contradistinction to the current fee-for-service

system.11 These principles underpin the bipartisan Medicare Ac-

cess and Children’s Health Insurance Program Reauthorization

Act (MACRA) of 2015. MACRA seeks to achieve these goals by

incentivizing quality over quantity and rewarding more efficient

clinical decision-making, seeking to actuate patient-centered health

care delivery that is meaningful, flexible, cost-effective, and practi-

cally feasible to improve health outcomes and the overall care expe-

rience. MACRA will be discussed in greater detail later in this article.

Another way to take part in cost saving in a practice or depart-

ment is to preemptively begin laying the groundwork necessary to

participate in the Merit-Based Incentive Payment System and var-

ious Advanced Alternative Payment Models, which are described

in MACRA. A more complete discussion of these models will

appear later in this article, but being ready to participate in these

models now could result in measurable cost savings for the clini-

cian and the practice/department. In 2019, MACRA will begin to

impact physicians’ Medicare Part B reimbursements. For exam-

ple, under the Merit-Based Incentive Payment System clinicians

will experience either negative, neutral, or positive adjustments to

their traditional fee-for-service payments based on a range of per-

formance measures.11

Practical Departmental Measures. Devising an evolving plan to

address ongoing departmental cost-saving initiatives is not too

difficult if one is willing to be proactive and use a little imagina-

tion. One way to take part is to actively identify departmental

waste and approve a standing policy to correct it. For example,

when one performs a procedure such as a lumbar puncture, it is

more cost-efficient to use the vial of lidocaine already provided in

the lumbar puncture kit as opposed to drawing from a separate

larger external vial that may make the process slightly easier. A

20-mL bottle of lidocaine HCl 1% (10 mg/mL) can range any-

where from approximately $2.00 to $3.00 per bottle, depending

on the manufacturer/distributor. Another cost-saving solution

might be to obtain bicarbonate separately (if commonly used in

the department/practice) and manually mix it with the lidocaine

rather than ordering a lidocaine-bicarbonate preparation from

the hospital pharmacist. This general idea can be applied across the

board for all departmental procedures—that is, using items within

the provided kits and exercising greater discretion as to when to use

additional items that basically have the same functionality.

Level 3: Coding and Billing for Subspecialty-Specific
Examinations and Reports

Report Elements That Support Examination Coding/Billing. Sev-

eral key elements in the structured radiology report are necessary

not only to meet published American College of Radiology Prac-
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tice Parameters, recommendations and standards that were eval-

uated using the Appraisal of Guidelines for Research and Evalua-

tion tool, but also to support successful examination coding and

billing.12-14 The Appraisal of Guidelines for Research and Evalu-

ation tool assesses the quality of guidelines (including the meth-

odologic rigor and transparency with which a guideline is devel-

oped), provides a methodologic strategy for the development of

guidelines, and outlines what and how information ought to be

reported in guidelines.15 There are both content and noncontent

attributes that should be appropriately reflected in a typical radi-

ology report. Required content and noncontent attributes are in-

cluded in Table 5.12

Additionally, some items need to be included in the written

radiology report to make it International Statistical Classification

of Diseases and Related Health Problems-10 compliant (ICD-10;

https://www.cms.gov/Medicare/Coding/ICD10/). ICD-10 is the

10th revision of the International Classification of Diseases

(ICD), a medical classification list by the World Health Organi-

zation containing codes for various diseases, as well as signs and

symptoms.16 With ICD-10 codes, the amount of information re-

quired from the referring physician has increased dramatically

compared with ICD-9 (the older ninth revision). Imaging facili-

ties need to acquire a more complete history for a patient when

scheduling an examination for precertification, dictation, and

subsequent billing of a procedure. Important elements include a

more specific clinical diagnosis and disease acuity, detailed ana-

tomic site, secondary or tertiary diagnoses, laterality (eg, right-

arm numbness), specifying initial-versus-subsequent encounters,

and detailed procedure descriptions (when applicable). It is im-

portant to include as much clinical information as possible to help

ensure compliance and avoid the pitfalls of being too brief. For

example, it is insufficient to state “concern for infarct” in the

indications section of the report. A more appropriate phrase

might be “worsening right arm and hand weakness over the last

hour, concern for acute infarct.”

See Table 6 for examples that highlight the differences between

ICD-9 and ICD-10 codes.17,18

Examples of Neuroradiology-Specific
CPT Codes with RVU Values. The fol-

lowing are examples of neuroradiology-

specific CPT codes with their respective

CMS RVU values6 to further highlight

the individual components of each code

and the relative weights of the technical

and professional components of the

global fee. Remember ICD codes relate

to the classification of disease (patient

clinical presentation), whereas CPT

codes relate to the coding of diagnostic

procedures, such as MR imaging

(below).

CPT Code 70551: “MR Imaging Brain
without Contrast.” In the Washing-

ton, DC area, CPT code 70551 is as-

signed 6.52 RVUs for the global pay-

ment, 4.41 RVUs for the technical

component, and 2.11 RVUs for the pro-

fessional component (1.48 RVUs for physician work) from the

Medicare code key.

CPT Code 72148: “MR Imaging Lumbar Spine without Contrast.” In

the Washington, DC area, CPT code 72148 is assigned 6.32 RVUs

for the global payment, 4.19 RVUs for the technical component,

and 2.13 RVUs for the professional component (1.48 RVUs for

physician work) from the Medicare code key.

CONCLUSIONS
The tapestry of health care economics as it applies practically

to radiologists is complex, with relatively fragmented dissem-

ination in the current medical literature. Therefore, we have

presented a tailored discussion in the form of a study guide for

fellows to learn from and gain competence in the ACGME

neuroradiology milestones on health care economics. While

this article is targeted to neuroradiology fellows, it can be use-

ful for others in the radiologic sciences and medicine as a

whole. While not meant to be exhaustive, our aim is that this

review article might serve as a foundation on which radiology

residents, imaging subspecialty fellows, practicing radiologists,

and other medical and allied health care professionals can

build upon, facilitating their implementation in real-world ra-

diology/clinical practice.

Because health care economics is a constantly evolving entity,

the following Web sites are provided as resources to follow some

of the latest changes in the health care economics landscape:

CPT information: https://www.ama-assn.org/practice-

management/cpt-current-procedural-terminology; and https://

www.ama-assn.org/practice-management/explore-recent-cpt-

code-changes-actions

MACRA Merit-Based Incentive Payment System information:

https://www.acr.org/Quality-Safety/Resources/MACRA-Resources

Medicare information: https://www.cms.gov/Medicare/

Medicare.html

RUC information: https://www.ama-assn.org/about-us/ruc.

Table 5: Required content and noncontent attributes
Content Items Noncontent Items

History (with relevant information) Clarity/certainty
Technique (list procedures/materials) Language (anatomic/pathologic/radiologic)
Exam quality (degradation factors) Standardized format
Description
Comparison
Diagnosis
Differential (when appropriate)
Address clinical question
Recommendations (when appropriate)
Conclusions

Table 6: Examples of the differences between ICD-9 and ICD-10 codes
Example ICD-9 ICD-10

Neuroradiology 852.21 Subdural hemorrhage
without coma

S06.5X0A Traumatic subdural
hemorrhage without loss of
consciousness, initial encounter

Musculoskeletal 813.45 Torus fracture of
radius (alone)

S52.521A Torus fracture of lower end
of right radius, initial encounter
for closed fracture
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REVIEW ARTICLE

Health Care Economics: A Study Guide for
Neuroradiology Fellows, Part 2

X S.L. Weiner, X R. Tu, X R. Javan, and X M.R. Taheri

ABSTRACT
SUMMARY: In this second article, we continue the review of current health care economics as it relates to radiologists, specifically
framed by topics defined by the Accreditation Council for Graduate Medical Education in the evaluation of neuroradiology fellows.
The discussion in this article is focused on topics pertaining to levels 4 and 5, which are the more advanced levels of competency
defined by the Accreditation Council for Graduate Medical Education Neuroradiology Milestones on Health Care Economics and
System Based Practice.

ABBREVIATIONS: ACGME � Accreditation Council for Graduate Medical Education; ACR � American College of Radiology; AMA � American Medical Association;
APM � Advanced Alternative Payment Model; ASNR � American Society of Neuroradiology; CMS � Centers for Medicare and Medicaid Services; CPT � Current
Procedural Terminology; GPCI � geographic practice cost index; MACRA � Medicare Access and Children’s Health Insurance Program Reauthorization Act; MedPAC �
Medicare Payment Advisory Commission; MIPS � Merit-Based Incentive Payment System; PE � practice expense; PLI � professional liability insurance; PQRS �
Physician Quality Reporting System; PW � physician’s work; QCDR � Qualified Clinical Data Registries; RUC � American Medical Association Specialty Society Relative
Value Scale Update Committee; RVU � relative value unit

Few resources are available in the medical literature for a

comprehensive review of current health care economics as

it relates to radiologists, specifically framed by topics defined

by the Accreditation Council for Graduate Medical Education

(ACGME) in the evaluation of neuroradiology fellows. Under-

standing and pragmatically applying the economic principles

found in existing resources may be challenging for fellows,

given the relatively fragmented dissemination of the principles

in the literature. Therefore, we present a tailored discussion

fashioned as a study guide for fellows to learn from and to gain

competence in the ACGME neuroradiology milestones on

health care economics. In addition, it is the authors’ hope that

this work might serve as a basic foundation for diagnostic ra-

diology residents, other imaging subspecialty fellows, and

practicing radiologists, facilitating their implementation in

real-world radiology practice. This review article primarily re-

lates to Medicare and its unique role in the physician reim-

bursement process. The role of private payers is beyond the

scope of this effort and will not be explored to any meaningful

degree. Finally, this work will be presented as a 2-part review

article, with Part 1 covering ACGME milestones 1–3 and Part 2

covering milestones 4 and 5.

MATERIALS AND METHODS
A search using the PubMed Medical Subject Heading terms “di-

agnostic imaging/economics” and “radiology/economics” per-

formed in late 2016 resulted in a nonexhaustive compilation of

approximately 50 review articles on the topic of current health

care economics, nearly all of which were published within the

past 5– 6 years, many within the past 1–2 years. From these,

approximately 20 reference articles were used to synthesize a

relatively comprehensive compendium of useful information

on the topic, with the ACGME neuroradiology milestones on

health care economics and systems-based practice serving as a

framework.

ACGME Neuroradiology Milestones on Health
Care Economics and Systems-Based Practice:
Redefining the Levels
Please refer to Part 1 of this Review for the general background

and explanation of the ACGME neuroradiology milestones.

The 5 levels for measuring a neuroradiology fellow’s compe-

tence in health care economics are outlined in Table 1 of Part 1 of

this review and are presented in order as major section headings

(levels) within this article.
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Level 4: Medicare Reimbursements and Bonus Payments
for Radiology Studies

Formula for Calculating a Dollar Value in a Physician Fee
Schedule. Each Current Procedural Terminology (CPT) code

has a corresponding relative value unit (RVU), which determines

the physician’s payment and the global payment. The physician

payment formula for each CPT code contains 3 RVU compo-

nents: 1 for physician’s work (PW), 1 for practice Centers for

Medicare and Medicaid Services (CMS) expense (PE), and 1 for

professional liability insurance (PLI) expense.2,3 Average CMS

costs (total physician reimbursements across all codes) broken

down proportionately into PW, PE, and PLI have been previously

estimated at 52%, 44%, and 4%, respectively.2 Each of these 3

RVU components is adjusted by a geographic practice cost index

(GPCI), which accounts for variations in the cost of living, wages,

malpractice premiums, and overhead costs in specific geographic

locations. The GPCI is a weight and relativity methodology to

neutralize the variation in PLI cost across regions so that in gen-

eral, one area may gain RVUs at the cost of another. The data are

reported by zip code; therefore, the GPCI may be different within

a given state and even a given county. Most interesting, Puerto

Rico and the Pacific territories follow CMS guidelines as well, and

there is consideration for revision of GPCI methodology for these

regions to increase their GPCI. Finally, as a reflection of the

Protecting Access to Medicare Act legislation in 2014, the phy-

sicians in California will benefit from greater GPCI payments

in aggregate.4

PW RVU represents the RVUs for the physician’s time, skill,

training, and intensity of work going into the production of a

professional service. PE represents the RVUs of the physician’s

practice expenses going toward the service in question, including

equipment, rent, supplies, and nonphysician staff costs. PLI rep-

resents the RVUs for the PLI premium or risk assigned to the

service. Each of these 3 relative cost factors is adjusted for its own

GPCI in the formula. In other words, there is 1 GPCI for PW, 1 for

PE, and 1 for PLI. Finally, the total RVUs are multiplied by a

conversion factor to determine a total payment amount. The con-

version factor, which is updated annually, is currently $35.8887

for 2017 per the “Final Policy, Payment, and Quality Provisions in

the Medicare Physician Fee Schedule for Calendar Year (CY)

2017” (https://www.cms.gov/Newsroom/MediaReleaseDatabase/

Fact-sheets/2016-Fact-sheets-items/2016-11-02.html) on the CMS.

gov Web site.

Therefore, based on the discussion above, the physician pay-

ment formula is as follows:

Total Physician RVU � (PW RVU � GPCIPW) � (PE RVU �

GPCIPE) � (PLI RVU � GPCIPLI),

Payment � Total RVU � CF.

A sample physician payment calculation using the payment

formula above for a brain MR imaging without dye in the Wash-

ington, DC area is found in Table 1).5,6

Physician Quality Reporting System. In the early 2000s, a pay-

for-performance plan was developed that used a fee-for-service

model, which provided incentives for quality and efficiency im-

provement, known as the Physician Quality Reporting System

(PQRS). CMS first introduced the PQRS in 2007 as a metric to

quantify performance per a value-based reimbursement model,

and it was later incorporated into the Affordable Care Act in

2010.7 The PQRS was initiated as a voluntary program with bonus

payments paid for reporting specified quality measures equaling

up to 2% of a physician’s Medicare reimbursement. Participatory

incentives were 0.5% of all Medicare payments in 2014. Penalties

for noncompliance were then instituted in 2015, ranging from 2%

to 4% for groups opting not to participate, with incentive pay-

ments being phased out that same year. Compounding that issue,

the number of quality measures required to avoid a penalty in-

creased from 3 in 2014 to 9 in 2015.8,9

Examples of PQRS measures for neuroradiology include the

following: radiology reports that include specific items for acute

stroke imaging, including whether hemorrhage, mass, or acute

infarction are present; specifying the diameter of the proximal

internal carotid artery compared with the diameter of the distal

internal carotid artery; and patients with cerebrovascular accident

undergoing endovascular therapy who have a window to canali-

zation time of �2 hours divided by all patients with cerebrovas-

cular accident undergoing endovascular stroke treatment. Other

examples of radiology-specific PQRS measures include the fol-

lowing: reporting fluoroscopy exposure time; comparison with

prior imaging studies for all patients having bone scintigraphy;

appropriate imaging follow-up of incidental abdominal lesions;

imaging follow-up for incidental thyroid nodules; and a reminder

system for women 40 years of age and older undergoing screening

mammography, providing a target due date for the next mammo-

gram. Another metric, which has a negative impact, reports the

use of “probably benign” findings in screening mammography

when findings of appropriate assessments are negative, benign, or

incomplete. Finally, a metric exists for biopsy follow-up for new

patients to ensure that the results of the biopsy have been reviewed

and communicated to the patient and the referring physicians.7,10

There are, however, several problems with pay-for-perfor-

mance plans such as the PQRS.7 First, they offer no good tools

to evaluate performance. In addition, the metrics used to assess

performance are not reflective of health outcomes. Moreover,

the measurement criteria are applied without a control to es-

tablish that any improvement can be attributed to the pay-for-

performance plan. Finally, this kind of scheme can negatively

transition from value-based reimbursement to “metric-based

medicine,” inadvertently bypassing the physician-patient rela-

tionship and the patient’s satisfaction, in our eagerness to add

value and avoid penalties. Truly implementing such pay-for-

performance plans without improving health outcomes is both

irrelevant and dangerous. Collecting data on measures that

improve health outcomes and linking those measures to reim-

bursement will be an important step toward value-based health

care.

Table 1: Physician payment calculation for a brain MR imaging
without dye in the Washington, DC area

Payment Calculation
Total RVU � (1.48 � 1.048) � (4.95 � 1.205) � (0.09 � 1.271)
Total RVU � 1.55 � 5.96 � 0.11 � 7.62
Payment � 7.62 � $35.8887
Total � $273.47
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Medicare Payment Advisory Commission. The Medicare Pay-

ment Advisory Commission (MedPAC) was established in 1997

by the Balanced Budget Amendment to serve as an advisory body

to Congress in the areas of quality of care, access to care, and

Medicare spending.11 MedPAC continues to convene publicly to

discuss items of policy and codify its recommendations to Con-

gress. During the committee meetings, commissioners examine

the findings of staff research, proposals by policy experts, and

observations from other stakeholders. Committee members and

staff will also hear suggestions and recommendations on issues

related to Medicare through frequent meetings with stakeholders

in the program, including congressional committee staff and

CMS, health care providers and researchers, and beneficiary pro-

ponents. The recommendations of the Commission are published

twice per year, in March and June.

Within chapter 4 of the March 2016 report of MedPAC to

Congress (http://www.medpac.gov/search-results/page/6?index

Catalogue�searchresultsindex&searchQuery�March�2016�

report&wordsMode�0), the Commission expressed persistent

concerns regarding the fee schedule and nature of fee-for-service

payments, which result in the undervaluation of primary care and

the overvaluation of specialist practitioners, a recurring theme in

MedPAC reports for many years. First, the Commission expressed

concern that the resource-based relative value scale, which forms

the basis for physician fee schedules, included mispriced services

that resulted in an income divergence between primary care phy-

sicians and specialists. Second, members stated that fee-for-ser-

vice payments allowed certain specialties to more readily boost

the quantity of services provided (resulting in increased Medicare

reimbursements), while MedPAC argued that other specialists

had a more limited ability to increase the quantity of services. Using

data from the Medical Group Management Association Physician

Compensation and Production Survey of 2014, (http://www.

mgma.com/Libraries/Assets/Key-Findings-PhysComp_FINAL-

with-copyright.pdf), MedPAC found that average compensation

was substantially higher for some specialties compared with oth-

ers, with compensation for nonsurgical procedures and radiology

being more than twice the average for that of the primary care

physicians. MedPAC argued that these disparities persisted when

reimbursement was examined on an hourly basis, accounting for

variation in work hours per week. They also persisted when com-

pensation was simulated as if all services the physicians provided

were paid under the CMS fee schedule, suggesting that an impor-

tant source of compensation disparity among primary care and

specialist physicians was the fee schedule itself, not specialty-spe-

cific variation in payers.

MedPAC seeks to validate the RVUs of fee schedules to correct

inaccuracies and curtail overcompensation for physicians at the

higher end of the compensation scale. In addition, MedPAC has

made recommendations for a per-beneficiary payment system for

primary care, replacing the expiring Primary Care Incentive Pay-

ment Program, in an attempt to shift Medicare spending to pri-

mary care from procedural services. Per-beneficiary payments

would be funded by reducing fees for all services within the fee

schedule other than Primary Care Incentive Payment Program–

defined primary care services, in a budget-neutral model, helping

to rebalance the fee schedule toward greater payment equity be-

tween primary care and specialist services.

Imaging 3.0. Imaging 3.0 is a compilation of strategies and prac-

tical measures developed and put forth by the American College

of Radiology (ACR) to help move radiology practices forward

successfully, charting a course through the unique challenges and

opportunities of our evolving health care system. It seeks to opti-

mize the patient encounter, referring physician collaboration,

value proposition, physician administration relations, financial

management, and leadership in the professional, social, and po-

litical realms. The Medicare Access and Children’s Health Insur-

ance Program Reauthorization Act (MACRA) is one way in which

physicians in general and radiologists in particular can take part in

the financial management aspects of Imaging 3.0, and it will be

discussed in more detail next.

MACRA. The Medicare Access and Children’s Health Insurance

Program Reauthorization Act of 2015 represents the new overar-

ching vision of the US Department of Health and Human Services

regarding health care in the United States, focusing on “better

care, smarter spending, and healthier people.”12 MACRA seeks to

achieve these goals by changing how health care is delivered to

bolster value and quality over quantity and through encouraging

more efficient clinical decision-making.13 In April 2016, CMS re-

leased a detailed regulatory framework for implementing MACRA

via the Quality Payment Program. The Quality Payment Program

essentially requires that Medicare Part B payments be distributed

via either advanced alternative payment models or the Merit-

Based Incentive Payment System (MIPS, Table 2).13,14

The MIPS is a modified fee-for-service payment model

brought under the quality umbrella by consolidating current fed-

eral performance programs, such as the PQRS noted above, the

value-based payment modifier, and the practical use of an ap-

proved electronic medical record system and merging them with

the Clinical Practice Improvement Activities. Detailed feedback

on this proposal has been proffered by the ACR, Society of Inter-

ventional Radiology, and American Society of Neuroradiology, to

name a few. Because a large proportion of eligible clinicians, in-

cluding radiologists, will initially fall into the MIPS domain under

the proposed Quality Payment Program structure, the MIPS will

be discussed first.

Eligible clinician payment adjustments will be determined by

the following provisions set forth in the MIPS component of the

Quality Payment Program, receiving a composite performance

score that reflects a combined weighting across 4 categories: 1)

quality (replacing PQRS), 2) patient care information advance-

ment (reflecting use of technologies such as an electronic medical

record), 3) Clinical Practice Improvement Activities, and 4)

cost.14 Payment adjustment under MIPS will be based on an ini-

tial performance period starting in 2017, and MACRA will begin

to impact physicians’ Medicare Part B reimbursements in 2019.

The initial weightings for 2019 for the 4 categories discussed

above will be 50% for quality, 25% for Advancing Care Informa-

tion, 15% for Clinical Practice Improvement Activities, and 10%

for resource use. MIPS-eligible clinicians’ Medicare Part B reim-

bursements are slated for 2019 for an upward or downward ad-

justment of 4%, based on performance measured in 2017, given
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the CMS proposed 2-year interval between performance mea-

surement and payment adjustment. This percentage adjustment

increases each year, reaching a maximum of �9% in 2022, result-

ing in a potential huge payment differential of 18%. Positive or

negative adjustments under MIPS will be based on a composite

performance score with budget neutrality across the entire physi-

cian fee schedule, resulting in a portion of poor performers’ reim-

bursements being redistributed to high performers.14

MIPS performance measures for radiologists according to the

ruling of the CMS mirror PQRS measures as noted above and

include the following: fluoroscopy exposure time; improper use

of “probably benign” classification in mammogram screening re-

ports; comparison with prior imaging studies for all patients in

whom bone scintigraphy is performed; measuring the degree of

stenosis in carotid imaging reports; a reminder system for screen-

ing mammography; use of a standardized nomenclature for CT;

keeping a running tally of potential high-dose radiation imaging

studies, specifically CT and nuclear medicine cardiac studies; us-

ing a radiation dose index registry; access to prior CT images for

patient follow-up and comparison; follow-up CT for incidental

pulmonary nodules per recommended guidelines; imaging fol-

low-up of incidental abdominal lesions; imaging follow-up of in-

cidental thyroid nodules; and use of dose-minimizing techniques

for adult CT.12

Regarding MIPS performance measures, it seems logical that

appropriate provisions for special consideration under the MIPS

path need to be in place for clinicians with infrequent face-to-face

patient encounters, such as radiologists, by reweighing MIPS per-

formance categories to account for the unique circumstances fac-

ing these providers.15 The CMS previously proposed granting

special consideration to physicians with no more than 25 patient-

facing encounters in a billing cycle. This proposed criterion would

result in a large fraction of radiologists being evaluated on the

basis of measures not reflective of their practice and beyond their

direct control. The ACR, the American Society of Neuroradiology

(ASNR), and the Society of Interventional Radiology have recom-

mended that the language “nonpatient facing” not be used to

describe MIPS-eligible clinicians and have recommended alterna-

tive criteria and thresholds for when clinicians could receive spe-

cial consideration. Second, it was proposed that the definition of

“patient-facing encounters” be related solely to codes applying to

office and outpatient visits at the exclusion of all codes for surgical

procedures, given that radiologists commonly perform a diverse

range of interventions (surgical procedures) such as thoracente-

ses, paracenteses, and biopsies, without seeing the patient in con-

sultation before or after the procedure or maintaining a separate

clinic to provide associated patient management.

The Health and Human Services Secretary is required by

MACRA legislation to use Qualified Clinical Data Registries (QCDR)

to ensure compliance with MIPS. QCDR is a CMS-approved con-

struct that allows the tracking of patients and disease via the col-

lection of medical/clinical data, thereby fostering enhancement in

the quality of care provided to patients.16 The National Radiology

Data Registries of the American College of Radiology have suc-

cessfully received QCDR status, along with many other specialty

societies. QCDR allows members of these societies the option of

using specialty-specific data to comply with MIPS in a system that

complies with all 4 MIPS performance categories discussed above.

Using QCDR, physicians are reporting data reflective of quality of

service as selected by peers, which will result in more consistent

feedback, likely in the form of benchmark reports issued by the

specialty society registry. QCDR reporting is favored by MACRA

for both the freedom it provides to specialties and the voluminous

amount of data it generates for CMS. In addition, QCDR can be

used in its current form as a means to comply with PQRS.

The Advanced Alternative Payment Model (AAPM or just

APM) is, by definition, any new approach to reimbursement for

medical care that incentivizes higher value and quality while being

exempt from the MIPS reporting requirements. The legislation

lays out 3 strict criteria that an advanced APM must fulfill for its

participants to attain MIPS-exempt status and receive the full

benefit of participating in an APM.13 These CMS-designated

Table 2: Quality Payment Program— basic breakdown of MACRA
MIPS AAPM

Definition Merit-Based Incentive Payment System Advanced Alternative Payment Model
Payment adjustment components Quality (replaces PQRS) Quality measures like MIPS

Advancing care information required
(eg, use of EMR)

Implementing CPIAs is required Otherwise, varies on the basis of APM model
(eg, BPCI, Next Generation Accountable Care
Organization Model, and so forth)

Measures of cost

Basic inclusion requirements Fail to meet the 3 requirements to be in an
AAPM (see cell to the right)

Use of approved EMR
Base reimbursement on quality measures like MIPS
Required to bear “more than nominal” financial risk

Benefits/penalties Upward or downward adjustment of 4%,
based on performance measured in 2017

QPs not subject to budget-neutral
payment/adjustment

Percentage adjustment increases each year,
reaching a maximum of �9% in 2022

Automatic 5% bonus payment based on aggregate
Medicare Part B payments during the first 6 years

Increase in fee schedule conversion factor
used to calculate Medicare Part B
payments of 0.25% per year

Beginning in 2026, 3-fold increase for QPs in their fee
schedule conversion factor used to calculate
Medicare Part B payment of 0.75% per year for QPs

Effective date (begins impacting
physicians’ Medicare Part B
reimbursements)

2019 2019

Note:—AAPM indicates Advanced Alternate Payment Model; BPCI, Bundled Payments for Care Improvement Initiative; EMR, electronic medical record; CPIA, Clinical Practice
Improvement Activities; QP, Qualifying Participant.
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APMs must do the following: 1) require the use of approved elec-

tronic medical record technology, 2) base reimbursement on

quality measures comparable/similar to those in the MIPS quality

performance category, and 3) require the participating entity to

bear “more than nominal” risk financially under the Centers for

Medicare and Medicaid Innovation authority. In addition, any

individual clinicians who receive a certain percentage of either

their Medicare Part B payments or covered Medicare beneficiaries

through an APM are deemed APM-qualifying participants. In

2019, these percentages start at 25% of payments or 20% of pa-

tients and will increase in subsequent years. Participants who fulfill

a lower percentage (20% payments/10% patients) are deemed a par-

tial qualifying participant. Participants in an APM who do not meet

the 3 requirements for being an APM are deemed MIPS-eligible

clinicians.

MACRA provides greater overall benefits for full qualifying

participants in an APM because they are exempt from MIPS par-

ticipation altogether.12 For example, qualifying participants are

not subject to the budget-neutral positive or negative payment

adjustments to which MIPS-participating clinicians are subject.

Instead, the APM entity earns an automatic 5% bonus payment

based on aggregate Medicare Part B payments during the first 6

years of the program implementation (2019 –2024), regardless of

the actual achievement on the APM performance measures or

actual realized savings. This 5% bonus payment only partially

offsets losses that an APM may incur, given the required substan-

tial (more than nominal) financial risk, losses that have been de-

fined by regulators to be up to 4% of total APM Part A and Part B

expenditures over expected expenditures. Subsequently, begin-

ning in 2026, qualifying participants will benefit from a 3-fold

increase in the annual update to the conversion factor used to

calculate Medicare Part B payments, amounting to 0.75% per year

for qualifying participants, compared with an increase of only

0.25% per year for MIPS-participating clinicians. These differ-

ences are expected to encourage a growing number of clinicians to

participate in APMs as opposed to MIPS.

Level 5: Valuation/Revaluation of CPT Codes—ACR and
American Medical Association Roles

CPT Development Process. The process for the development of

new and revised CPT codes begins with any individual qualified

health professional seeing the need for a new code or updates to an

existing code, such as a radiologist in the case of radiology-rele-

vant codes.17 The qualified health professional then submits a

coding request form to the American Medical Association

(AMA), which then reviews the proposed changes. The AMA staff

then submits a request to the AMA CPT Advisory Committee,

who reviews the request and presents it to the AMA CPT Editorial

Panel, which convenes 3 times per year. The CPT Panel reviews

the request and either approves, postpones, or rejects the proposal

to add or revise the code. Finally, if the code is approved for a

category I, the CPT Panel refers the code addition or change to the

American Medical Association Specialty Society Relative Value

Scale Update Committee (RUC) for valuation.

CPT Editorial Panel and CPT Advisory Committee. The AMA

CPT Editorial Panel provides CPT review with physician input

and is the forum for the development of new and revised CPT

codes and ironing out problems related to code set mainte-

nance.18 It comprises representatives from physicians, nonphysi-

cian health care providers, payers, the American Hospital Associ-

ation, CMS, and some of the major insurance companies. The

panel convenes thrice yearly to evaluate all code change proposals

that are brought before the panel.

The AMA CPT Advisory Committee is the group that grants

medical societies the opportunity to provide input into the CPT

editorial process.18 The committee is quite large and comprises

representatives of all national medical specialty societies that have

seats in the AMA House of Delegates. It also comprises organiza-

tions representing limited-license professionals and other allied

health care practitioners, such as the Health Care Provider Advi-

sory Committee. The responsibilities of the CPT advisors include

serving as a resource to the CPT Editorial Panel, submitting code-

change proposals, and evaluating proposals forwarded by other

groups that relate to the scope of practice of their specialty,

whether submitted by individuals, vendors, payers, or others. The

CPT advisors also produce supporting clinical documentation for

new procedures and services being considered for new codes.

They also promote and educate their societal members on the

benefits and practical utility of CPT. Similar to the RUC, these

society advisors work in cooperation with a plethora of staff pro-

vided by their respective organizations.

American Medical Association/Specialty Society Resource-
Based Relative Value Scale Update Committee. The American

Medical Association/Specialty Society Resource-Based Relative

Value Scale Update Committee, also known as the RUC, is an

expert multispecialty consensus panel formed by 31 physicians

from multiple medical specialties and societies, including radiol-

ogy. The AMA Board of Trustees chooses the RUC chairperson

and the AMA representative to the RUC.19 Specialty societies

nominate individual members of the RUC who then must be ap-

proved by the AMA. The group, which first met in May 1991, is

tasked with ongoing review of the accuracy and relevance of the

resource-based relative value scale and determining the rank-or-

der placement of newly introduced procedures into the sys-

tem.2,11 The CMS accepts the recommendations from the RUC

more than 90% of the time, and per CMS, those changes must be

made in an environment of budget neutrality. Therefore, if the

RUC makes a recommendation to increase the RVUs for a partic-

ular service, the RVUs of all other services must be proportion-

ately decreased. This potentially inimical situation is tempered by

the frequent need for cooperation between societies to advance

codes together in a setting of shifting alliances. Voting members of

the RUC are barred from advocating for code valuations pre-

sented by the societies they represent and must sit on the commit-

tee as impartial judges of valuation. Such checks and balances

function to dampen any intersocietal conflict that might arise.

The RUC meets 3 times per year to hear recommendations

from advisors from �100 medical specialty societies regarding

their assessment of the relative value of procedures performed by

its members. As noted above, radiology holds a seat on the com-

mittee, with other imaging-related societies in regular attendance

including the ASNR, the Society of Interventional Radiology, and

the Society of Nuclear Medicine. The ASNR, in particular, con-
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tinues to be currently represented at RUC committee meetings by

RUC and CPT advisors. The representatives of these societies have

forged a close working relationship across the years, despite occa-

sional turnover in personnel.

Relativity Assessment Workgroup. A vital process explicit in the

charter of the RUC was the review of the entire Resource-Based

Relative Value Scale every 5 years. After the third such review in

2007, the CMS requested an ongoing review process via the “Five-

Year Review Committee,” which was subsequently renamed the

“Relativity Assessment Workgroup.”20 This workgroup was

tasked with reviewing potentially misvalued codes based on sev-

eral screening criteria, including CPT codes missing a verifiable

data trail, codes demonstrating increasing use, change in the phy-

sician specialty reporting the code, or change in the site of service.

Another screen used by the Relativity Assessment Workgroup is

for “codes performed together,” which is particularly relevant to

radiology as mentioned in the code bundling section above. CPT

codes, which are typically reported together on a single Medicare

patient on the same day of service (eg, CT abdomen and CT pel-

vis) may have efficiencies that should be accounted for when de-

termining overall relative value. As alluded to in the code bun-

dling section above, this screen has expanded in significance and

scope with time, initially triggered when codes were reported to-

gether 95% of the time and now triggered when reported together

50% of the time.

The effort of the Relativity Assessment Workgroup in devising

its own screening processes for potentially misvalued codes has

been well-received by CMS and has frequently targeted radiology,

given the high technical component costs of advanced imaging.

The various specialty societies are mandated to respond to the

Relativity Assessment Workgroup or CMS screening inquiry and

to devise a strategy for verifying appropriate valuation of both the

technical and professional components of procedures. Once a

code is identified in a screen as being potentially misvalued, spe-

cialty societies with a stake in establishing an RVU for the proce-

dure are given the opportunity to submit evidence that the code

values flagged by the screen are valued appropriately and should

remain unaltered or that confounding factors would trigger

downstream consequences if the code or code family is revalued.

If the evidence fails to convince the Relativity Assessment Work-

group or CMS, there is either a revaluing of the service via survey

or revision of the CPT nomenclature or code structure. More

often, this is in the form of code bundling.

National Correct Coding Initiative. The National Correct Coding

Initiative, which is the CMS counterpart to the Relativity Assess-

ment Workgroup, also reviews codes for possible misuse.21 It was

the National Correct Coding Initiative that identified 2 proce-

dures, plain-film myelography and contrast-enhanced spinal CT

as discussed above, requesting clarification from the AMA. The

CMS was concerned that these concurrent procedures were po-

tentially unnecessary and duplicative. After receiving detailed

clarification from the ASNR that these are distinct procedures, the

National Correct Coding Initiative put forth a recommendation

that modifier 59 (Distinct Procedural Service) be appended to the

CPT codes if the CT examination is performed following myelog-

raphy on the same day on the same patient. Basically, modifier

59 identifies and clarifies procedures that might be mistaken as

duplicative.

The RUC Process. The CPT code valuation process begins with

the AMA RUC notifying member societies of the new/revised

code after receiving the proposed changes from the CPT Panel.17

The sponsoring society (eg, the ASNR) and other interested soci-

eties conduct a survey regarding the new code and subsequently

present the survey results and recommendations to the RUC. The

RUC then either refers the recommended values to CMS for con-

sideration or defers its decision to the next meeting, at which time

they will resurvey or further examine the valuation after the ACR

gathers additional information to support the code valuation.

Role of the ASNR. Largely due to the initial effort of neuroradi-

ologist J. Arliss Pollock, MD, in the early 1990s, as well as the

subsequent effort of other neuroradiologists, the ASNR has en-

joyed an active role in the sphere of socioeconomic policy, includ-

ing active participation in both the CPT and RUC processes across

the years.11 Examples include the introduction of numerous new

procedures including intraoperative MR imaging in 2003; ky-

phoplasty, intracranial angioplasty and stent placement, and ca-

rotid stent placement in 2005; and functional MR imaging in

2006. Moving these new technologies through CPT validation

and RUC review required the collaboration of ASNR advisors and

staff on multiple levels, including the synthesis of relevant re-

search studies demonstrating effectiveness; gathering informa-

tion to assess actual PW involved for each procedure to formulate

reasonable RVU values; and finally, the presentation of the data

and proposals to the CPT Panel and the RUC.11

The CMS Process. CMS then reviews the valuation recommen-

dations from the RUC and releases a new CMS Medicare Physi-

cian Fee Schedule with proposed values.17 After these values are

given a period of public comment, CMS publishes the Medicare

Physician Fee Schedule with the final values for the subsequent

calendar year. Last, there is a public comment period for the final

values. See the Figure for an overview of the CPT code-develop-

ment process.

Code Bundling Revisited: Unintended Consequences. Various

medical societies are keenly aware of the downstream effects that

CPT code revisions and code bundling have had on their respec-

tive communities, including radiologic societies. Code bundling

results in both revisions in Medicare payments and renegotiation

of private insurance contracts, and these revisions are not always

favorable.20 For example, a new bundled service may fail to fully

capture how a service is performed in the radiologic community,

given the lack of procedural component parts reflected in the

parent codes. The less detailed bundled code may lead to unin-

tended inequities and confusion as to the reported cost of per-

forming the procedure. One case in point was a multiyear project

to bundle conscious sedation and anesthesia services into a base

procedure, such as an interventional radiology procedure in

which the physician performing the procedure typically performs

the sedation. The CMS and RUC concluded that if such conscious

sedation is typical, then it should not be billed separately and

should be bundled into the base code being billed by the physician

performing the procedure; this conclusion makes it extremely
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difficult to bill anesthesia services or conscious sedation in atypi-

cal circumstances or when an anesthesiologist is required. This led

to confusion and payment inequities, which ultimately resulted in

a new multiyear project of unbundling conscious sedation and

anesthesia services from all previous base codes.

Ongoing Advocacy of the ACR on Behalf of Practicing
Radiologists. The ACR has worked in support of the profession

and patients through ongoing advocacy before Congress, federal

agencies, state legislatures, and regulatory bodies.22,23 It has ob-

tained coverage for lung cancer screening CT for patients and

providers; repealed the Sustainable Growth Rate Formula of

Medicare; reduced the Multiple Procedure Payment Reduction

by 80%, cutting it from 25% to 5%; retained women’s annual

mammography screening coverage beginning at age 40; sup-

ported funding for advanced radiologic science by supporting

Congress-passed legislation to increase the National Institutes of

Health budget for the National Institute for Biomedical Imaging

and Bioengineering; and worked to establish coverage for CT

colonography, to name a few items.

CONCLUSIONS
Health care economics as it applies practically to radiologists is

complex, with relatively fragmented dissemination in the current

medical literature. Therefore, we have presented a tailored dis-

cussion in the form of a study guide for fellows to learn and

gain competence with respect to the ACGME neuroradiology

milestones on health care economics. While this article is tar-

geted to neuroradiology fellows, it can be useful for others in

the radiologic sciences and medicine as a whole. While not

meant to be exhaustive, our aim is for this review article to

serve as a basic foundation on which diagnostic radiology res-

idents, imaging subspecialty fellows, practicing radiologists,

and other medical and allied health care professionals can

build, facilitating their implementation in real-world radiolo-

gy/clinical practice.

Because health care economics is a constantly evolving entity,

the following Web sites are provided as resources to follow some

of the latest changes in the health care economics landscape.

CPT information: https://www.ama-assn.org/practice-

management/cpt-current-procedural-terminology; https://www.

ama-assn.org/practice-management/explore-recent-cpt-code-

changes-actions.

MACRA MIPS information: https://www.acr.org/Quality-

Safety/Resources/MACRA-Resources.

Medicare information: https://www.cms.gov/Medicare/

Medicare.html.

RUC information: https://www.ama-assn.org/about-us/ruc.
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ACADEMIC PERSPECTIVES

Influences for Gender Disparity in Academic Neuroradiology
X M. Ahmadi, X K. Khurshid, X P.C. Sanelli, X S. Jalal, X T. Chahal, X A. Norbash, X S. Nicolaou, X M. Castillo, and X F. Khosa

ABSTRACT

BACKGROUND AND PURPOSE: There has been extensive interest in promoting gender equality within radiology, a predominately male
field. In this study, our aim was to quantify gender representation in neuroradiology faculty rankings and determine any related factors that
may contribute to any such disparity.

MATERIALS AND METHODS: We evaluated the academic and administrative faculty members of neuroradiology divisions for all on-line
listed programs in the US and Canada. After excluding programs that did not fulfill our selection criteria, we generated a short list of 85 US
and 8 Canadian programs. We found 465 faculty members who met the inclusion criteria for our study. We used Elsevier’s SCOPUS for
gathering the data pertaining to the publications, H-index, citations, and tenure of the productivity of each faculty member.

RESULTS: Gender disparity was insignificant when analyzing academic ranks. There are more men working in neuroimaging relative to
women (�2 � 0.46; P � .79). However, gender disparity was highly significant for leadership positions in neuroradiology (�2 � 6.76; P �

.009). The median H-index was higher among male faculty members (17.5) versus female faculty members (9). Female faculty members have
odds of 0.84 compared with male faculty members of having a higher H-index, adjusting for publications, citations, academic ranks,
leadership ranks, and interaction between gender and publications and gender and citations (9).

CONCLUSIONS: Neuroradiology faculty members follow the same male predominance seen in many other specialties of medicine. In this
study, issues such as mentoring, role models, opportunities to engage in leadership/research activities, funding opportunities, and mind-
fulness regarding research productivity are explored.

Gender disparity among medical students, residents, physi-

cians, and faculty members is widespread, and several re-

ports show an underrepresentation of women in academic med-

icine.1-6 It is interesting to note that in North America (US and

Canada), female physicians have been shown to be equally

likely as men to pursue a career in academic medicine.5 Despite

the similar amount of prospective interest in academics, the

proportion of women who successfully advance to the rank of

professor is significantly lower.7,8 Women who occupy faculty

positions are also more likely to leave academics for commu-

nity or hospital practices.9 This has been explained in part by a

lack of adequate mentorship and the inability of women to be

promoted at the same pace and on the same timeline as men.

These factors contribute to the relative lack of female leaders in

academic medicine.

Although there is gender parity for medical students and res-

idents in the North America, when analyzing faculty members of

medical institutions, female physicians only constitute 38% of

faculty rosters.1,3 When examining senior academic adminis-

tration, the gender disparity increases even further. In the US,

women account for only 21% of full professors, 16% of medical

school deans, and 15% of department chairs.1,3 The only aca-

demic rank in which women outnumber men in the US is the

clinical instructor level.1

This is a concern because increased diversity allows for a more

creative, productive, egalitarian, and innovative environment. A

lack of gender parity within faculty rankings may specifically also

adversely affect initiatives, collaborations, and research efforts

where women’s health is concerned. The described gender dispar-

ity also leads to a lack of female faculty members serving as men-

tors and role models. Medical students and those interested in
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pursuing medicine look to mentors for encouragement and inspi-

ration.10-12 The lack of strong corrective actions regarding gender

disparities within academic medicine over the past decade sug-

gests the need for active intervention.1,3,10,11 An improved under-

standing of gender disparities in academic medicine would allow

solutions to be formulated and implemented.

Previous research in anesthesia, gastroenterology, ophthal-

mology, otolaryngology, plastic surgery, and general surgery

highlight gender disparities favoring men in relation to factors

such as research productivity, income, leadership, and faculty

promotion.13-19 Not surprisingly, previous studies have also

shown a similar male predominance in radiology.20-22

Radiology has men overrepresented in residency programs,

academic departments, and private practice groups.21 Prior re-

ports show that in the US, women occupy 27% of the radiology

residency positions.23 When investigating contributory reasons,

surveys of medical students have shown a lack of exposure early in

their training, a lack of role models, and the apparent lack of

patient contact as major deterrents for women considering radi-

ology as a career choice.24-26

Prior reports have shown that women across the US are un-

derrepresented in radiology senior faculty positions.20,22 A study

of female representation in radiology subspecialties such as neu-

roradiology has not been published in the literature. Our aim was

to quantify the gender imbalance of neuroradiology faculty rank-

ings and related or explanatory factors that may contribute to

such a disparity. Our hope is our findings will help initiate addi-

tional research, and ultimately interventions, in both neuroradi-

ology and the larger academic medical community.

MATERIALS AND METHODS
We tabulated the gender of academic and administrative faculty

members in the neuroradiology divisions of all the programs

across the US and Canada. First, we created a list of all diagnostic

radiology programs in North America (Canada and US) by using

the Web site of the Fellowship & Residency Electronic Interactive

Database, or FREIDA, which provides a list of 227 Accreditation

Council for Graduate Medical Education–accredited diagnostic

radiology programs of the American Medical Association. For the

diagnostic radiology programs in Canada, we referred to the Ca-

nadian Resident Matching Service Web site, which provided a

total of 16 programs. Using these Web sites, we compiled the list

of diagnostic radiology programs that included their faculty ros-

ters on their individual Web sites. We excluded programs that did

not include faculty rosters and those that had rosters but did not

provide any information regarding administrative or faculty rank.

We then filtered the remaining programs to specifically identify

neuroradiology programs. After applying these selection criteria,

we evaluated 85 US and 8 Canadian programs. Data collection

started in July 2016 and included reviewing selected programs’

Web sites for their faculty rosters and individual faculty. Inclusion

criteria were full-time faculty members with the academic rank of

professor, associate professor, or assistant professor with MD de-

grees and a listing on the affiliated university Web site. Faculty

with departmental leadership roles such as chair, vice chair, pro-

gram director, and associate and assistant program directors were

included. Faculty not having stated academic ranks were ex-

cluded. Exclusion criteria were also applied to adjunct, emeritus,

and retired faculty as well as faculty who did not have an MD

degree or whose gender could not be ascertained. We used Elsevi-

er’s SCOPUS to determine the individual faculty member’s pub-

lications, H-index, citations, and productivity. SCOPUS was cho-

sen because it is a robust and reliable tool for measuring the

H-index compared with Google Scholar and Web of Science.

RESULTS
We found 465 faculty members who met the inclusion criteria of

our study. Among them, 76.9% (358/465) were men and 23.01%

(107/465) were women. Most of them (87.3% [406/465]) were

from the US, and 12.69% (59/465) were from Canada (Table 1).

Faculty academic ranks were available for 447. Among them,

50.34% (225/447) were assistant professors, 27.74% (124/447)

were associate professors, and 21.92% (98/447) were professors.

Of the assistant professors, 75.11% (169/255) were men, whereas

24.89% (56/255) were women. Among associate professors,

76.61% (95/124) were men, whereas only 23.39% (29/124) were

women. Last, among the professors, 78.57% (77/98) were men;

however, 21.43% (21/98) were women. Of the 72 faculty serving

in leadership positions, 84.7% (61/72) were men, and 15.28%

(11/72) were women. Of those in the higher leadership ranks,

91.8% (56/61) were men, and only 8.2% (5/61) were women. In

lower leadership ranks (eg, co-chair, deputy director), 63.6% were

men (7/11), and 36.36% were women (4/11).

Data for citations, publication, and H-index did not follow a

conventional or balanced distribution. For that reason, medians,

ranges, and nonparametric tests were carried out. To calculate

regression, all variables were first log-transformed.

In the bivariate analysis, the �2 test was used to evaluate the

association of gender with academic and leadership rank.

There was a higher number of men (358 [76.9%]) among the

neuroradiology faculty compared with women (107; [23.01%]).

When considering gender incidence against leadership rank, the

gender discrepancy was evidenced as highly significant (�2 �

6.76; P � .009), with 87.5% of leadership ranks occupied by men

compared with 12.5% of leadership ranks occupied with women.

The median of time spent in academia among the male faculty was

20 years and was 17 years among the female faculty.

H-index was noted for 360 faculty members. After testing for

association of gender with H-index using the Wilcoxon rank sum

test, we found an insignificant difference (test statistics � 0.46;

P � .794) when assessing the 2 genders. Upon applying the

Kruskall-Wallis test, there was a significant difference between

academic rank H-index (Fig 1) across all academic ranks (�2 �

113.32; P � .001), with a median male H-index of 17.5 and a

median female H-index of 9.

Data were tested for normality. Log-transformation was per-

formed considering the continuous variables of H-index, cita-

tions, and the number of publications, which were initially

skewed in distribution. At the univariate level, simple linear re-

gression was applied. Each variable was regressed independently

considering H-index, the assumptions were assessed, and their

significance was reported. Gender relationships were our primary

consideration of interest. Variables that both were investigated

and were significant on univariate regression included gender,
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publications, citations, years of active research, academic ranks,

and leadership ranks. These variables were selected for inclusion

into multivariable linear regression analyses. We checked for mul-

ticollinearity between independent variables, which were assessed

by using a correlation coefficient. The Cramer V test was used for

1 nominal and 1 ordinal variable; the Spearman test was used for

1 continuous variable and 1 ordinal variable. A correlation of 0.8

was treated as the presence of multicollinearity. There was no

multicollinearity seen. Main effects were

identified by using a stepwise selection

strategy and were based on the P value;

we decided to either preserve a variable

in the model or to drop it. As one exam-

ple, years of research (P � .30) was

dropped from the model. The multivari-

able analysis supported the inclusion of

gender, citations, publications, aca-

demic rank, and leadership rank in the

preliminary model. The final step was to

check for interaction effect. Interaction

terms were created between each of the

main effects in the model; 2 examples

include significant interaction between

gender and citations and between gen-

der and publications. Academic rank,

publications, and citations were not

confounders for the H-index.

The final model:

y (x) � �0 � �1 (Gender) � �2 (Publica-

tions) � �3 (Citations) � �41 (Aca-

demic Rank: Associate Professor) � �42

(Academic Rank: Professor) � �5

(Leadership Rank: Second in Com-

mand) � �61 (Gender � Publications)

� �62 (Gender � Citations)

Female faculty had odds of 0.84 com-

pared with male faculty, also having a

higher H-index when adjusting for pub-

lications, citations, academic rank, lead-

ership rank, and interaction between

gender and publications and gender and

citations. This prediction equation ac-

counted for major variability in the

model as adjusted with R2 � 0.92; the F

test was 57.11, and the P value was �

.001. The remaining variability in the

model may have been explained by vari-

ables such as full-time versus part-time
employment, years of employment, and
contract versus tenure positions. Exam-

ining these additional variables was be-

yond the scope of our paper, as we used

data that were publicly available.

DISCUSSION
Neuroradiology faculty members are

predominantly men, similar to the gen-

der imbalance seen in diagnostic radiology and many other spe-
cialties in medicine as previously demonstrated.13-19 Women fill
only 25% of assistant professor positions, 23% of associate pro-
fessor positions, and 21% of professor positions among neurora-

diology faculty members analyzed in our study. It may be argued

that women only comprise 27% of radiology residents according

to 2014 Association of American Medical Colleges data, and a

continuation of that fraction through the rising ranks suggests

FIG 1. Distribution of median H-index according to academic ranks and gender.

Table 1: Description of baseline characteristics for neuroimaging faculty in North America

Variables Men Women
Total Available

Numbers
Total population, no. (%) 358 (76.9) 107 (23.01) 465 (100)
Academic ranks, no. (%)

Assistant professors 169 (75.11) 56 (24.89) 225 (100)
Associate professors 95 (76.61) 29 (23.39) 124 (100)
Professors 77 (78.57) 21 (21.43) 98 (100)

Leadership, no. (%)
Heads, chiefs, chairs, and directors 56 (91.8) 5 (8.2) 61 (100)
Second in command: associate chiefs, vice

chairs, deputy directors
7 (63.6) 4 (36.36) 11 (100)

Citations USA Canada
Assistant professors n � 110 n � 29 n � 139

Median 103.5 53 96
Range 0–4935 2–4507 0–4935

Associate professors n � 71 n � 23 n � 94
Median 292 376 301.5
Range 0–15,039 4–7871 0–15,039

Professors n � 61 n � 19 n � 80
Median 2065 1081 1745
Range 22–21,708 0–9548 0–21,708

Publications
Assistant professors n � 128 n � 34 n � 162

Median 12 12.5 12
Range 1–144 2–245 1–245

Associate professors n � 80 n � 24 n � 104
Median 23 28.5 23.5
Range 2–349 2–177 2–349

Professors n � 70 n � 20 n � 90
Median 81.5 55 72
Range 5–460 3–285 3–460
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that the 20%–25% range in faculty rankings may be appropri-

ate.27 Gender disparity was highly significant for leadership posi-

tions (�2 � 6.76; P � .009 [Table 2]).

The reasons for gender disparity in neuroradiology leadership

positions are likely multifactorial and warrant examination. Pre-

vious studies exploring women in academic medicine have shown

unique barriers faced by female physicians throughout their ca-

reers.28 For example, female physicians have been shown to have

fewer available same-sex mentors, receive fewer research oppor-

tunities, and also encounter greater difficulty in obtaining fund-

ing from the National Institutes of Health.28 Some experts also

believe that additional responsibilities such as child care and dis-

proportionate home responsibilities outside of work are gender-

specific barriers unique to women.28 Hofler et al29 examined these

encumbrances and concluded that specialties that allow for more

predictable work hours may lead to fewer gender disparities. Oth-

ers refute these contentions and state that increasing numbers of

women are choosing to make personal sacrifices at the expense of

advancing their professional lives and careers.30

A recent study of women in leadership positions in emergency

medicine residency programs by Cheng et al31 demonstrated that

of 133 university emergency medicine programs in the US, 7.5%

have a female chair. Compared with other emergency medicine

programs in the US overseen by male chairs, programs with fe-

male chairs had a higher percentage of female faculty (22% versus

31%). Studies have shown that having an identifiable mentor

doubles a physician’s chance of being promoted.32 Mentorship,

leadership, and promotion are connected, leading to the conten-

tion that female physicians with guidance, role models, and men-

tors are more likely to be promoted in academic centers.

In terms of satisfaction in regards to mentorship, previous

studies have shown that male physicians report higher satisfaction

with the mentoring experience than their female counterparts

(53% versus 42.5%).28 The lack of women in leadership positions

within neuroradiology is a contributory cause for concern. With-

out active correction, this lack of female mentors will likely per-

petuate the lack of women in academic leadership positions.

In exploring research productivity and citation counts, we as-

sessed the H-index of faculty members to identify the presence of

discrepancies between men and women. The H-index is based on

the most cited papers of the author, other publications, and the

number of citations they have received from other authors.33 The

H-index is widely used to evaluate and compare scholarly efforts

and is particularly helpful when assessing impact because it rep-

resents not only quantity, but also quality of publications as

judged by citability. This information is often used to help with

promotion decisions and the allocation of funding resources and

is therefore meaningful and important where academic rank pro-

motion potential and leadership promotion are concerned.33

We studied the H-index for 360 of the total 465 faculty mem-

bers, and we discovered that median H-index was higher among

male faculty compared with female faculty (17.5 versus 9 [Table

3]. As one measure of potential future academic success, previous

studies in Academic Radiology have suggested that an H-index of

10 may represent a reliable metric to determine the likelihood of

receiving funding from the National Institutes of Health.34 In our

analysis, male faculty members had more citations and publica-

tions than women in all academic ranks (Table 1). Upon applying

the Kruskall-Wallis test, there was a significant gender-related

difference between academic ranks and H-index (Fig 1) across all

academic ranks (�2 � 113.32; P � .0001). As noted, female faculty

members had fewer total citations compared with men (Table 1).

The demonstrated difference between academic ranks and H-

index suggests the importance of research productivity. This find-

ing also highlights concerns regarding barriers female physicians

may face in academic faculty ranks. A recent study assessing radi-

ology faculty demonstrated that men and women were similarly

likely to be full professors; however, differences in promotion and

research productivity were also present, suggesting that female

radiologists may lack equal research opportunities.35 Our find-

ings suggest that to minimize gender disparities in leadership po-

sitions, female physicians will benefit from increased availability

of mentors and opportunities for research and funding.

Limitations
One of our study limitations recognizes that we collected our

information regarding faculty members from publicly accessible

academic department Web sites. It is possible that the informa-

tion on these Web sites may not have been up to date. One addi-

tional limitation is that our methodology represents a snapshot in

time. This is important because a female faculty member may

have served in a leadership role several years prior, which would

not be present on current data, yet would be important for report-

ing their involvement. We were also unable to determine the H-

index for 105 of the total 465 faculty members because of a lack of

available information. In addition, we were not able to determine

all sought statistics for each faculty member. For example, if we

were able to secure career stage, age, and length of time the person

has been in his or her current role, that would have allowed us to

perform a more detailed analysis. Another variable that we were

unable to reliably calculate but could help explain gender dispar-

ity in leadership roles is the shortened career duration of women

in academic medicine, in many instances because of their choos-

ing to recuse themselves from full-time academic positions as a

result of shouldering a disproportionate share of home and child-

Table 2: Association of academic hierarchy and leadership roles with gender of faculty
Association of Gender with Academic Rank Association of Gender with Leadership Rank

Men, no. (%) Women, no. (%) �2 P value Men, no. (%) Women, no. (%) �2 P value
341 (76.29) 106 (23.71) 0.46 .79 63 (87.5) 9 (12.5) 6.76 .009

Table 3: Median H-index according to gender
H-Index Men Women

Overall
Median 9
Range 1–76

n � 360 281 79
Median 17.5 9
Range 1–76 1–51
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care responsibilities. Diamond et al36 determined that women in

their cohort had overall lower research productivity than men,

but when they corrected for career duration, this difference was

insignificant. Another consideration is that often authors publish

under different names. This is important in several scenarios such

as when a person, regardless of gender or sexual orientation,

changes their name after marriage or divorce, takes their spouse’s

surname, or creates a hyphenated name; or in the case of a trans-

gender person who may change his or her name. When these

name changes are taken into consideration, it shows that the

number of publications and H-index for female faculty may be

erroneously underestimated. The inclusion or exclusion of mid-

dle initials can also contribute to miscalculations of attributable

academic productivity.

CONCLUSIONS
Gender disparities exist in neuroradiology, especially where lead-

ership positions are concerned. The gender discrepancies that are

observed in this traditionally male-dominated field can be used to

better inform the medical community regarding issues related to

gender imbalances in academic medicine. We recommend that

early mentorship, with ensuing increased directed opportunities

and groomed career development of female faculty, could play a

key role in helping diversify academic medicine. Many radiology

societies have recognized the importance of mentorship and have

created programs to help empower and promote women, includ-

ing the American Association for Women Radiologists and the

Women in Radiology branch of the Society of Interventional Ra-

diology. In 2012, the American Society of Neuroradiology, Amer-

ican College of Radiology, and the American Association for

Women Radiologists jointly funded the Women in Neuroradiol-

ogy Leadership Award to support leadership training for female

neuroradiologists. Ongoing studies are needed to examine trends

over time relating and connecting factors such as mentorship,

ranking promotion, academic productivity, and methods to help

eliminate the underlying causes of the gender gap. We hope that

our work will catalyze and substantiate further directed initiatives

that will help female physicians achieve and occupy both senior

faculty and leadership positions and help blaze pathways to dura-

ble success in leadership careers.
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ORIGINAL RESEARCH
PEDIATRICS

Deep Brain Nuclei T1 Shortening after Gadobenate
Dimeglumine in Children: Influence of Radiation and

Chemotherapy
X S. Kinner, X T.B. Schubert, X R.J. Bruce, X S.L. Rebsamen, X C.A. Diamond, X S.B. Reeder, and X H.A. Rowley

ABSTRACT

BACKGROUND AND PURPOSE: Intrinsic T1-hyperintense signal has recently been reported in the deep gray nuclei on brain MR imaging
after multiple doses of gadolinium-based contrast agents. Most reports have included adult patients and excluded those undergoing
radiation or chemotherapy. We investigated whether T1 shortening is also observed in children and tried to determine whether radioche-
motherapy is a risk factor for this phenomenon.

MATERIALS AND METHODS: In this single-center retrospective study, we reviewed clinical charts and images of all patients 18 years of
age or younger with �4 gadobenate dimeglumine– enhanced MRIs for 6 years. Seventy-six children (mean age, 9.3 years; 60 unconfounded
by treatment, 16 with radiochemotherapy) met the selection criteria (�4 MR imaging examinations; mean, 8). T1 signal intensity ratios for
the dentate to pons and globus pallidus to thalamus were calculated and correlated with number of injections, time interval, and therapy.

RESULTS: Among the 60 children without radiochemotherapy, only 2 had elevated T1 signal intensity ratios (n � 20 and 16 injections).
Twelve of the 16 children with radiochemotherapy showed elevated signal intensity ratios. Statistical analysis demonstrated a significant
signal intensity ratio change for the number of injections (P � .001) and amount of gadolinium (P � .008), but not for the interscan time
interval (P � .35). There was a significant difference in the average signal intensity ratio change between those with and without radioche-
motherapy (P � .001). Chart review revealed no new neurologic deficits in any patients, related to their underlying conditions and prior
surgeries.

CONCLUSIONS: Compared with published adult series, children show a similar pattern of T1 hyperintense signal changes of the dentate
and globus pallidus after multiple gadobenate dimeglumine injections. The T1 signal changes in children may have a later onset but are
accelerated by radiochemotherapy.

ABBREVIATION: RCTX � radiochemotherapy

During the past year, several reports have been published de-

scribing the hyperintense appearance of the deep brain nu-

clei of adult patients on unenhanced T1-weighted MR images.

This increased signal intensity occurred in patients with normal

renal function who underwent multiple gadolinium-enhanced

MR imaging examinations.1-13 This phenomenon has been eval-

uated using multiple different gadolinium-based contrast

agents, including the linear agents gadodiamide,1-4 gadobenate

dimeglumine,4,5 and gadopentetate dimeglumine6-10 as well as

the macrocyclic agents gadoterate meglumine7,11 and gad-

obutrol.8,10,12,13 Postmortem studies have demonstrated the

presence of gadolinium in these deep nuclei within the brain,

confirming that increased signal intensity is likely due to the

deposition of gadolinium.3,14,15 Recent animal studies have

also shown this in rats.16-18

To date, most of the human studies have involved adult pa-

tients, with only 1 adult study including a small group of pediatric

patients.6 Three recent studies analyzed smaller groups of up to

21 children undergoing gadopentetate dimeglumine examina-

tions.19-21 In addition, 2 case reports described 3 pediatric pa-

tients with up to 35 contrast-enhanced MRIs, using gadopentetate

dimeglumine.22,23 Similar to the adult population, these patients

had multiple courses of chemotherapy, radiation therapy, and

external beam radiation for orbital rhabdomyosarcoma. In fact,

earlier reports of an increased signal of the dentate nucleus in
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unenhanced T1-weighted images attributed the changes to brain

irradiation.24 This study included only patients 30 years of age

and older and did not analyze the number of contrast-enhanced

MRIs performed. Studies on unconfounded adult patients are

rare.

A very recent publication evaluated whether increased signal

intensities can also be found after multiple injections of the mac-

rocyclic agent gadoterate meglumine in children.25 As in all other

pediatric patient studies, the authors explicitly excluded patients

with a tumor in the cerebellum. Patients having had or undergo-

ing chemotherapy were evaluated, but no subanalysis for differ-

ences was presented.

To date, pediatric studies are limited to investigations on

the linear agent gadopentetate dimeglumine and the macrocy-

clic agent gadoterate meglumine. Therefore, the purpose of

this retrospective study was 2-fold: 1) to investigate whether T1

shortening is also observed in children after multiple injections

of gadobenate dimeglumine, and 2) to investigate whether

brain radiation or chemotherapy or both impact this

phenomenon.

MATERIALS AND METHODS
Patients
In this institutional review board–approved (University Hospital

Essen), single-center retrospective study, we performed a search

of the image data base to extract all patients 18 years of age and

younger with at least 4 contrast-enhanced MRIs archived on a

PACS between August 2009 and September 2015. We reviewed all

clinical charts and images to verify that all patients received only 1

gadolinium agent (gadobenate dimeglumine, used routinely from

this time point onward). The remaining patients were screened

for treatment variables and underlying diseases known to poten-

tially present with increased T1 signal in deep brain nuclei (like

Langerhans cell histiocytosis and neurofibromatosis). To create

comparable groups, we chose to evaluate 2 groups: patients with

no radiation and/or chemotherapy (RCTX) (group 1) and those

with a posterior fossa tumor undergoing RCTX (group 2). Figure

1 represents a flow chart showing the patient selection. Patients

with large, bilateral posterior fossa tumors involving or masking

the dentate nucleus on both sides were excluded because these

nuclei would be difficult or impossible to evaluate on preopera-

tive imaging. In unilateral tumors, the dentate nucleus of the con-

tralateral side was evaluated.

For all patients included in the study, age, sex, and diagnoses

were documented. We also reviewed the electronic health records

for any new or unexplained onset of movement disorders or cer-

ebellar dysfunction. In the patients with posterior fossa tumors,

whether they had surgery and which chemotherapy and radiation

therapy they received were also assessed. If patients received radi-

ation therapy, it was always a tumor-selective radiation therapy

plan. In addition, the time interval between the first and last MR

imaging was documented as well as the total cumulative amount

of gadolinium injected across time.

MR Imaging Protocol
MR imaging of the brain was performed on clinical 1.5T (Optima

MR450w or Signa HDxt; GE Healthcare, Milwaukee, Wisconsin)

or 3T scanners (Discovery MR750 or MR750w; GE Healthcare)

using 8-channel head coils. Imaging protocols included the fol-

lowing sequences before administration of gadobenate dimeglu-

mine at a dosage of 0.1 mmol (0.2 mL) per kilogram of body

weight: axial T1-weighted 3D inversion recovery–prepared fast-

spoiled gradient-echo sequences (BRAVO: section thickness, 3

mm; TR, 8.5–9.3ms; TE, 3.2–3.7ms; flip angle, 13° [1.5T], 12°

[3T]; TI, 450 ms) and/or sagittal T1-weighted 2D fluid-attenuated

inversion recovery (section thickness, 3 mm; TR, 2212 ms [1.5T],

3050 –3400 ms [3T]; TE, 8.4 – 8.8 ms [1.5T], 23.3–23.9 ms [3T];

flip angle, 90° [1.5T], 111° [3T]; TI, 750 ms [1.5T], 917–964 ms

[3T]).

Image and Data Analysis
As a first step, visual analysis of the first and last MR imaging

was performed, and a qualitative visual signal increase (present

or not present) was documented. For objective image analysis,

we analyzed images as previously described by Kanda et al26:

De-identified images were imported and subsequently ana-

lyzed with open-source Digital Imaging and Communications

in Medicine software OsiriX MD (Version 2.5.1 64-bit; http://

www.osirix-viewer.com). Image analysis was performed by a

radiologist with 10 years’ experience in MR imaging and spe-

cific experience in neuroradiology and pediatric imaging. A

freehand ROI was drawn on the unenhanced T1-weighted im-

ages in the bilateral dentate nuclei, the central pons, the middle

cerebellar peduncle, and the left and right globus pallidus as

well as the left and right thalamus, excluding the pulvinar thal-

ami, which have been shown to exhibit T1 shortening as well in

patients after multiple linear gadolinium-based contrast agent

injections. To ensure accurate segmentation of the dentate nu-

cleus, we performed correlation with T2- and T2*-weighted

images when necessary. We also added the middle cerebellar

peduncle as a correlation in addition to the pons, as described

by Ramalho et al.4 We therefore assessed not only the dentate-

to-pons ratios but also the dentate-to-middle cerebellar pe-

duncle ratios. Dentate-to-pons, dentate-to-middle cerebellar

FIG 1. Flow chart showing the patient-selection criteria. PFT indicates
posterior fossa tumor.
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peduncle, and globus pallidus-to-thalamus ratios were calcu-

lated from the first and last MR imaging dataset. The ratio

change between the first and last imaging was calculated.

Statistical Analysis
Statistical analysis was performed with R statistical and computing

software (http://www.r-project.org). Intraclass correlation coeffi-

cients (2,1) were used to assess the reliability of the ratio measure-

ments between the means of the cerebellar peduncle and pons.

Mixed-effects linear regression was used to test the ratio

between different factors (number of injections, time between

first and last imaging, and amount of gadolinium injected)

with subject as a random effect. Repeated-measures ANOVA

was used to test whether the change in the ratio across time was

significantly different between factor groups with subject as a

random effect. Pearson correlation coefficients were calculated

to assess the linear relationship between total gadolinium dos-

age and signal intensity ratio change

for patients with and without therapy.

RESULTS
A total of 325 children with at least 4

contrast injections were identified. Of

these, 76 children (mean age, 9.3 years)

met the listed selection criteria (4 –20

contrast-enhanced MRIs; mean, 8). Six-

teen patients had posterior fossa tumors

treated with radiation alone (n � 2),

combined chemo- and radiation ther-

apy (n � 9), and chemotherapy alone

(n � 5), and 60 were unconfounded by

such treatment. The characteristics of

both patient groups can be found in the

Table.

On visual inspection, 12 of the 16 pa-

tients with posterior fossa tumor and ra-

diation or chemotherapy showed hyper-

intensities of the deep brain nuclei.

These patients had undergone between

10 and 20 contrast injections, and the 4

patients without signal increase had

�10 gadobenate dimeglumine injec-

tions. In the 60 patients without RCTX,

only 2 patients were found to have a vi-

sual signal increase of the dentate nu-

cleus or the globus pallidus between the

first and last brain MR imaging. These

patients had the highest contrast exposures, with 20 and 16 gado-

benate dimeglumine injections.

Figure 2 shows a comparison of 2 patients after 20 injections,

one with no treatment variables and 1 patient with medulloblas-

toma after radiochemotherapy. Figure 3 shows images before and

after 10 gadobenate dimeglumine injections in a patient with no

treatment variables and a second patient with a medulloblastoma,

after surgery and radiochemotherapy.

Statistical analysis showed a statistically significant change in

the signal ratio for the number of scans and contrast injections

(P � .001) as well as the amount of gadolinium (P � .008), but not

for the interscan time interval (P � .353). For each additional

contrast-enhanced MR imaging, the signal ratio increased by 0.01

on average. There was a significant difference in the average

change in ratio with time between those with RCTX versus those

without (P � .001). A comparison of the ratio change for the

FIG 2. T1-weighted images acquired before (A and C) and after 20 gadobenate injections (B and D)
in a patient with follow-up for optic glioma without radiation or chemotherapy (A and B) and a
patient with medulloblastoma after an operation and radiochemotherapy (C and D). Subtle signal
changes of the dentate (arrows) can be seen in the patient without any therapy, while the patient
with RCTX shows distinct T1 signal changes of the dentate and perifocal edema.

Patient characteristicsa

Unconfounded Cases Posterior Fossa Tumors P Value
Total No. of patients 60 16
Age (yr) 8.7 (6–14) 7.8 (4–10) .095
Sex: female 30 (50.0%) 6 (37.5%) .543
Contrast-enhanced MRIs 7 (5–9) 14.5 (11.2–16) �.001
First-to-last MRI with contrast (yr) 3.1 (1.3–4.7) 3.4 (1.4–4.7) .794
Accumulated dose of gadoterate dimeglumine (mL) 48.5 (31.1–87.2) 63.8 (49.8–130.5) .161
Mean ratio change of dentate to pons 0.028 (0.007–0.049) 0.090 (0.049–0.132) �.001
Mean ratio change of globus pallidus to thalamus 0.034 (0.013–0.055) 0.130 (0.091–0.168) �.001

Note:—min indicates minimum; max, maximum.
a Data are presented as means with 95% confidence intervals in parentheses.
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dentate to pons and globus pallidus to thalamus showed no sig-

nificant difference in average change in the ratio between mea-

surements in the dentate and in the globus pallidus (P � .199),

like that of children after focal radiation of the cerebellum (P �

.4). Furthermore, no statistically significant difference was found

for the use of the middle cerebellar peduncle or the pons as a

control for the dentate (P � .39).

Figure 4 shows a distribution of the signal ratio change for the

globus pallidus compared with thalamus in children with no

treatment variables and children with radiochemotherapy.

Figure 5 shows the correlation of the total gadolinium dose

administered and the signal ratio change for patients with and

without therapy.

Directed neurologic chart review revealed no obvious new

neurologic clinical deficits in the children with apparent T1 hy-

perintensities. We specifically searched for signs or symptoms re-

ferable to the extrapyramidal motor system such as tremor, bra-

dykinesia, movement disorders, and motor dysfunction, which

were not explained by the patient’s known disease process.

DISCUSSION
In this retrospective study, we investigated whether pediatric pa-

tients show T1 shortening of deep brain nuclei after multiple

doses of gadobenate dimeglumine and whether there is any dif-

ference between patients with and without radiation and/or

chemotherapy.

This study has 4 messages we believe

to be important:

First, children show a pattern of T1
signal changes of the dentate nucleus
and globus pallidus after multiple injec-
tions of gadobenate dimeglumine, like
that reported in adults. This has been
shown for gadopentetate dimeglumine
in a few recent small studies in chil-
dren.19-21 We were able to show it for
gadobenate dimeglumine, another lin-
ear contrast agent, in a pediatric patient
cohort for the first time. A first study in
pediatric patients examining the effect
of multiple doses of a macrocyclic con-
trast agent supports similar results in
adults: Macrocyclic agents show no sig-
nal intensity increase after serial injec-
tions of a macrocyclic agent.7,8,12,27 The
study by Stojanov et al,13 reporting a sig-
nal increase for a macrocyclic agent has
been severely criticized because visual
inspection of reported images did not
seem to support the quantitative results
of the study.

The second key finding is that pa-
tients without radiochemotherapy were
much less likely to show T1 changes. In
the absence of RCTX, only 2/60 showed
these changes, and these occurred in the
2 patients with the most gadobenate
dimeglumine injections (n �16 and 20,

respectively). This observation is consistent with findings in

adults for gadobenate dimeglumine: Ramalho et al4 investigated

the influence of 2 linear contrast agents (gadodiamide and gado-

benate dimeglumine) on the dentate nucleus and globus pallidus

and showed a significant signal increase with gadodiamide-en-

hanced studies, but not with gadobenate dimeglumine. Their

adult patient population comprised only patients without prior

targeted or whole-brain radiation and those without multiple

sclerosis and other diseases that might result in T1 shortening of

deep brain nuclei and can thus be considered unconfounded like

our 60-patient subgroup. However, the maximal number of MR

images obtained in their patient population was 11 examinations.

Because we saw an increase only after 16 examinations in un-

confounded children, the number of injections might be too

small in the study of Ramalho et al to find a visually discernible

effect. Weberling et al,5 however, investigated adult patients

with melanoma with 5–15 injections of gadobenate dimeglu-

mine (on average, 7.7 injections) and found an increase in

signal intensity in the dentate nucleus. The results of Weber-

ling et al in adults are therefore in line with ours in children:

There seem to be a certain number of injections needed before

signal intensity changes become visible. They, like Adin et al6

and Radbruch et al,7 did not find a correlation between radia-

tion therapy and signal changes in adults, which is different

from our results in children.

FIG 3. T1-weighted images acquired before (A and C) and after 10 gadobenate injections (B and D)
in a patient being followed for a mass at the craniocervical junction with only surgical therapy (A
and B) and a patient with medulloblastoma after an operation and radiochemotherapy (C and D).
No signal change can be seen in the dentate for the patient without RCTX, while the patient with
RCTX already shows signal changes after 10 injections.
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We also found that the time interval
from gadolinium-based contrast agent
injection until signal changes occur in
children can be significantly reduced in
the setting of radiochemotherapy, which
impacts the blood-brain barrier. While
Weberling et al5 did not find a correla-
tion for radiation therapy, they did not
test for differences concerning chemo-
therapy. Because most of their adult
patients had melanoma, it can be assumed
that many patients received chemother-
apy, even if not explicitly stated. This is
important because we found that in pa-
tients receiving radiation therapy for
posterior fossa tumors, the signal of the
dentate changed like the signal of the glo-
bus pallidus, which leads to the presump-
tion that radiation therapy itself locally
does not lead to signal changes or acceler-
ation of these changes, but rather the ther-
apy (radiation therapy and/or chemother-
apy) has an influence on the blood-brain
barrier, which leads to uptake of gadolin-
ium in any of the deep brain nuclei.

Montagne et al28 showed, in a recent
investigation, that blood-brain barrier
breakdown is an early event in the aging
human brain, starting from the hip-
pocampus but also involving other brain

FIG 4. Distribution of the signal ratio change of the globus pallidus compared with the thalamus (globus pallidus to thalamus) in children with
no treatment variables (gray bars) and children with radiochemotherapy (black bars) shows a shift/tendency to higher ratio changes in children
with posterior fossa tumors under therapy.

FIG 5. Scatterplot showing the correlation between cumulative gadolinium doses and signal ratio
change for patients with and without therapy.
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regions. The fact that children who did not undergo radiation or
chemotherapy showed a later onset of signal increase might be
also due to their still fully intact blood-brain barrier.

A key message that can be drawn from this study that is also in
accordance with other studies is that the observed signal changes
are apparently asymptomatic and are also independent of the time
between injections. In all patients presented in prior studies, as in
our patient group 2, presumed gadolinium deposition has not
been linked to clinical deficits but does appear to be an imaging-
observed adverse effect of therapy. Although neurologically
asymptomatic, the appearance is dependent on the number of
injections and the cumulative amount of gadolinium. Therefore,
until more follow-up studies and prospective neurologic and neu-
rocognitive surveillance are available, each injection of a gadolin-
ium-based contrast agent should be carefully considered. Other
contrast agents, like iron oxide particles, can be a possible alter-
nate to gadolinium-based agents in brain imaging.29,30

During this analysis, we incidentally found that the red nu-
cleus shows an intensity change like that of the dentate and globus
pallidus. This finding might suggest the deposition of gadolinium
in the red nucleus as well. New onset of tremor, gait disturbances,
or other neurologic deficits have not been found in these children.
Further analysis will show how signal changes in the dentate nu-
cleus and globus pallidus might correlate with signal changes in
other deep brain nuclei, especially the red nuclei, all of which are
also known to take up iron as a normal physiologic finding, so
changes might be difficult to analyze and attribute to a certain
origin.

The linear gadolinium agent we studied here was originally
chosen and continues to be used in our practice due to the com-
bination of proved beneficial T1 enhancing effects and an excel-
lent risk profile. Gadobenate has the highest relaxivity of any of
the gadolinium agents marketed for central nervous system appli-
cations. It is been shown in multiple double-blind randomized
crossover studies to show better tumor-enhancing performance
metrics compared with any of the other agents.31 It also has an
excellent risk-benefit profile for nephrogenic systemic fibrosis,
with thousands of renally impaired, high-risk patients given gado-
benate due to diagnostic need in potentially life-threatening con-
ditions, with no subsequent nephrogenic systemic fibrosis ob-
served.32 At the present time, we are therefore continuing to use
this agent in our practice, while still recognizing the potential for
apparently asymptomatic T1 shortening and presumably gado-
linium deposition in the deep gray nuclei.

Our study clearly has limitations: First, we cannot prove that
the contrast agent we used, gadobenate dimeglumine, is the rea-
son for the later onset of signal changes in children compared with
adults in the literature. Direct comparisons with adults from our
data base are forthcoming. In addition, we cannot exclude gado-
linium being deposited in the brain regions we used as compara-
tors in children because we do not yet have postmortem studies in
children. If this is the case, the postulated later onset in children
might be due to different storage amounts. Furthermore, post-
mortem studies in children are especially needed.

Also, we cannot exclude the T1-weighted sequences we used
having an influence on the detectability rate of signal changes. In
a letter, Kanda et al33 discussed different pulse sequences having
different imaging appearances and different signal-to-noise ra-

tios, which can have an influence on the image appearance and
contrasts. We used conventional unenhanced T1-weighted gradi-
ent-echo sequences, which have been used in prior studies on this
topic by different authors.3,5,12 Another issue is that different
magnetic field strengths were used in these patients. However,
Adin et al6 examined the influence of different field strengths in a
subanalysis of their study and could show that no statistically
significant difference was present.

CONCLUSIONS
Our study shows that children show a pattern of T1 signal changes

of the dentate and globus pallidus after multiple injections of

gadobenate dimeglumine like that in adults in published studies

of this agent. The appearance in children may have a later onset

and seems to be accelerated by radiation and chemotherapy.
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ORIGINAL RESEARCH
ADULT BRAIN

MR Elastography Analysis of Glioma Stiffness and
IDH1-Mutation Status

X K.M. Pepin, X K.P. McGee, X A. Arani, X D.S. Lake, X K.J. Glaser, X A. Manduca, X I.F. Parney, X R.L. Ehman, and X J. Huston III

ABSTRACT

BACKGROUND AND PURPOSE: Our aim was to noninvasively evaluate gliomas with MR elastography to characterize the relationship of
tumor stiffness with tumor grade and mutations in the isocitrate dehydrogenase 1 (IDH1) gene.

MATERIALS AND METHODS: Tumor stiffness properties were prospectively quantified in 18 patients (mean age, 42 years; 6 women) with
histologically proved gliomas using MR elastography from 2014 to 2016. Images were acquired on a 3T MR imaging unit with a vibration
frequency of 60 Hz. Tumor stiffness was compared with unaffected contralateral white matter, across tumor grade, and by IDH1-mutation
status. The performance of the use of tumor stiffness to predict tumor grade and IDH1 mutation was evaluated with the Wilcoxon rank
sum, 1-way ANOVA, and Tukey-Kramer tests.

RESULTS: Gliomas were softer than healthy brain parenchyma, 2.2 kPa compared with 3.3 kPa (P � .001), with grade IV tumors softer than
grade II. Tumors with an IDH1 mutation were significantly stiffer than those with wild type IDH1, 2.5 kPa versus 1.6 kPa, respectively (P � .007).

CONCLUSIONS: MR elastography demonstrated that not only were gliomas softer than normal brain but the degree of softening was
directly correlated with tumor grade and IDH1-mutation status. Noninvasive determination of tumor grade and IDH1 mutation may result
in improved stratification of patients for different treatment options and the evaluation of novel therapeutics. This work reports on the
emerging field of “mechanogenomics”: the identification of genetic features such as IDH1 mutation using intrinsic biomechanical
information.

ABBREVIATIONS: GBM � glioblastoma; ECM � extracellular matrix; �G*� � magnitude of the complex shear modulus; IDH1 � isocitrate dehydrogenase 1; MRE �
MR elastography

While gliomas are rare compared with other cancers, they

have a high mortality rate. Despite improvement in 5-year

survival rates of many cancers, outcomes for brain tumors have

remained relatively unchanged during the past 30 years, improv-

ing �2%.1 Median survival is 12–15 months for glioblastomas

(GBMs) and 2–5 years for lower grade gliomas. As our under-

standing of cancer biology, genetics, and treatment resistance

mechanisms improves, the ability to stratify patients early with

predictive biomarkers will be critical in the development of new

therapies and the evaluation of treatment responses.2 Gliomas are

histopathologically typed and graded as outlined with the World

Health Organization criteria, which provide important prognos-

tic information as well as potential guidance on the clinical treat-

ment of the tumor.3 The World Health Organization classifica-

tion was updated in 2016 to include molecular markers, which

have important implications for patient outcome and may be crit-

ical information in the selection of a treatment strategy. Recent

effort in the area of radiogenomics has explored the potential of

using MR imaging phenotypes to noninvasively determine tumor

genotypes, including the detection of 3 common genomic altera-

tions in gliomas.4 Mutations in the gene responsible for encoding

a metabolic enzyme called isocitrate dehydrogenase 1 (IDH1) fre-

quently occur in low-grade gliomas, exhibiting different genetic

and epigenetic etiology compared with IDH1 wild type gliomas,

and are considered a distinct disease entity with a poorer progno-

sis, independent of tumor grade.5,6

While only 6% of GBMs have mutations in IDH1, it is hypoth-

esized that these tumors have evolved from lower grade gliomas,

while low-grade gliomas that lack a mutation in IDH1 could be
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considered “preglioblastomas.”5,7 IDH1 mutations may also be

predictive of therapeutic outcome from specific treatments, such

as increased radiosensitivity in vitro and differentiating patients

who benefit from alkylating agent chemotherapy in combination

with radiation therapy.8,9 Recent effort has investigated noninva-

sive biomarkers to identify IDH1-mutant tumors in humans, in-

cluding MR spectroscopy, using the association between muta-

tions in IDH1 and 2-hydroxygluterate in the tumor.10 However,

challenges related to long scan times, complex data processing,

and low spectral resolution have limited clinical applications.11

Tumors are characterized by altered tissue- and cellular-level

mechanics, and the stiffness of the extracellular matrix (ECM) in

gliomas may be associated with a mutation in IDH1.12,13 A recent

study by Miroshnikova et al13 demonstrated an overall correla-

tion between tumor grade and IDH1 mutational status with the

ECM stiffness of human glioma brain biopsies. Using stiffness

measurements from an atomic force microscope, they demon-

strated increased ECM stiffness with tumor grade: The ECM from

GBMs was stiffer than the ECM from lower grade gliomas. Addi-

tionally, the ECM of gliomas with a mutation in IDH1 was softer

than the ECM of wild type IDH1 gliomas, regardless of histologic

grade. These results demonstrate a microscopic mechanical cor-

relation between ECM stiffness and tumor genotype. Additional

work is needed to determine whether this finding correlates to

macroscopic mechanical properties of gliomas.

MR elastography (MRE) is a technique used to noninvasively

quantify the mechanical properties of tissue.14-16 Previous studies

have demonstrated the feasibility of using MRE to evaluate the

viscoelastic properties of brain tumors, including gliomas, in

which brain tumors were mainly softer than normal brain and

benign variants; however, some tumors are stiffer than normal

brain,17 and GBMs were the softest brain tumors compared with

meningiomas, vestibular schwannomas, and metastases.18,19 Ad-

ditional work demonstrated that the viscoelastic properties of

GBMs were dependent on composition (eg, necrosis or cystic cav-

ities) and that the mechanical properties were heterogeneous with

both stiff and soft regions.17,20 Recent work investigated the stiff-

ness of 4 common brain tumors and stated that MRE may reflect

the collagenous content of tumors.19

The purpose of this study was to noninvasively evaluate glio-

mas with MRE to characterize the relationship of tumor stiffness

with tumor grade and mutations in the IDH1 gene. We hypothe-

size that glioma stiffness will vary across tumor grade and that

gliomas with an IDH1 mutation will exhibit different mechanical

properties than IDH1 wild type gliomas.

MATERIALS AND METHODS
Patient Recruitment
This prospective study was approved by our institutional review

board, and informed written consent was obtained from each

subject. Inclusion criteria for the study consisted of subjects older

than 18 years of age with biopsy-confirmed gliomas and a mini-

mum tumor diameter of 2 cm. Subjects with contraindications to

MR imaging (cardiac pacemaker, implanted metallic object, or

claustrophobia) and lesions with extensive necrosis were ex-

cluded. Eighteen patients (mean age, 44 years; range, 25– 68 for

men, n � 12; and mean age, 40 years; range, 28 – 40 for women,

n � 6) with a presumed or previous needle biopsy– diagnosed

glioma scheduled for surgical resection were recruited for an MRE

examination before tumor resection from April 2014 to Decem-

ber 2016. Diagnosis was confirmed following the operation by an

experienced pathologist as part of clinical standard of care and

included determination of tumor grade, histologic subtype, the

presence of the 1p/19q codeletion, and IDH1-R132H mutations.

MR Image Acquisition
Preoperative imaging was performed with a 3T MR imaging scan-

ner (Signa Excite; GE Healthcare, Milwaukee, Wisconsin). The

MR imaging protocol for each subject included an anatomic T1-

weighted inversion recovery echo-spoiled gradient-echo acquisi-

tion with the following parameters: TR/TE � 6.3/2.8 ms; TI � 400

ms; flip angle � 11°; 256 � 256 acquisition matrix; FOV � 27 cm;

section thickness � 1.2 mm; 200 sagittal sections; bandwidth �

31.25 kHz; parallel imaging acceleration factor � 1.75. MRE im-

aging used a modified single-shot, flow-compensated, spin-echo

EPI pulse sequence.21,22

MR Elastography Image Acquisition
Low-amplitude mechanical vibrations in the form of shear waves

were introduced into the brain at a frequency of 60 Hz as previ-

ously described.23 A custom-built soft, pillowlike passive driver

was positioned beneath the subject’s head in a standard 8-channel

receive-only MR imaging head coil (Fig 1). A long flexible tube

connected the passive driver to the active component located out-

side the scan room, which comprised a waveform generator, an

amplifier, and an acoustic speaker. The resulting shear wave mo-

tion was imaged with the spin-echo EPI MRE pulse sequence by

synchronizing motion-encoding gradients to the applied me-

chanical vibrations. The imaging parameters included the follow-

ing: TR/TE � 3600/62 ms; 72 � 72 acquisition matrix recon-

structed to 80 � 80; FOV � 24 cm; section thickness � 3 mm; 48

contiguous axial sections; bandwidth � 250 kHz; parallel imaging

acceleration factor � 3; motion-encoding in the positive and neg-

ative x, y, and z directions; and 8 phase offsets sampled during 1

period of motion at 60 Hz. The MRE acquisition time was �7

minutes.

Image and Data Processing
Tissue viscoelastic shear properties were quantified from the mea-

sured displacement fields.14,24,25 Assuming the tissue to be linear,

isotropic, locally homogeneous, and viscoelastic, we quantified

the complex shear modulus using previously described direct in-

version methods (Fig 1).22,26-28 Before direct inversion, several

postprocessing steps were taken. First, the complex phase-differ-

ence images were calculated in the x, y, and z motion-encoding

directions. Then, the curl of the input displacement field was cal-

culated to reduce effects from the tissue boundaries and longitu-

dinal wave propagation. A 2D low-pass filter was applied to re-

duce section-to-section phase discontinuities. A 3D direct

inversion algorithm was used to calculate the complex shear mod-

ulus G*.22 Shear stiffness was reported as the magnitude of the

complex shear modulus (�G*�). A tumor ROI was manually

drawn on each imaging section from T1-maps registered to the

MRE space using information from all available imaging

32 Pepin Jan 2018 www.ajnr.org



sequences, including T1-, T2-, diffusion-, and contrast-en-

hanced T1-weighted images as previously described (research

trainees, 1 year of experience under supervision of J.H., 26

years’ experience).22 Tumor stiffness was calculated as the me-

dian �G*� of all voxels contained in the ROI volume and was

compared with a size-matched ROI in the unaffected white

matter on the contralateral hemisphere to serve as a control.

Group results are reported as mean � SD (range).

Tumor volume was defined as the tumor ROI volume (cubic

centimeter), calculated as the number of voxels contained in the

ROI multiplied by the voxel volume. Contrast enhancement was

assigned a label of nonenhancing, partially enhancing, or com-

pletely enhancing, determined from contrast-enhanced T1-

weighted images obtained during a standard diagnostic MR im-

aging (J.H., 26 years’ experience in neuroradiology).

Statistical Analysis
For each tumor ROI volume, the mean difference in tumor shear

stiffness and unaffected contralateral normal white matter was

analyzed with the Wilcoxon rank sum test. The mean differences

in mean shear stiffness of IDH1� and IDH1� tumors were ana-

lyzed with the Wilcoxon rank sum test. One-way ANOVA and

Tukey-Kramer tests were used to compare the mean tumor shear

stiffness between different tumor grades. A P value of � .05 was

considered statistically significant. All cal-

culations were performed with Matlab

2016a (MathWorks, Natick, Massachu-

setts) and R Core Team, 2015 (R Founda-

tion for Statistical Computing, Vienna,

Austria; http://www.r-project.org).

RESULTS
Patient Recruitment
MRE was performed on 18 patients. Fol-

lowing the operation, tumor grade was

determined by clinical pathology and in-

cluded 5 grade II, 7 grade III, and 6 grade

IV tumors (Table). Twelve patients

had tumors with a mutation in IDH1-

R132H: 5/5 grade II, 5/7 grade III, and

2/6 grade IV tumors. Following the revi-

sion of the World Health Organization

classification of gliomas in 2016, the 18

histopathology results were reclassified

to reflect the new definitions.

Shear Stiffness and Tumor Grade
The mean shear stiffness of all gliomas

was 2.2 � 0.7 kPa (range, 1.1–3.8 kPa)

compared with 3.3 � 0.7 kPa (range,

1.2– 4.1 kPa) in the contralateral unaf-

fected white matter. In all except 2 cases,

the tumor tissues were softer than nor-

mal brain tissue (P � .001). Tumor stiff-

ness showed an inverse relationship with

tumor grade: High-grade tumors were

softer than lower grade tumors (Fig 2).

For grades II, III, and IV, tumor stiffness

was 2.7 � 0.7 kPa (range, 2.1–3.8 kPa), 2.2 � 0.6 kPa (range,

1.7–3.4 kPa), and 1.7 � 0.5 kPa (range, 1.3–2.1 kPa), respectively.

Grade IV GBMs were significantly softer than grade II gliomas

(P � .03), but no statistically significant difference between

grades II and III (P � .19) or between grades III and IV (P �

.23) was observed. Additional correlations of tumor stiffness

were investigated, including anatomic location, patient age,

and tumor volume, but no significant trends were observed.

Shear Stiffness and IDH1 Mutations
Tumors with a mutation in IDH1 (n � 12) were significantly

stiffer than wild type IDH1 (n � 6) tumors, with a shear stiffness

of 2.5 � 0.6 kPa (range, 1.5–3.8 kPa) and 1.6 � 0.3 kPa (range,

1.1–1.9 kPa), respectively (P � .007, Fig 3). This observation was

independent of tumor grade. There were 2 outliers, including a

secondary GBM with a positive IDH1 mutation and a shear stiff-

ness of 1.5 kPa and a grade III infiltrating anaplastic glioma with a

positive IDH1 mutation and a shear modulus of 1.7 kPa. The MRE

results from 2 grade III tumors are shown in Fig 4, to demonstrate

the large stiffness heterogeneity between IDH1 mutant and wild

type tumors. While both were grade III gliomas, the mechanical

properties were drastically different between the 2 tumors, with

tumor stiffness equal to 3.3 kPa for the IDH1 mutant tumor and

1.7 kPa for the IDH1 wild type tumor.

FIG 1. Brain MRE experimental setup and image processing. A, Brain MRE soft pillow driver placed
within the 8-channel MR imaging head coil and positioned beneath the head to induce shear
waves in the brain. B, Axial T2 FLAIR image of a glioblastoma, IDH1 wild type (51-year-old man), with
tumor denoted by a solid white line, and peritumoral edema, by a black dotted line. MRE shear
wave image (C) and elastogram (D) or stiffness map display a soft tumor with a stiffness of 1.1 kPa
in the tumor compared with 3.5 kPa in a size-matched region of unaffected white matter on the
contralateral hemisphere.
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DISCUSSION
This study demonstrates that gliomas are softer than normal brain

and that the stiffness of gliomas decreases with increasing tumor

grade, consistent with previous MRE results of brain tumors. One

study reported that primary brain tumors have a uniform loss of

dissipative behavior and that the tumor mechanical properties are

altered with increasing malignancy.18 Similarly, another study in-

vestigated the mechanical properties of GBMs using MRE and

found that most GBMs were softer than normal brain.20 In these

studies, low-grade gliomas were not included and no statistical

analysis was reported for the relationship between tumor me-

chanical properties and tumor grade or IDH1-mutation status. A

recent study demonstrated good correlation between glioma stiff-

ness measurements and surgical assessment.19 The results of this

study are consistent with the quantitative stiffness values of glio-

mas reported in the literature.

The results presented in this work suggest that glioma stiffness

may be a biomarker of IDH1-mutation status, with softer tumors

being indicative of a wild type IDH1, irrespective of tumor grade.

IDH1 mutations in gliomas are associated with improved out-

come.5 The stiffness of the grade III gliomas with wild type IDH1

was more comparable with the stiffness of grade IV tumors than

of the IDH1-mutated grade III tumors. One outlier was an IDH1-

mutated GBM with a relatively low stiffness (1.5 kPa compared

Patient and tumor characteristics

No. Sex
Age
(yr)

Tumor
Size (cm3) Location

Contrast
Enhancement

IDH1
Mutated?

1p/19q
Codeleted? Histologic and Genetic Classification Grade

1 F 36 16.8 Left parietal None Yes Yes Oligodendroglioma, IDH mutant and 1p19q
codeleted

II

2 M 39 60.6 Right temporal None Yes No Diffuse astrocytoma, IDH mutant II
3 M 34 14.7 Left frontal Partial Yes No Diffuse astrocytoma, IDH mutant II
4 M 31 54.7 Right frontal None Yes Yes Oligodendroglioma, IDH mutant and 1p19q

codeleted
II

5 M 65 4.1 Left frontal None Yes Yes Oligodendroglioma II
6 M 31 37.5 Left frontal None Yes Yes Oligodendroglioma, IDH mutant and 1p19q

codeleted
III

7 F 35 66.9 Right frontal None Yes No Diffuse astrocytoma, IDH mutant III
8 F 37 71.0 Left temporal Partial Yes No Diffuse astrocytoma, IDH mutant III
9 M 51 59.9 Left temporal None Yes Yes Oligodendroglioma, IDH mutant and 1p19q

codeleted
III

10 F 60 117.0 Right frontal Partial Yes No Diffuse astrocytoma, IDH mutant III
11 F 44 75.6 Right frontal None No No Diffuse astrocytoma, IDH wild type III
12 M 33 38.9 Left frontal Partial No No Diffuse astrocytoma, IDH wild type III
13 F 28 5.5 Left frontal Partial Yes – Glioblastoma IV
14 M 25 98.3 Right frontal Partial Yes – Glioblastoma IV
15 M 51 27.6 Left postcentral gyrus Complete No – Glioblastoma IV
16 M 46 9.5 Left temporal None No – Glioblastoma IV
17 M 68 7.3 Left frontal Complete No – Glioblastoma IV
18 M 55 37.1 Right thalamus Complete No – Glioblastoma IV

Note:— – indicates not applicable.

FIG 2. A, Gliomas are softer than normal brain tissue, compared with
size-matched ROIs in the unaffected contralateral white matter (as-
terisk indicates P � .001). An outlier is indicated by a plus sign, and
whiskers on the boxplot indicate the 25th and 75th percentiles. B,
Glioma stiffness decreases with increasing tumor grade (double as-
terisks indicate P � .05).

FIG 3. A, Comparison of the tumor stiffness (�G*�) between IDH1–
R132H (n � 12) and wild type (WT) gliomas (n � 6). Gliomas with wild
type IDH1 were significantly softer than gliomas with a mutation in
IDH1–R132H (asterisk indicates P � .007). The whiskers on the boxplot
indicate the 25th and 75th percentiles. B, Tumor shear stiffness by
tumor grade for all patients in this study including IDH1–R132H mu-
tated tumors (white circles) and wild type IDH1 (WT, black circles). The
horizontal dotted line at 2.0 kPa separates the IDH1-mutated and wild
type gliomas with a sensitivity and specificity of 83% and 100%. There
is one secondary IDH1-mutated GBM with a low �G*� � 1.5 kPa, and it
may be unique due to the secondary disease subtype.

FIG 4. Stiffness heterogeneity of gliomas. Noncontrast, axial MRE
magnitude images (left column), shear wave images (middle column),
and elastograms (right column) for 2 patients with grade III gliomas.
Images in the top row are from an oligodendroglioma with an IDH1–
R132H mutation with �G*� � 3.3 kPa (a 31-year-old man), while the
bottom row is from a diffuse astrocytoma with wild type IDH1 with
�G*� � 1.7 kPa (a 44-year-old woman).
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with a mean of 2.5 kPa for IDH-mutated gliomas). This tumor

was a secondary GBM; 76% of secondary GBMs are IDH1-

mutated compared with 6% of primary GBMs.5,6 The consid-

erable softness of this GBM may be from previous radiation

therapy. Further investigation is needed to understand the het-

erogeneity in glioma stiffness between primary and secondary

malignancies for all tumor grades and different histologic sub-

types. These data provide the evidence to support the concept

of “mechanogenomics”—the identification of genetic features

such as IDH1 mutation using intrinsic biomechanical infor-

mation and MRE-derived shear stiffness—possibly being used

as a biomarker to both identify and spatially resolve genetically

induced alterations of tissue biomechanical properties.

This study found an inverse relationship between tumor stiff-

ness, in which GBMs were softer than lower grade tumors and

gliomas with wild type IDH1 were softer than those with mutated

IDH1, regardless of tumor grade. This is opposite of the relation-

ship found in the recent study by Miroshnikova et al13 of ECM

stiffness in gliomas, in which the ECM of gliomas with an IDH1

mutation was associated with a softer ECM, independent of his-

tologic grade. Macroscopic tumor stiffness comprises �1 constit-

uent part, and in that study, ECM stiffness was not correlated with

the levels or distribution of type I collagen, vasculature, or cellu-

larity. Additional factors that may affect macroscopic tumor stiff-

ness include cellularity, increased vessel density, and interstitial

fluid pressure.29,30 Each of these factors may contribute to the

overall tumor stiffness and potentially explain the opposite rela-

tionship of whole-tumor stiffness with tumor grade and IDH1-

mutation status observed in this study. While the opposite trends

were observed in this study, the same correlations were found in

which stiffness was correlated with tumor grade and IDH1 muta-

tions, irrespective of tumor grade. Further work is needed to un-

derstand the relationship between the microscopic ECM stiffness

and the macroscopic whole-tumor stiffness in gliomas.

The mechanisms behind these mechanogenomic differences

are not well-understood and therefore require further investiga-

tion to determine the diagnostic accuracy of this technique and to

investigate the relationship between tumor mechanical properties

and progression-free survival and overall survival. Additionally,

the role of other common somatic driver mutations, including the

codeletion of the 1p and 19q chromosomal arms, methylguanine

methyltransferase methylation status, and TERT promotor mu-

tations need to be investigated. In the case of low-grade gliomas,

there is an important need for a noninvasive technique capable of

detecting malignant transformation to a higher grade. The serial

assessment of tumor mechanical properties using MRE may

help identify these events before imaging changes on standard

anatomic MR imaging are seen. Previous results suggesting the

completeness of nonenhancing tumor resection are an impor-

tant prognostic factor in IDH1-mutant tumors, and a priori

knowledge of IDH1 status may help guide the extent of planned

resection.31 The potential of mechanogenomics with MRE to

reliably and prospectively identify IDH1 mutation preopera-

tively may have a large impact on surgical planning and post-

operative patient management.

There are several limitations in this pilot study, including sam-

ple size and representation of lower grade tumors. The inclusion

criteria for this study required a minimum tumor diameter of 2

cm. Improvement in the MRE acquisition and data processing

could allow the quantification of mechanical properties in smaller

tumors. Imaging plays an invaluable role in the treatment and

monitoring of gliomas, but there is room for improvement. Com-

mon critiques of imaging techniques are low specificity and lack

of histologic correlation. For instance, in the area of therapeutic

response, the development of new targeted chemotherapy and

radiation therapies may result in complicated imaging changes

(either pseduoprogression or pseudoresponse), which are not ad-

equately assessed with morphologic or anatomic imaging tech-

niques. While our understanding of IDH1 mutations and glioma

biology has increased dramatically during the past few years, the

optimal strategies for therapeutic interventions remain unclear.

The ability to noninvasively detect this mutation may have im-

portant implications for stratifying patients for treatment and

monitoring of response. Future work is needed to confirm these

results and investigate additional tumor genotypes with prognostic

and therapeutic significance for gliomas, including the 1p19q code-

letion and methylguanine methyltransferase methylation status, as

well as stiffness differences with histopathologic subtype.

CONCLUSIONS
Our study confirms that gliomas of all grades are softer than normal

brain tissue and that tumor stiffness decreases with increasing tumor

grade. In addition, gliomas with a mutation in IDH1 are stiffer than

wild type IDH1 gliomas. The quantitative analysis of brain tumor

mechanical properties may aid in the initial clinical assessment, sur-

gical management, and postoperative monitoring of gliomas.
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Prediction of IDH1-Mutation and 1p/19q-Codeletion Status
Using Preoperative MR Imaging Phenotypes in Lower

Grade Gliomas
X Y.W. Park, X K. Han, X S.S. Ahn, X S. Bae, X Y.S. Choi, X J.H. Chang, X S.H. Kim, X S.-G. Kang, and X S.-K. Lee

ABSTRACT

BACKGROUND AND PURPOSE: WHO grade II gliomas are divided into three classes: isocitrate dehydrogenase (IDH)-wildtype,
IDH-mutant and no 1p/19q codeletion, and IDH-mutant and 1p/19q-codeleted. Different molecular subtypes have been reported to
have prognostic differences and different chemosensitivity. Our aim was to evaluate the predictive value of imaging phenotypes
assessed with the Visually AcceSAble Rembrandt Images lexicon for molecular classification of lower grade gliomas.

MATERIALS AND METHODS: MR imaging scans of 175 patients with lower grade gliomas with known IDH1 mutation and 1p/19q-codeletion
status were included (78 grade II and 97 grade III) in the discovery set. MR imaging features were reviewed by using Visually AcceSAble
Rembrandt Images (VASARI); their associations with molecular markers were assessed. The predictive power of imaging features for
IDH1-wild type tumors was evaluated using the Least Absolute Shrinkage and Selection Operator. We tested the model in a validation set
(40 subjects).

RESULTS: Various imaging features were significantly different according to IDH1 mutation. Nonlobar location, larger proportion of
enhancing tumors, multifocal/multicentric distribution, and poor definition of nonenhancing margins were independent predictors of an
IDH1 wild type according to the Least Absolute Shrinkage and Selection Operator. The areas under the curve for the prediction model were
0.859 and 0.778 in the discovery and validation sets, respectively. The IDH1-mutant, 1p/19q-codeleted group frequently had mixed/
restricted diffusion characteristics and showed more pial invasion compared with the IDH1-mutant, no codeletion group.

CONCLUSIONS: Preoperative MR imaging phenotypes are different according to the molecular markers of lower grade gliomas, and they
may be helpful in predicting the IDH1-mutation status.

ABBREVIATIONS: AUC � area under the receiver operating curve; IDH1 � isocitrate dehydrogenase 1; LASSO � Least Absolute Shrinkage and Selection Operator;
LGG � lower grade glioma; VASARI � Visually AcceSAble Rembrandt Images; WHO � World Health Organization

Recently, the 2016 World Health Organization Classification of

Tumors of the Central Nervous System was published. In the

new classification, both genotype and phenotype are combined to

define each diagnostic category of diffuse gliomas.1 For the diag-

nosis of lower grade gliomas (LGGs), which are World Health

Organization (WHO) grade II and III gliomas, the isocitrate dehy-

drogenase (IDH) mutation status, and 1p/19q-codeletion status

are combined with the histologic phenotype, and the genotype

takes precedence over the histologic phenotype in cases of dis-

cordance. Recent studies of genomic analysis found that dif-

fuse gliomas may have distinct clinical behavior according to

their molecular marker status.2,3 The results of these studies

have been reflected in the 2016 World Health Organization

Classification of Tumors of the Central Nervous System, which is

based on the integrated diagnosis, combining phenotypic and

genotypic classifications.4

The molecular subtypes of diffuse gliomas are divided into 3

classes: IDH wild type, IDH mutant and no 1p/19q codeletion,

and IDH mutant and 1p/19 codeleted.1 Different molecular sub-

types have been reported to have prognostic differences and dif-

ferent chemosensitivity.3,5 Thus, predicting the molecular sub-

type of LGGs preoperatively by MR imaging may aid in predicting

the prognosis and planning the treatment strategy.
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The recently developed lexicon, Visually AcceSAble Rem-

brandt Images (VASARI), is a tool for describing the baseline

imaging features of human gliomas with MR imaging.6 Using

specific guidelines and controlled lexicon, the feature set is de-

signed to comprehensively describe the tumor in consistent and

reproducible terms. The imaging features recorded have been re-

ported to be clinically meaningful, widely available, reproducible,

and biologically relevant.6-8

The purpose of this study was to evaluate the predictive value

of imaging phenotypes assessed with the VASARI lexicon for the

molecular classification of LGGs preoperatively.

MATERIALS AND METHODS
Patient Population
The Severance Hospital institutional review board waived patient

consent for this retrospective study. Between January 2007 and

February 2017, three hundred sixty-six patients with pathologi-

cally diagnosed LGGs were included in this study. Inclusion cri-

teria were as follows: 1) WHO grade II and III gliomas confirmed

by histopathology; and 2) patients who underwent preoperative

MR imaging. Exclusion criteria were the following: 1) an un-

known IDH1-mutation status; 2) patients with a previous history

of brain tumors; 3) patients with incomplete MR imaging se-

quences or suboptimal image quality for the VASARI lexicon re-

view; and 4) patients younger than 18 years of age. The extent of

tumor resection was classified as total, subtotal (�100% and

�75% of gross total removal), or partial (�75% of gross tumor

removal) resection or stereotactic biopsy only on the basis of the

surgeon’s intraoperative impressions in conjunction with postop-

erative MR imaging findings. The study population was chrono-

logically divided into 2 sets. First, 175 consecutive patients diag-

nosed as having LGGs between January 2007 and May 2016 were

included in the discovery set, and 40 consecutive patients diag-

nosed as having LGGs between June 2016 and February 2017 were

included in the independent validation set. The flow chart of the

study population is shown in On-line Fig 1. Patient characteristics

of the discovery and validation sets are shown in On-line Table 1.

The mean interval between the MR imaging examination and the

operation was 10.73 � 12.49 days.

Peptide nucleic acid–mediated clamping polymerase chain re-

action and immunohistochemical analysis were performed to de-

tect an IDH1-R132H mutation.9 In the immunohistochemical

analysis, the monoclonal antibody H09 was used, and the degree

of IDH1-R132H staining was determined as positive in patients

with any stained cells.10 If immunohistochemical staining results

were negative, we confirmed the IDH1 status by peptide nucleic

acid–mediated clamping polymerase chain reaction. Fluorescent

in situ hybridization analysis was used to investigate the 1p/19q

codeletion.11

MR Imaging Protocol
Preoperative MR imaging was performed with a 3T MR imaging

scanner (Achieva; Philips Medical Systems, Best, Netherlands)

with an 8-channel sensitivity-encoding head coil. The preopera-

tive MR imaging protocol included T1-weighted (TR/TE, 1800 –

2000/10 –15 ms; FOV, 240 mm; section thickness, 5 mm; matrix,

256 � 256), T2-weighted (TR/TE, 2800 –3000/80 –100 ms; FOV,

240 mm; section thickness, 5 mm; matrix, 256 � 256), and fluid-

attenuated inversion recovery images (TR/TE, 9000 –10,000/

110 –125 ms; FOV, 240 mm; section thickness, 5 mm; matrix,

256 � 256). 3D contrast-enhanced T1-weighted images (TR/TE,

6.3– 8.3/3.1– 4 ms; FOV, 240 mm; section thickness, 1 mm; and

matrix, 192 � 192) were acquired after administering 0.1 mL/kg

of gadolinium-based contrast material (gadobutrol, Gadovist;

Bayer Schering Pharma, Berlin, Germany). Diffusion tensor im-

aging was performed with b-values of 600 and 0 s/mm2, 32 direc-

tions, and the following parameters: TR/TE, 8413.4/77 ms; FOV,

220 mm; section thickness, 2 mm; and matrix, 112 � 112.

Imaging Analysis
Two neuroradiologists (S.S.A. and Y.W.P. with 10 and 5 years of

experience, respectively), blinded to the molecular data, indepen-

dently reviewed the MR imaging scans for tumor size, location,

and tumor morphology using a standardized imaging feature set,

VASARI. Discrepancies between the 2 radiologists were settled by

consensus. The VASARI lexicon for MR imaging annotation con-

sists of 26 imaging descriptors based on different MR imaging

features. The exact description of all the features can be found at

the Cancer Imaging Archive of the National Cancer Institute

(https://wiki.cancerimagingarchive.net/display/Public/VASARI�

Research�Project), which includes imaging features related to

lesion location, morphology of the lesion substance, morphol-

ogy of the lesion margin, alterations near the lesion, and re-

mote alterations.

Statistical Analysis
The interrater agreement for the imaging features was assessed by

using the Cohen � coefficient test. The Student t and Pearson �2

tests were performed to evaluate the association between the im-

aging features and IDH1-mutation status in the discovery group,

including the WHO grade II and III subgroups. Next, because the

number of significant imaging features was relatively large com-

pared with the number of patients when comparing the IDH1-

wild type and IDH1-mutant groups, we used the regularization

method to assess the predictive power of the imaging features

based on the Least Absolute Shrinkage and Selection Operator

(LASSO), which reduces the potential risk of overfitting or false

discovery. We used 10-fold cross-validation to find the optimal

regularization parameter for LASSO. We estimated the area under

the receiver operating characteristic curve (AUC) to assess the

predictive ability of variables by selecting significant variables

based on LASSO. The 10-fold cross-validated AUC is the average

of the predictive AUC of 10 validation datasets generated by the

cross-validation process. Then, using the significant variables

from the discovery set, we obtained the AUC in the validation set.

The 5-fold cross-validated AUC was estimated to assess the pre-

dictive ability of variables by LASSO in the grade II and III

subgroups.

The Student t and Pearson �2 tests were performed to evaluate

the association between the imaging features and 1p/19q-codele-

tion status in the IDH1-mutant subgroup of the discovery group.

LASSO was not performed to predict the 1p/19q-codeletion status

in the IDH1-mutant subgroup because there were few significant

parameters according to the 1p/19q-codeletion status. Statistical
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analysis was performed by with R statistical and computing soft-

ware (http://www.r-project.org). Statistical significance was set at

P � .05.

RESULTS
Characteristics of the 175 enrolled patients in the discovery set

according to the IDH1-mutation status and 1p19q-codeletion

status are summarized in On-line Table 2.

Interrater Agreement
Interrater analysis showed significant agreement in all VASARI

imaging features. Interrater agreement for all the imaging features

was good to excellent (� value � 0.715–1.000) (On-line Table 3).

Significant Imaging Features in Differentiating
IDH-Mutant and IDH-Wild Type LGGs (WHO Grade II and
III Gliomas)
Various imaging features were significantly different between the

IDH1-wild type and IDH1-mutant groups according to the Stu-

dent t test and �2 tests (On-line Table 4). The significantly differ-

ent features included the major axis length, tumor location, side

of the tumor epicenter, presence of enhancement, proportion of

enhancing tumors, proportion of edema, proportion of necrosis,

cysts, multifocal/multicentric distribution, infiltrative tumors,

solid tumor enhancement, enhancing margin, nonenhancing

margin, diffusion characteristics, pial invasion, ependymal exten-

sion, cortical involvement, and deep white matter invasion.

Among them, 4 factors were independently associated with pre-

dicting the IDH1 mutation by the LASSO procedure (On-line Fig

2), including the nonlobar tumor location, proportion of enhanc-

ing tumors of �33%, multifocal/multicentric distribution, and

definition of the nonenhancing margin (Table 1). The IDH1-mu-

tant group had a lobar tumor location and smaller proportion of

enhancing tumors (Fig 1). However, the IDH1-wild type group

had multifocal/multicentric distribution and poor definition of

the nonenhancing margin. The AUC for the optimal model was

0.859 (95% confidence interval, 0.784 – 0.934). When the 4 pa-

rameters were used for diagnosis in the independent validation

set, it reached an AUC of 0.778 (95% confidence interval,

0.619 – 0.893).

Significant Imaging Features in Differentiating
IDH-Mutant and IDH-Wild Type Gliomas in WHO Grade
II Gliomas
Various imaging features were significantly different between the

IDH1-wild type and IDH1-mutant WHO grade II subgroups ac-

cording to the Student t test and �2 test

results (On-line Table 5). Among them,

4 factors were independently associated

with predicting the IDH1 mutation by

the LASSO procedure. Significant dif-

ferences were noted between the IDH1-

wild type group and IDH1-mutant

group, including the side of the tumor

epicenter (central), multifocal/multi-

centric distribution, pial invasion, and

ependymal involvement (Table 1). The

AUC for the optimal model was 0.830

(95% CI, 0.753– 0.907).

Significant Imaging Features in
Differentiating IDH-Mutant and
IDH-Wild Type Gliomas in WHO
Grade III Gliomas
Various imaging features were signifi-

cantly different between the IDH1-wild

type and IDH1-mutant WHO grade III

subgroups according to the Student t

test and �2 test results (On-line Table 6).

Among them, 4 factors were indepen-

dently associated with predicting the

IDH1 mutation by the LASSO proce-

FIG 1. Imaging characteristics of IDH1-wild type and IDH1-mutant gliomas. A, A 24-year-old
woman with an IDH1-wild type lower grade glioma (anaplastic astrocytoma, World Health Orga-
nization grade III). The imaging features are as follows: a lobar location, proportion of enhancing
tumor of �33%, and poorly defined nonenhancing margin. B, A 42-year-old man with an IDH1-
mutant lower grade glioma (anaplastic astrocytoma, WHO grade III). The imaging features are as
follows: a lobar location with focal distribution, proportion of enhancing tumor of �33%, and
well-defined nonenhancing margin.

Table 1: Prediction for an IDH1-mutation status in lower grade
gliomas using the LASSO procedure

Imaging Parameters

Adjusted Odds
Ratio for

IDH-Wild Type
LGGs (WHO grade II/III gliomas)

Nonlobar location 2.38
Proportion of enhancing tumor of �33% 1.66
Multifocal/multicentric distribution 2.93
Poor definition of nonenhancing margin 1.30

WHO grade II gliomas
Side of tumor epicenter (central) 1.36
Multifocal/multicentric distribution 7.00
Pial invasion 1.48
Ependymal involvement 1.62

WHO grade III gliomas
Nonlobar location 2.33
Proportion of enhancing tumor of �33% 1.25
Multifocal/multicentric distribution 2.27
Cortical involvement 0.99
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dure. Significant differences were noted between the IDH1-

wild type group and IDH1-mutant group, including the non-

lobar tumor location, proportion of enhancing tumors of �33%,

multifocal/multicentric diffusion, and cortical involvement (Ta-

ble 1). The AUC for the optimal model was 0.873 (95% CI,

0.794 – 0.952).

Significant Imaging Features in Differentiating the
IDH-Mutant, No 1p/19q-Codeletion and IDH-Mutant,
1p/19q-Codeleted Groups
The frequency of pial invasion and diffusion characteristics was

significantly different according to the 1p/19q-codeletion status

in the IDH1-mutant subgroup (P � .039 and .020, respectively)

(On-line Table 7). The IDH1-mutant, 1p/19q-codeleted group

had significantly more pial invasion and a mixed pattern of

high and intermediate ADC values or restricted diffusion char-

acteristics than the IDH-mutant, no 1p/19q-codeletion group

(Fig 2).

DISCUSSION
In our study, we comprehensively analyzed the MR imaging fea-

tures of VASARI according to the molecular subtypes of LGGs. A

noninvasive prediction of IDH mutation is important; a recent

study suggested that in IDH1-mutant gliomas, maximal surgical

resection, including enhancing and nonenhancing tumors, may

contribute to a better prognosis.12 In contrast, a survival benefit

was noted in the complete resection of only enhancing tumors of

IDH1-wild type gliomas, whereas no survival benefit was ob-

served in further resection of the nonenhancing tumor portion.

Although maximal resection of total tumor volume remains the

optimal treatment, inference can be made about the contrast-

enhancing portion of tumors and acces-
sibility based on IDH1-mutation status
in planning and performing an opera-
tion.13 The overall survival, progres-
sion-free survival, and response to che-
moradiotherapy are different according
to the IDH-mutation status3,14,15; there-
fore, preoperative prediction of the mo-
lecular classification of LGGs is useful to
guide the treatment decision and predict
the prognosis. In addition, a selective in-
hibitor impaired the growth of IDH1-
mutant glioma cells,16 and the noninva-
sive prediction of IDH1 mutation could
assist in the development of treatment
strategies such as targeted therapy.

Our proposed approach can be ap-
plied by visual assessment of conven-
tional MR imaging, which is practical
for implementation and economical.
Overall, IDH1-mutant gliomas exhib-
ited less invasive imaging features com-
pared with IDH-wild type gliomas. All
IDH1-mutant gliomas presented with a
unilateral epicenter and focal distribu-
tion. With the 4 significant imaging fea-

tures selected by the LASSO procedure,

which are the nonlobar location, proportion of the enhancing

tumor, multifocal/multicentric distribution, and definition of the

nonenhancing margin, AUCs were 0.859 in the discovery set and

0.778 in the validation set in our study. In the WHO grade II and

III subgroups, the significant imaging features according to the

IDH1-mutation status mostly overlapped, except that pial inva-

sion and ependymal extension were also significant factors in

WHO grade II gliomas, and the tumor location, proportion of

enhancement, and definition of the enhancing margin were sig-

nificant factors in WHO grade III gliomas. A recent study showed

that the proportion of necrosis and lesion size predicted the

IDH1-mutation status, which correlates with our results.17 In

WHO grade III gliomas, IDH-mutant tumors are strongly associ-

ated with a frontal location,18-20 whereas IDH-wild type tumors

are frequently located outside the frontal lobe.19,20 The predom-

inant frontal lobe location of IDH-mutant gliomas may be be-

cause neuroglial progenitor cells in the forebrain subventricular

zone are likely cells of origin for IDH-mutant gliomas.21,22 In

another study with WHO grade II gliomas, IDH-wild type tumors

had greater tumor volume and an infiltrative pattern on MR im-

ages.23 Moreover, in WHO grade II and III astrocytomas, IDH-

mutant gliomas were predominantly located in a single lobe and

had less contrast enhancement,24 which are in accordance with

our results. In glioblastomas, IDH1-wild type tumors showed a

higher proportion of enhancing tumor,25 and IDH1-mutant tu-

mor had a less invasive phenotype and frontal lobe predomi-

nance,25-27 which is like our findings in LGGs.

Conflicting results have been reported regarding the associa-

tion between the IDH mutation and tumor borders.24,28 These

discordant results may be because in 1 study, the margins of the

FIG 2. Imaging characteristics of IDH1-mutant, no 1p/19q-codeletion and IDH1-mutant, 1p/19q-
codeleted gliomas. A, A 34-year-old man with an IDH1-mutant, no 1p/19q-codeletion glioma
(diffuse astrocytoma, World Health Organization grade II). The nonenhancing T2 hyperintense
mass shows increased diffusivity. B, A 49-year-old woman with an IDH1-mutant, 1p/19q-codeleted
glioma (oligodendroglioma, WHO grade II). The infiltrative T2 hyperintense mass shows a mixed
pattern of high and intermediate ADC values.
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nonenhancing and enhancing portions were not differentiated,24

whereas in our study, IDH1-mutant tumors frequently showed a

poorly defined enhancing margin and a well-defined nonenhanc-

ing margin, which correlated with the results of another study.28

In many patients with IDH1-mutant tumors, there was no en-

hancement, and if enhancement was present, it was faint, thereby

displaying a poorly defined enhancing margin. In terms of the

nonenhancing margin, a recent study also showed that grade II

and III astrocytomas with IDH mutation had sharp borders on

T2-weighted imaging,29 which is consistent with our results. In

WHO grade II and III astrocytomas, IDH1-wild type tumors

showed lower apparent diffusion coefficient values than IDH1-

mutant tumors, concordant with our results.28,30

Increased cell proliferation or cellularity decreases ADC values

in glioblastomas.13,31 This feature may suggest that IDH muta-

tions can decrease glioma proliferation, and it explains why an

IDH mutation is a favorable prognostic marker in patients with

gliomas.2,32 Pial invasion and ependymal extension were also sig-

nificant factors in WHO grade II gliomas in our study, according

to the IDH1-mutation status. In the previous literature, there was

no discussion of the imaging findings of pial invasion, possibly

because these findings were not included in the analyses. The

increased incidence of pial invasion in IDH-wild type gliomas

may be due to the invasiveness of IDH-wild type gliomas, but

further study is indicated to validate the finding. Recent studies

have shown that glioblastomas with ependymal extension showed

a significant decrease in overall survival.33 This may be because

tumors arising from neural stem cells in the subventricular zone

have a higher potential for invasiveness, which may be correlated

with ependymal involvement.34

LGGs with an IDH mutation and 1p/19q codeletion are asso-

ciated with favorable outcomes and have sensitivity to chemo-

therapy with alkylating agents.2,3,35-37 Several studies have ana-

lyzed the association between a 1p/19q codeletion and MR

imaging features.17,19,20,28,38-40 In our study, IDH1-mutant, 1p/

19q-codeleted gliomas more frequently had a mixed pattern of

high and intermediate ADC values or restricted diffusion character-

istics and more pial invasion compared with IDH1-mutant, no code-

letion gliomas. There has been controversy regarding the association

between a 1p/19q codeletion and tumor borders.19,20,28,39 Other

studies have reported a low accuracy for predicting 1p/19q codele-

tion using conventional and advanced MR imaging.28,40 The fre-

quent mixed pattern of high and intermediate ADC values or re-

stricted diffusion characteristics in IDH1-mutant, 1p/19q-codeleted

gliomas may reflect the difference in oligodendroglial tumor biology

compared with other gliomas.41

Several studies have shown discordant results about the asso-

ciation between the ADC and 1p/19q status,28,40 which may be

because the evaluation was performed in different study groups.

Previous studies included patients with oligodendroglial tumors

based on histopathology findings regardless of the IDH-mutation

status; then, the authors classified them into groups with and

without 1p/19q codeletion. Therefore, a small number of patients

with IDH-wild type gliomas were included in those studies.20,28,39

However, our study analyzed the association between imaging

features and the 1p/19q codeletion in an IDH1-mutant subgroup,

and the different inclusion criteria may have partially contributed

to discordant results. Further study is needed to validate our re-
sults in a larger population with a homogeneous group.

For reproducible and reliable evaluation of imaging features,
imaging analysis was performed on the basis of VASARI MR im-
aging features.6 A controlled set of imaging features (ie, VASARI)
has many benefits, including good-to-excellent interrater agree-
ment. A controlled lexicon will facilitate more concrete knowl-
edge regarding the relationship of imaging features with clinical
and genotypic features and improve the communication of results
among clinicians.7 Several studies have used the VASARI lexicon
to evaluate imaging features, and 1 study found that invasive im-
aging characteristics assessed with VASARI were associated with
upregulation of the oncogene in glioblastomas.25,26

Our study has several significant limitations. First, it was based
on a single-center, retrospectively collected dataset. Second, prog-
nostic markers were not analyzed because patients with LGGs
have relatively long overall survival, especially with WHO grade II
gliomas. Further studies are necessary to correlate prognostic
markers such as overall survival and progression-free survival
with genotypic and imaging features. Third, there is the possibility
of biopsy sampling error in cases of stereotactic biopsy or subto-
tal/partial resections, as previously reported.31 Fourth, several im-
aging features noted as significant in the LASSO procedure in
predicting IDH-wild type in WHO grade II gliomas showed a
relatively low incidence, as seen in On-line Table 5; therefore,
features may have limited value for clinical application. Consid-
ering the low incidence of IDH mutation in grade II gliomas,
further studies with larger populations are necessary to find non-
invasive imaging biomarkers with detailed imaging feature anal-
ysis in WHO grade II gliomas.

CONCLUSIONS
Preoperative MR imaging phenotypes are different according to

the molecular markers in LGGs, and they may be helpful in pre-

dicting the IDH1-mutation status. The imaging phenotypes of

nonlobar location, proportion of enhancing tumor, multifocal/

multicentric distribution, and poor definition of nonenhancing

margin assist in predicting IDH1-wild type LGGs.
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Improved Spatiotemporal Resolution of Dynamic
Susceptibility Contrast Perfusion MRI in Brain Tumors Using

Simultaneous Multi-Slice Echo-Planar Imaging
X A. Chakhoyan, X K. Leu, X W.B. Pope, X T.F. Cloughesy, and X B.M. Ellingson

ABSTRACT
SUMMARY: DSC perfusion MR imaging in brain tumors requires a trade-off between spatial and temporal resolution, resulting in less
spatial coverage to meet the temporal resolution requirements for accurate relative CBV estimation. DSC-MR imaging could potentially
benefit from the advantages associated with simultaneous multi-slice imaging, including increased spatiotemporal resolution. In the
current article, we demonstrate how simultaneous multi-slice EPI can be used to improve DSC-MR imaging spatiotemporal resolution in
patients with glioblastoma.

ABBREVIATIONS: rCBV � relative CBV; SMS � simultaneous multi-slice

DSC perfusion MR imaging estimates of relative CBV (rCBV)

have been shown to differentiate histologic tumor grade,1,2

predict survival, and be useful for therapeutic monitoring in brain

tumors3; however, DSC requires compromises in image resolu-

tion, slice coverage, and temporal resolution. The TR must be

short enough to capture the rapid passage of the contrast bolus

through the blood vasculature, but at the same time, there must be

enough spatial coverage to encapsulate the entire tumor or brain.

Simultaneous multi-slice (SMS) EPI4 has drawn widespread at-

tention due to the advent of highly accelerated images5 through

the application of composite radiofrequency pulses to simultane-

ously excite multiple slice planes.6 The SMS technique excites

multiple slices physically separated across the z-axis simultane-

ously so that each SMS “slab” has slices acquired interleaved

within that section. SMS has been shown to not have appreciable

loss in SNR compared with traditional methods,4 and studies have

shown that SMS is effective in reducing the acquisition time with

higher spatiotemporal resolution.5,7,8 In the current article, we

demonstrate the clinical utility of using SMS-EPI to increase the

spatiotemporal resolution of DSC-MR imaging in patients with

glioblastoma.

MATERIALS AND METHODS
Patients
Thirteen patients with pathologically confirmed primary glioblas-

toma with recurrence based on either MR imaging, clinical dete-

rioration, and/or histology were enrolled in this prospective

study, which was approved by our local ethics institutional review

board (University of California, Los Angeles). All patients under-

went DSC-MR imaging with conventional single-shot EPI fol-

lowed by SMS-EPI, 1–2 months later.

DSC-MR Imaging Acquisition
A preload bolus of 0.025 mmol/kg of Gd-DTPA (Magnevist;

Bayer HealthCare Pharmaceuticals, Wayne, New Jersey) was ad-

ministered to reduce leakage effects followed by 0.075 mmol/kg of

Gd-DTPA at a rate of 5 mL/s. Two minutes of data were acquired,

including a 30-second prebolus baseline and 90 seconds of data

during and following contrast injection.

Conventional DSC-MR imaging was then acquired using a

single-shot gradient-echo EPI at 3T (Prisma; Siemens, Erlangen,

Germany) with TE � 35 ms, TR � 1.25–1.9 seconds, flip angle �

60°, FOV � 24 � 24 cm, matrix size � 128 � 128, generalized
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autocalibrating partially parallel acquisition � 2, slice thickness �

5 mm with no interslice gap, and 15- to 20-slice coverage. The

voxel size was 1.875 � 1.875 � 5 mm, and the temporal resolution

was 1.25–1.90 seconds.

Accelerated DSC-MR imaging was obtained with single-shot

SMS-EPI with TE � 35ms, TR � 750 ms, flip angle � 60°, FOV �

21.6 � 24 cm, matrix size � 180 � 200, slice thickness � 4 mm

with no interslice gap, controlled aliasing in parallel imaging re-

sults in higher acceleration factor � 2, and an SMS acceleration

factor of 4 for a total of 30 slices through the whole brain. Voxel

sizes were 1.2 � 1.2 � 4 mm with temporal resolution of 0.75

seconds.

Postprocessing of DSC-MR Imaging
Relative cerebral blood volume maps were generated with custom

scripts including correction for bidirectional contrast agent ex-

change between the vascular and extravascular space.9 All rCBV

values were normalized to contralateral normal-appearing white

matter.

ROI and Statistical Analyses
Contrast-enhancing tumor ROIs were defined in 3D using cus-

tom scripts from Analysis of Functional Neuro Images (AFNI;

http://afni.nimh.nih.gov/afni), excluding hemorrhage, large

vessels, and central necrosis, followed by manual editing to

exclude nonlesional voxels.9 Additionally, 2-cm-diameter spheric

ROIs were placed on contralateral normal-appearing white

matter for normalization of rCBV measurements. The percent-

age difference in the mean rCBV ratio, maximum tumor rCBV

difference, and voxelwise correlations between single-shot EPI

and SMS-EPI were estimated from the resulting data for all 13

patients. GraphPad Prism software, Version 6.0h (GraphPad

Software, San Diego, California) was used for all statistical

analyses.

RESULTS
Both raw DSC and calculated rCBV maps were of comparable

quality; however, rCBV maps calculated with SMS-EPI were ob-

tained for the entire brain and at slightly higher spatial resolution

compared with rCBV maps obtained with conventional single-

shot EPI (Fig 1A, -B). The mean tumor rCBV difference between

these 2 techniques was 4.7% � 0.6% (Fig 1C), and the maximum

tumor rCBV difference was 10.8% � 1.2% (Fig 1D). Voxelwise

correlations in rCBV between the 2 techniques showed a signifi-

cant association in all patients examined (Fig 1E), with rCBV ra-

tios in the tumor with respect to normal-appearing white matter

slightly higher when estimated using SMS-EPI.

FIG 1. Postcontrast T1-weighted images, T2-weighted FLAIR images, and raw T2*-weighted DSC MR images with corresponding signal-time
curves across time from tumor regions accompanied by resulting relative cerebral blood volume maps for conventional single-shot EPI (A) and
simultaneous multi-slice EPI (B) (left to right). Percentage difference in mean tumor rCBV ratio (tumor to normal-appearing white matter) (C) and
percentage difference in the maximum tumor rCBV ratio (tumor to normal-appearing white matter) (D) in 13 patients with recurrent glioblas-
toma. E, Voxelwise correlation of rCBV ratio between conventional single-shot EPI and SMS-EPI.
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CONCLUSIONS
SMS-EPI can increase the spatiotemporal resolution in DSC-MR

imaging, resulting in larger brain coverage (12 versus 10 cm),

higher in-plane spatial resolution (1.2 � 1.2 � 4 mm versus

1.875 � 1.875 � 5 mm), and faster temporal resolution (0.75

versus 1.25–1.90 seconds), with comparable results in quantifica-

tion of tumor vascularity and clinical feasibility. While the poten-

tial impact on slice-to-slice perfusion quantitation is not currently

known and results suggest that there may be little effect, a larger

study is warranted. Together, these data demonstrate the poten-

tial clinical value of using SMS-EPI to estimate rCBV in patients

with brain tumors with a high degree of reproducibility in terms

of vascular biology quantification compared with historical test-

retest studies.10
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ORIGINAL RESEARCH
ADULT BRAIN

Reproducibility of Deep Gray Matter Atrophy Rate
Measurement in a Large Multicenter Dataset

X A. Meijerman, X H. Amiri, X M.D. Steenwijk, X M.A. Jonker, X R.A. van Schijndel, X K.S. Cover, and X H. Vrenken, for the
Alzheimer’s Disease Neuroimaging Initiative

ABSTRACT

BACKGROUND AND PURPOSE: Precise in vivo measurement of deep GM volume change is a highly demanded prerequisite for an
adequate evaluation of disease progression and new treatments. However, quantitative data on the reproducibility of deep GM structure
volumetry are not yet available. In this paper we aim to investigate this reproducibility using a large multicenter dataset.

MATERIALS AND METHODS: We have assessed the reproducibility of 2 automated segmentation software packages (FreeSurfer and the
FMRIB Integrated Registration and Segmentation Tool) by quantifying the volume changes of deep GM structures by using back-to-back
MR imaging scans from the Alzheimer Disease Neuroimaging Initiative’s multicenter dataset. Five hundred sixty-two subjects with scans at
baseline and 1 year were included. Reproducibility was investigated in the bilateral caudate nucleus, putamen, amygdala, globus pallidus,
and thalamus by carrying out descriptives as well as multilevel and variance component analysis.

RESULTS: Median absolute back-to-back differences varied between GM structures, ranging from 59.6 –156.4 �L for volume change, and
1.26%– 8.63% for percentage volume change. FreeSurfer had a better performance for the outcome of longitudinal volume change for the
bilateral amygdala, putamen, left caudate nucleus (P � .005), and right thalamus (P � .001). For longitudinal percentage volume change,
Freesurfer performed better for the left amygdala, bilateral caudate nucleus, and left putamen (P � .001). Smaller limits of agreement were
found for FreeSurfer for both outcomes for all GM structures except the globus pallidus. Our results showed that back-to-back differ-
ences in 1-year percentage volume change were approximately 1.5–3.5 times larger than the mean measured 1-year volume change of those
structures.

CONCLUSIONS: Longitudinal deep GM atrophy measures should be interpreted with caution. Furthermore, deep GM atrophy measure-
ment techniques require substantially improved reproducibility, specifically when aiming for personalized medicine.

ABBREVIATIONS: AD � Alzheimer disease; ADNI � Alzheimer Disease Neuroimaging Initiative; BTB � back-to-back; FIRST � FMRIB Integrated Registration and
Segmentation Tool; LoA � limit of agreement; MCI � mild cognitive impairment; SEM � standard error of measurement

Neurodegeneration occurs in Alzheimer disease (AD). The

process is characterized by neuronal loss and axonal and

synaptic degeneration.1-4 Growing evidence reveals that this pro-

cess happens within early phases of the disease and before making
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a clinical diagnosis.5,6 The development of neurodegeneration on

a large scale during disease leads to loss of tissue volume (the

so-called atrophy), which can be quantified by using structural

MR imaging.

Atrophy has been found to be associated with impaired neu-

rologic and neurocognitive performance.7-10 More recently, re-

search revealed that deep GM atrophy specifically plays an impor-

tant role in the characterization, course, and progression of

AD11-17 and in other diseases like MS18-20 and Parkinson dis-

ease.21-23 Measurements of deep GM atrophy could therefore be

of importance in the evaluation of neuroprotective treatment (eg,

in investigating drug efficacy). Currently, a growing number of

clinical trials are incorporating brain volume changes as an early

biomarker.24 To use atrophy as a reliable biomarker for the extent

of neurodegeneration and axonal damage, the precision and re-

producibility of volume change measurement techniques should

be evaluated. Of note, having precise and reproducible methods

would increase statistical power, which reduces sample sizes for

detecting effects in clinical trials.

Among automated tissue segmentation software for deep GM

structures, FreeSurfer (http://surfer.nmr.mgh.harvard.edu)25 and

the FMRIB Integrated Registration and Segmentation Tool (FIRST;

part of FSL, http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FIRST)26-29 are freely

available and widely used. Whereas FreeSurfer has a longitudinal

pipeline by which multiple time points can be analyzed, FIRST is a

cross-sectional technique that analyses only a single time point. De-

spite the importance of the measurement of deep GM atrophy rate,

little is known about reproducibility of the measurements over time

in large multicenter datasets.

In this paper, to assess reproducibility, we used data from the

Alzheimer Disease Neuroimaging Initiative (ADNI) study30 ac-

quired at 1.5T, including 2 back-to-back (BTB) 3D T1-weighted

images at each time point.31 We quantified reproducibility by

using BTB differences of 1-year volume change and of percentage

volume change for the bilateral amygdala, caudate nucleus, glo-

bus pallidus, putamen, and thalamus. To this end, we used 3 dif-

ferent statistical methods. First, we used descriptive statistics by

which median absolute differences are reported. This method is

frequently used, but its outcome measures cannot be compared

statistically between methods. Therefore, we additionally used an-

alytical statistics based on the difference in the regression coeffi-

cient. Lastly, we used the method of determination of the standard

error of measurement, which very precisely maps reproducibility

by modeling different components related to variability in BTB

measures.

MATERIALS AND METHODS
ADNI Dataset
Data used in this study were taken from the ADNI1 study.30

The primary goal of the ADNI has been to test whether serial

MR imaging, PET, other biologic markers, and clinical and

neuropsychologic assessments can be combined to measure

the progression of mild cognitive impairment (MCI) and early

AD.

A total of 800 included subjects from 55 sites in the US and

Canada were enrolled between 2004 and 2010 and were followed

up in a 2- to 3-year time interval. Written informed consent was

obtained before each baseline visit. Inclusion criteria were age

between 55–90 years, having a study partner able to provide an

independent evaluation of functioning, and speaking either Eng-

lish or Spanish. All subjects were willing and able to undergo all

test procedures including neuroimaging and agreed to longitudi-

nal follow-up. Exclusion criteria were specific psychoactive med-

ications. For control subjects, inclusion criteria were as follows:

Mini-Mental State Examination scores between 24 –30 (inclu-

sive), a clinical dementia rating of 0, and no history of depression,

MCI, and dementia. The age range was matched to that of MCI

and AD subjects. For subjects with MCI, inclusion criteria were as

follows: Mini-Mental State Examination scores between 24 –30

(inclusive), a memory complaint, objective memory loss mea-

sured by education-adjusted scores on the Wechsler Memory

Scale Logical Memory II, a clinical dementia rating of 0.5, absence

of high levels of impairment in other cognitive domains, essen-

tially preserved activities of daily living, and an absence of demen-

tia. For subjects with mild AD, inclusion criteria were as follows:

Mini-Mental State Examination scores between 20 –26 (inclu-

sive), clinical dementia rating of 0.5 or 1.0, and meets National

Institute of Neurological and Communicative Disorders and

Stroke/Alzheimer’s Disease and Related Disorders Association

criteria for probable AD. A standardized imaging protocol carried

out over qualified sites included the acquisition of 2 sequential 3D

T1-weighted MPRAGE scans (ie, BTB) at baseline and at the

1-year study time point.32

Subjects
Our study involved 562 subjects who had exactly 2 MPRAGE

scans acquired at both the baseline and at 1 year, with 3D T1-

weighted BTB images acquired at both time points at 1.5T. Three

hundred twenty-two (57.3%) subjects were male and 240 (42.7%)

were female. The median age at baseline was 75.3 years (inter-

quartile range, 8.7). One hundred fourteen (30.4%) were diag-

nosed with probable AD, 277 (49.3%) with MCI, and 171 (20.3%)

were healthy controls. Data were requested after written compli-

ance to the ADNI data use agreement and data sharing policy and

were obtained from the ADNI data image and data archive LONI

(Laboratory of Neuro Imaging; http://adni.loni.usc.edu). All

data were received anonymized by ADNI procedures and with

assignment of a unique ADNI study number to subjects.

Volumetric Measurements
MR image acquisition included standard automated adjustments

with no additional postprocessing such as intensity nonunifor-

mity correction or gradient warp correction. DICOM images of

subjects were converted to NIfTI format for further processing

by using dicom2nifti (http://www.cabiatl.com/mricro/mricron/

dcm2nii.html).

Automated deep GM segmentations were performed on the

NCAgrid (a 64-bit Linux computer cluster with 512 cores) by

using 2 freely available and frequently used software packages:

FreeSurfer version 5.3.025 and FIRST implemented in FSL version

5.0.8.26-29

For FreeSurfer, images were segmented by using the longitu-

dinal image processing stream, which analyzes 2 time points si-

multaneously to improve the estimation of volumes and volume
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change. Within FIRST, the default parameters were used.25 Seg-

mentations were carried out for both BTB scans at baseline and at

the 1-year study time point, leading to a total number of 134,880

segmentations.

Outcome Measures
The 2 derived main outcome measures in our study were the

longitudinal volume change and percentage volume change. The

volume change (�V, in �L) was calculated for each longitudinal

scan pair (two BTB1 and two BTB2) as:

�V1 � VYear 1(BTB1) � VBaseline(BTB1)

and

�V2 � VYear 1(BTB2) � VBaseline(BTB2)

The percentage volume change for both �V1 and �V2 was calcu-

lated separately as:

100 � (�V � VBaseline)

Fig 1 schematically shows study time points and the calculation

of the volume change and percentage volume change by using BTB

scans.

In both BTB scans (BTB1 and BTB2), at each time point, the brain

is assumed to be identical; therefore �V2 � �V1 can be used as a

measure of reproducibility for each outcome measure (ie, absolute

and percentage volume change).

Statistical Analysis
Data distribution and missing data were carefully checked before

all statistical analyses. Reproducibility according to BTB scans is

reported by using 3 methods of analysis for both software pack-

ages. First, we used median absolute BTB differences. Second, we

compared the absolute BTB differences based on differences in

the regression coefficient (effect size). This involved the construc-

tion of separate linear multilevel models for each deep GM struc-

ture and each hemisphere. Data were natural log-transformed

before analysis to avoid fitting the model to a skewed distribution

of our data. In our multilevel models, a random intercept was

chosen to correct for the dependency of observations clustering

within each same subject. Variance around the intercept was as-

sumed to be normally distributed. Statistics were reported as P

values, back-transformed effect sizes, and their corresponding

95% confidence intervals.

Finally, as a third method, we assessed reproducibility by de-

termining the limit of agreement (LoA), which is considered as a

very sensitive method of analysis.33-35

This was done by constructing separate
linear multilevel models for each deep

GM structure summing the variance

components attributable to BTB scans

to determine the level of random bias in

both outcome variables. Because the

method is based on variance, contrary to

the first 2 methods, it uses the original

(nonabsolute) values of each volume

change analysis. Fixed factors in our
multilevel model included hemisphere,

software package (FreeSurfer or FIRST),

sex, diagnostic group, and all possible interactions between these

variables. Random factors in the model included hemispheres,

software package, time point, all possible interactions between

them, and the use of a random intercept on the subject level.

Nesting of the factors was carried out according to the method

described by Mulder and colleagues.35 We used restricted maxi-

mum likelihood as the estimating procedure in all multilevel anal-

yses and assumed an independent covariance matrix. The best

fitting model to the data was then chosen based on the lowest

Akaike information criterion. Interscan standard errors of mea-

surement (SEMs) attributable to BTB scans for each software

package were calculated by summing the random variance

components of the multilevel models related to BTB (ie, the

variance attributable to the interaction between the random

chosen variables and time point; see Equation 1 below). The

separate variance components required to sum SEM were as-

sumed to be independent of each other. The variance compo-

nent containing the highest interaction (ie, �2 [time point �

hemisphere � software package) was considered to be com-

pletely part of the error variance in our calculations. Further-

more, all variance components containing a time point were

allowed to vary within software package.

1) SEM2 � �2 (time point) � �2 (time point

� hemisphere) � �2 (time point

� software package) � �2 (error)

Then, LoA, as a measure of reproducibility, was derived and re-

ported from the SEM for each software package by using Equation 2.

The lower the LoA, the better the reproducibility.

2) LoA � 	1.96 � 
2 � SEM

The quality of all MR images was inspected visually. Regarding the

quality of the segmentation, we identified severe outliers based on

implausible results of the outcome measures. Implausible outliers in

terms of longitudinal volume change or percentage longitudinal vol-

ume change were considered to be a consequence of a failure in seg-

mentation. An implausible outlier was identified if the longitudinal

BTB difference was more than 25% of its corresponding baseline vol-

ume. We created separate linear multilevel models with and without

implausible large outliers to evaluate their impact on our SEM. These

outliers were treated as missing data in our final analysis. In addition,

we compared the number of outliers between FreeSurfer and FIRST

in all deep GM structures. This was carried out by using the binominal

FIG 1. Scheme showing both BTB scans at each time point and calculation of the volume change
and percentage volume change.
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test, which tested an equal distribution of the number of outliers for

both FreeSurfer and FIRST.

For illustrating agreement, Bland-Altman plots were created. A

Bland-Altman plot represents the difference in BTB of an outcome

measure versus its mean.36,37 We created plots for both outcome mea-

sures of FreeSurfer and FIRST, with and without implausible outliers.

In this paper, for this method, we present the results of analysis per-

formed on data excluding implausible outliers.

All statistical analysis was carried out by using SPSS version 21

(IBM, Armonk, New York) except for the modeling of data to obtain

SEM and derived LoAs, which was carried out by using SAS Studio

version 3.4 (SAS Institute, Cary, North
Carolina). The level of significance in our
models was set to 0.05 (5%).

RESULTS
Median follow-up time (�2 � 1.566; df,
2; P � .45) and age (�2 � 0.992; df, 2;
P � .60) did not differ between the 3
study groups. To enable a direct com-
parison of reproducibility metrics to the
measured (percentage) volume change
values, nonannualized median atrophy
rates are presented in Table 1. As ex-
pected, atrophy rates were generally
higher in patients with AD compared
with patients with MCI and control pa-
tients, with the highest rates found for
the amygdala. For 2 different male
healthy control patients, FreeSurfer and
FIRST segmentation failed. Therefore,
for each software package, 561 subjects
were included in the longitudinal data
analysis. A typical example of FreeSurfer
and FIRST segmentations is shown in
Fig 2. BTB differences are illustrated by
the example in Fig 3, which shows Bland-

Altman plots of BTB difference in longitu-

dinal volume change for the left caudate nucleus for both FreeSurfer

and FIRST, excluding the improbable outliers.

Descriptive Statistics
Descriptive statistics for each hemisphere for each deep GM

structure for measuring longitudinal volume change and lon-

gitudinal percentage volume change are presented in Tables 2

and 3, respectively. Based on these reported descriptive statis-

tics (median absolute BTB differences with corresponding

90th percentile indicating spread), as expected, the smaller

FIG 2. A, An example of a 3D T1-weighted image segmented with B, FIRST and C, FreeSurfer.

Table 1: Nonannualized atrophy rates for deep GM structures for each hemisphere per group

GM Structure Software Hemisphere
Atrophy Rate for

Control Patients, %
Atrophy Rate for

Patients with MCI, %
Atrophy Rate

for Patients with AD, %
Caudate nucleus FreeSurfer Left �0.33 �0.95 �1.63

FIRST Left �0.84 �0.78 �1.72
FreeSurfer Right �0.35 �0.78 �1.58
FIRST Right �1.07 �0.66 �1.42

Putamen FreeSurfer Left �0.04 �0.69 �2.50
FIRST Left �0.44 �1.20 �2.16
FreeSurfer Right �0.37 �0.73 �1.72
FIRST Right �0.61 �1.11 �1.71

Amygdala FreeSurfer Left �0.56 �2.70 �4.67
FIRST Left �0.90 �1.59 �4.36
FreeSurfer Right �0.70 �2.25 �3.95
FIRST Right �0.38 �3.60 �3.57

Globus pallidus FreeSurfer Left �0.45 0.25 0.58
FIRST Left �0.10 �0.92 �1.43
FreeSurfer Right �0.11 �0.38 �0.50
FIRST Right �0.67 �0.90 �1.87

Thalamus FreeSurfer Left �0.88 �1.69 �2.06
FIRST Left �0.90 �0.85 �1.05
FreeSurfer Right �0.78 �1.38 �2.29
FIRST Right �0.62 �0.71 �0.94
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deep GM structures tended to have smaller BTB differences in

longitudinal volume change and larger BTB differences in per-

centage volume change.

Effect Sizes
Effect sizes, based on the difference in the regression coefficient,

corresponding P values, and 95% confidence intervals of compar-

ison between segmentation by using FreeSurfer and FIRST are

presented in Tables 2 and 3. The effect size in these Tables can be

interpreted as the mean improvement of reproducibility in both

longitudinal outcome variables when switching from FSL to Free-

Surfer. For the outcome measure of the absolute BTB difference in

longitudinal volume change, FreeSurfer performed significantly

better than FIRST for the left and right amygdala (both P � .001),

left caudate nucleus (P � .003), left (P � .001) and right (P �

.003) putamen, and right thalamus (P � .001). Concerning the

outcome measure of the absolute BTB difference in longitudinal

percentage volume change, FreeSurfer performed significantly

better than FIRST for the left amygdala (P � .02), left (P � .002)

and right (P � .004) caudate nucleus, and left putamen (P �

.001). For the right amygdala and putamen, results are not pre-

sented because of lack of validity caused by failures in model fit.

Outliers
For the right amygdala, number of outliers were significantly dif-

ferent in all groups, when comparing 2 segmentation software

packages (P � .002). This difference was not significant for other

structures. Table 4 shows the number of excluded cases (extreme

FIG 3. Bland-Altman plots for the left caudate nucleus, presented for the outcome measures of BTB difference in longitudinal volume change,
to illustrate agreement for A, FreeSurfer and B, FIRST. Plots show the difference between the 2 measurements (ie, the “BTB difference”) along
the vertical axis versus the mean of the 2 measurements along the horizontal axis. LoAs for FreeSurfer are obviously smaller (ie, better
reproducibility) than those of FIRST.

Table 2: Median absolute BTB difference in longitudinal volume change for each deep GM structure for both hemispheres. Effect size,
corresponding 95% confidence CI, and P values based on linear multilevel modelling are also presented

GM Structure Software Hemisphere
Median Absolute

Difference, �l
90th

Percentile P Value Effect 95% CI Lower 95% CI Upper
Caudate nucleus FreeSurfer Left 71.80 219.88 .003 0.82 0.72 0.93

FIRST Left 85.84 442.31
FreeSurfer Right 74.20 253.22 .09 0.90 0.79 1.02
FIRST Right 87.26 264.69

Putamen FreeSurfer Left 117.00 315.58 �.001 0.73 0.64 0.84
FIRST Left 156.39 412.49
FreeSurfer Right 114.30 326.22 .003 0.77 0.64 0.91
FIRST Right 142.44 406.71

Amygdala FreeSurfer Left 63.50 173.60 �.001 0.76 0.66 0.87
FIRST Left 84.38 260.14
FreeSurfer Right 77.00 196.54 �.001 0.73 0.64 0.83
FIRST Right 101.25 331.70

Globus pallidus FreeSurfer Left 59.60 180.56 .75 1.03 0.87 1.22
FIRST Left 62.05 185.44
FreeSurfer Right 60.00 164.38 .48 0.96 0.85 1.08
FIRST Right 60.06 200.23

Thalamus FreeSurfer Left 100.90 315.08 .10 1.13 0.98 1.30
FIRST Left 91.76 262.30
FreeSurfer Right 88.20 243.46 �.001 0.78 0.69 0.89
FIRST Right 114.81 308.71
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outliers) for each deep GM structure and their proportion within

each segmentation software used and the total sample size. The

proportion of excluded cases was relatively small in the total sam-

ple of data; however it turned out to be more frequent when using

FIRST compared with FreeSurfer.

Limits of Agreement
Based on our third method to evaluate reproducibility, values for the

LoAs of FreeSurfer and FIRST derived from linear multilevel model-

ing are reported in Table 5. This analysis showed a visible trend for a

better performance of FreeSurfer for both the measurement of lon-

gitudinal volume change and longitudinal percentage volume

change, except for the globus pallidus, for which FIRST performed

better. There was also a trend for an influence of the typical cross-

sectional volume of a structure. Smaller deep GM structures showed

smaller LoAs for longitudinal volume change measurement and

larger LoAs for longitudinal percentage volume change.

DISCUSSION
Brain atrophy reflecting neurodegeneration and neuroaxonal

damage is known to be an important characteristic of diseases like

AD and MS. In the current study, we investigated the reproduc-

ibility of volume change and percentage volume change measure-

ment of 5 deep GM structures in a large multicenter dataset. To

this end, we used 2 frequently used segmentation software pack-

ages, FreeSurfer and FIRST.

It is worth mentioning that FreeSurfer does provide a longitu-

dinal pipeline to analyze multiple time points whereas FIRST only

offers a cross-sectional analysis. Strikingly, for both software

packages, the reproducibility error was comparable with the mea-

sured atrophy rates. Our results showed that BTB differences in

1-year percentage volume change (ranging from 1.26% for left

thalamus to 8.63% for right amygdala) were roughly 1.5–3.5 times

larger than the average atrophy rates of these deep GM structures

(approximately 0.9% and 2.5%, respectively).

We used 3 different statistical methods that complement each

other. Although reporting median and 90th percentile absolute

differences alone is an easy and robust way to interpret results,

statistical comparison in outcome measurements between meth-

ods of segmentation is not possible. Therefore, we next performed

additional analytical statistics based on the difference in the re-

gression coefficient. Finally, we used the method of determination

of SEM, which provides a very precise way to map reproducibility

and allows modeling of different sources of variability. This

method is also proposed to be applied in determining agreement

to map measurement error, an important measurement property

in medicine.33,34,38 The sensitivity of this method is mainly attrib-

utable to the determination of specific variance components of a

model, from which LoAs can be determined. In addition, the SEM

method is a more suitable way for determining specific random

variance in an outcome measure, which could provide additional

information of the estimation of variance in a population. Using a

large ADNI dataset makes such estimations more accurate. An-

other advantage of this method is that it is based on spread, con-

trary to the second regression-based method, and instead of

Table 3: Median absolute BTB difference in longitudinal percentage volume change for each deep GM structure for both hemispheres.
Effect size, corresponding 95% CI and P values based on linear multilevel modelling are also presented

GM Structure Software Hemisphere
Median Absolute

Difference, %
90th

Percentile P Value Effect 95% CI Lower 95% CI Upper
Caudate nucleus FreeSurfer Left 2.04 6.04 .002 0.09 0.02 0.41

FIRST Left 2.71 13.37
FreeSurfer Right 2.08 6.92 .004 0.16 0.05 0.55
FIRST Right 2.63 8.15

Putamena FreeSurfer Left 2.48 6.87 �.001 0.07 0.02 0.29
FIRST Left 3.43 9.51
FreeSurfer Right 2.46 6.77 NA NA NA NA
FIRST Right 3.32 9.48

Amygdalaa FreeSurfer Left 6.14 17.64 .02 0.07 0.01 0.69
FIRST Left 6.60 21.29
FreeSurfer Right 6.24 16.52 NA NA NA NA
FIRST Right 8.63 28.95

Globus pallidus FreeSurfer Left 4.32 13.04 .49 1.63 0.40 6.63
FIRST Left 3.65 10.92
FreeSurfer Right 4.30 12.22 .94 0.95 0.29 3.17
FIRST Right 3.54 11.75

Thalamus FreeSurfer Left 1.52 4.61 .33 0.62 0.23 1.64
FIRST Left 1.26 3.53
FreeSurfer Right 1.41 3.82 .05 0.33 0.11 1.01
FIRST Right 1.59 4.31

Note:—NA indicates not available.
a For the right amygdala and putamen, results are not presented because of lack of validity caused by failures in the model fit.

Table 4: Number and proportion of excluded cases (extreme
outliers) presented for each software for each deep GM
structure

GM Structure Software
Number of

Outliers
% Within

Segmentation

% Within
Total

Sample
Caudate nucleus FreeSurfer 1 2.8 0.02

FIRST 35 97.2 0.77
Putamen FreeSurfer 0 0.0 0.00

FIRST 37 100.0 0.82
Amygdala FreeSurfer 33 17.8 0.73

FIRST 152 82.2 3.38
Globus pallidus FreeSurfer 21 39.6 0.46

FIRST 32 60.4 0.71
Thalamus FreeSurfer 0 0.0 0.00

FIRST 29 100.0 0.64
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signed or absolute BTB differences, the clinical variables of inter-

est (eg, volume change, percentage volume change) are modeled

directly. This method for determining LoAs, however, is strongly

affected by large outliers, and its procedure is much more costly

and time-consuming.

Both methods of analytical statistics, namely determination of

SEM with derived LoAs and the method based on difference in the

regression coefficient, were carried out by using linear multilevel

modeling. The general advantages of linear multilevel analysis are

its flexibility in dealing with missing data, the ability to objectively

include factors and covariates into 1 whole model, and a necessary

applied correction for the dependency of data for measurements

within the same subjects.39,40

For both software packages, the reproducibility error was sub-

stantial compared with the measured atrophy (see Table 1 for the

measured atrophy). However, FreeSurfer had better reproducibil-

ity compared with FIRST within the whole longitudinal outcome

spectrum (except for globus pallidus), though the differences

were not very large. The reproducibility was dependent on the

structure baseline volume and also on the desired outcome mea-

sure (ie, volume change or percentage volume change). For ex-

ample, compared with larger structures, smaller GM structures

had smaller reproducibility errors for volume change and larger

reproducibility errors for percentage volume change. For the

structures measured in our study, when measuring the longitudi-

nal volume change, the larger GM structures (putamen and thal-

amus) had BTB differences roughly twice as large as smaller struc-

tures (amygdala, globus pallidus), whereas for the outcome of

longitudinal percentage volume change, this was reversed: here,

larger structures outperformed smaller structures by approxi-

mately a factor of 5. A study on cross-sectional volume measure-

ment by using FreeSurfer,41 reported generally larger relative

scan–rescan errors for smaller structures. Such variability could

cause poorer reproducibility of longitudinal volume change for

smaller structures.

This poor reproducibility could be linked to the poor delinea-

tion of such brain structures by using automated software. To

improve this, increase in the SNR and contrast-to-noise ratio (eg,

by increasing the field strength or by further optimization of the

acquisition) are recommended. In addition, multimodal segmen-

tation, which includes other tissue information such as diffusion

and susceptibility, could increase the accuracy and reproducibil-

ity of the segmentation and volume estimation.

Our study had some limitations. Because of the very large

number of segmentations performed, visual inspection of seg-

mentation results was impractical. However, we used an auto-

mated method to exclude gross segmentation errors by using the

BTB information. The very few occurring implausible outliers in

our outcome measures were assumed to be caused by incorrect

segmentations of 1 or more scans of that subject. To identify such

gross outliers without excluding true atrophies, we applied a very

wide cutoff criterion of 25% in longitudinal volume change or in

percentage volume change compared with the baseline. As ex-

pected, the LoAs were very large when including the improbable

outliers.

CONCLUSIONS
We provided quantitative information for 5 deep GM structures

by using the widely used segmentation algorithms FreeSurfer and

FIRST by 3 different methods of analysis. In general, FreeSurfer

performance was better than that of FIRST. However, our results

showed that BTB differences in 1-year percentage volume change

were roughly 1.5–3.5 times larger than the atrophy rates of those

deep GM structures. This suggests that longitudinal deep GM

atrophy measures should be interpreted with caution. Finally, to

provide a reliable additional biomarker, deep GM atrophy measure-

ment techniques require substantially improved reproducibility, spe-

cifically when aiming for personalized medicine.

Disclosures: Marianne Jonker—UNRELATED: Consulting Fee or Honorarium: Vrije
University Medical Center, Department of Epidemiology and Biostatistics, Com-
ments: as a common practice, our department is paid for doing consultancy*. Ronald
van Schijndel—OTHER RELATIONSHIPS: Image Analysis Center (IAC), Comments:
partly working for the IAC, which is a contract research organization of the Vrije
University Medical Center. Keith Cover—UNRELATED: Grants/Grants Pending: Eu-
ropean Community FP7 Project, Comments: funded by the Neugrid4you project
(grant agreement 2835262) from 2011 to 2015; studied methods for measuring atrophy
of the brain in MRI*. Hugo Vrenken—UNRELATED: Grants/Grants Pending: Novartis
Pharma, Comments: brain atrophy in MS; Teva Europe, Comments: brain atrophy in
MS; Merck Serono, Comments: brain atrophy and lesions in MS*. *Money paid to the
institution.

REFERENCES
1. Burns JM, Morris JC. Neuropathology of Alzheimer’s disease, non-

demented aging and MCI. In: Mild Cognitive Impairment and Early
Alzheimer’s Disease: Detection and Diagnosis. Hoboken: John Wiley &
Sons; 2008:17–34

2. Iqbal K, Liu F, Gong CX, et al. Mechanisms of tau-induced neuro-
degeneration. Acta Neuropathol 2009;118:53– 69 CrossRef Medline

3. Overk CR, Masliah E. Pathogenesis of synaptic degeneration in Alz-
heimer’s disease and Lewy body disease. Biochem Pharmacol 2014;
88:508 –16 CrossRef Medline

Table 5: SEMs and LoAs derived from variance component analysis out of a linear multilevel model for each deep GM structure

GM Structure Software
SEM Longitudinal

Volume Change, �l LoA, �l
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ORIGINAL RESEARCH
ADULT BRAIN

Brain Structural Changes following HIV Infection:
Meta-Analysis

X E.E. O’Connor, X Timothy A. Zeffiro, and X Thomas A. Zeffiro

ABSTRACT

BACKGROUND: Numerous studies have used structural neuroimaging to measure HIV effects on brain macroarchitecture. While many
have reported changes in total brain volume, gray matter volume, white matter volume, CSF volume, and basal ganglia volume following
HIV infection, quantitative inconsistencies observed across studies are large.

PURPOSE: Our aim was to evaluate the consistency and temporal stability of serostatus effects on a range of structural neuroimaging
measures.

DATA SOURCES: PubMed, reference lists, and corresponding authors.

STUDY SELECTION: The meta-analysis included 19 cross-sectional studies reporting HIV effects on cortical and subcortical volume from
1993 to 2016.

DATA ANALYSIS: Random-effects meta-analysis was used to estimate individual study standardized mean differences and study heter-
ogeneity. Meta-regression was used to examine the effects of the study publication year.

DATA SYNTHESIS: Meta-analysis revealed standardized mean differences related to the serostatus of �0.65 (P � .002) for total brain
volume, �0.28 for gray matter volume (P � .008), �0.24 (P � .076) for white matter volume, and 0.56 (P � .001) for CSF volume. Basal
ganglia volume differences related to serostatus were not significant. Nevertheless, estimates of between-study heterogeneity suggested
that much of the observed variance was between studies. Publication year was associated with recent reductions in many neurostructural
effects.

LIMITATIONS: Many studies pooled participants with varying durations of treatment, disease, and comorbidities. Image-acquisition
methods changed with time.

CONCLUSIONS: While published studies of HIV effects on brain structure had substantial variations that are likely to result from changes
in HIV treatment practice during the study period, quantitative neurostructural measures can reliably detect the effects of HIV infection
during treatment, serving as reliable biomarkers.

ABBREVIATIONS: ART � antiretroviral therapy; CSFv � CSF volume; GMv � gray matter volume; SMD � standardized mean difference; TBv � total brain volume;
WMv � white matter volume

Since the onset of the AIDS epidemic, it has been known that

HIV can have deleterious effects on both brain structure and

function. In early studies using structural neuroimaging to mea-

sure brain macroarchitecture and microarchitecture, effects in

HIV groups were due largely to opportunistic infections and HIV

encephalitis.1 The advent of combination antiretroviral therapy

(ART), promoting immune system reconstitution, markedly de-

creased the incidence of CNS opportunistic infection and acute

HIV encephalitis.2 In the ensuing decades, HIV serostatus effects

Received March 29, 2017; accepted after revision August 13.

From the Department of Radiology (E.E.O.), University of Maryland Medical Sys-
tem, Baltimore, Maryland; and Neurometrika (Timothy A. Zeffiro, Thomas A. Zef-
firo), Potomac, Maryland.

This work was partially supported by the Comprehensive NeuroAIDS Center grant
(P30MH0921777).

Please address correspondence to Erin O’Connor, MD, University of Maryland
Medical Center, Department of Radiology and Nuclear Medicine, 22 S Greene St,
Baltimore, MD 21201; e-mail: erin.oconnor@umm.edu; @LanternLab

Indicates open access to non-subscribers at www.ajnr.org

Indicates article with supplemental on-line appendix and tables.

Indicates article with supplemental on-line photo.

http://dx.doi.org/10.3174/ajnr.A5432

54 O’Connor Jan 2018 www.ajnr.org

http://orcid.org/0000-0002-9483-1117
http://orcid.org/0000-0002-4345-6943
http://orcid.org/0000-0002-0846-4577
https://twitter.com/LanternLab


on brain structure have been consistently reported, with clear

effects on WM microstructure.3 Nevertheless, peripheral viral

suppression has not always prevented progressive cognitive and

motor impairment, and the origin of these behavioral effects dur-

ing treatment is still debated, with several ART-era studies dem-

onstrating structural associations with cognitive deficits during

treatment.4-6

Early brain structural studies in HIV-infected participants

found decreases in brain parenchyma,7 white matter,8 and basal

ganglia7,9 volume. During the ART era, observations of cortical,10

subcortical, gray matter,9 and white matter10 atrophy have con-

tinued, with decreases in cortical gray matter and brain parenchy-

mal volume observed even in the first year of HIV infection.11

While many studies have reported reduced total brain volume

(TBv), total gray matter volume (GMv), white matter volume

(WMv), basal ganglia volume, or increased CSF volume (CSFv)

following HIV infection, quantitative inconsistencies observed

across studies are large. The source of these inconsistencies is un-

clear, with possible mechanisms including image-acquisition

methods, infection duration, ART treatment effects, sample de-

mographics, and comorbidities commonly seen in seropositive

patients.

To determine whether structural neuroimaging reveals con-

sistent serostatus effects, we examined structural MR imaging

studies in HIV-infected subjects, using meta-analytic techniques

to explore the consistency of quantitative differences detected in

structural neuroimaging studies from 1993 to 2016. Measures ex-

amined included TBv, GMv, WMv, CSFv, and subcortical GMv.

We also investigated whether the observed HIV effects on brain

structure are stable with time or have changed. Given that ART

effectively suppresses peripheral viral load and allows immune

system reconstitution, concurrent cessation of brain injury seems

likely. We, therefore, expected that the structural effects of HIV

infection would diminish in more recent HIV neurostructural

studies that included large percentages of HIV-infected partici-

pants receiving ART.

MATERIALS AND METHODS
Meta-Analysis of HIV Effects on Brain Structure
To summarize the literature on HIV effects on brain structure,

we followed Preferred Reporting Items for Systematic Reviews

and Meta-Analyses (PRISMA)12 standards. Six PubMed com-

puterized searches were performed on September 25, 2016,

with the following terms: “HIV” and “structural and MR im-

aging brain” yielded 77 records; “HIV” and “MR imaging” and

“basal ganglia atrophy” yielded 42 records; “HIV” and “MR

imaging” and “caudate atrophy” yielded 24 records; “HIV”

and “MR imaging” and “gray matter atrophy” yielded 38 re-

cords; “HIV” and “MR imaging” and “gray matter” yielded 102

records; and “HIV” and “MR imaging” and “brain volume”

yielded 112 records. Of these 395 records, 151 were duplicates,

leaving a total of 244 records to be examined. An additional 13

records were added from the reference lists of articles, resulting

in 257 articles to be screened. Of the 257 articles screened on

the first pass by reading the abstract, 182 were excluded if they

were the following: 1) animal studies, 2) review articles, 3) not

written in English, 4) case reports, or 5) without seronegative

controls, leaving 75 full-text articles to be assessed for eligibil-

ity. Thirty-eight of 75 full-text articles assessed for eligibility were

excluded for the following reasons: 1) They were review articles, 2)

they did not have seronegative controls, 3) they did not study

quantitative HIV effects on brain volume, or 4) they studied

the association of serostatus and brain volume with neuropsy-

chological performance, and 5) they did not provide a means of

contacting the authors. Of the 38 eligible full-text articles, 19

studies completed between 1993 and 2016 were included in the

meta-analysis, with 9 studies reporting TBv,7,11,13-19 10 reporting

GMv,8,10,11,13,16-18,20-22 10 reporting WMv,8,10,11,13,16-18,20-22 12

reporting CSFv,7,8,10,13,14,17,18,20-24 8 reporting caudate vol-

ume,4,7,11,18-20,25,26 7 reporting putaminal volume,4,7,11,18,19,25,26

and 6 reporting globus pallidus volume.7,10,11,18,19,25 If the requisite

numbers could not be located in the text or accompanying tables, �1

attempt was made to contact the corresponding authors of 20 studies

for more information. Five authors responded and provided the req-

uisite additional information. The remaining 19 studies, listed in the

On-line Appendix, were excluded because the data were no longer

available, the data could not be shared, or the authors did not re-

spond to inquiries (Fig 1).

Statistical Analysis
Mean structural values and their SDs for TBv, GMv, WMv,

CSFv, caudate volume, putaminal volume, and pallidum vol-

ume were taken from the article tables and converted into con-

sistent units.

We used R statistical and computing software, Version 3.4.1

(http://www.r-project.org) and the meta-analysis package meta27

to estimate the standardized mean difference (SMD) in TBv,

GMv, WMv, and CSFv and caudate, putaminal, and pallidum vol-

umes for each study; then, we calculated a weighted average of these

estimates across studies. The metacont function from meta uses the

same estimator as RevMan5 (http://community.cochrane.org/tools/

review-production-tools/revman-5/revman-5-download). This is a

version of the standardized mean difference called Hedges g, based

on the pooled sample variance. Random-effects models were used to

test for serostatus group effects. The I2 statistic, representing the pro-

portion of between-study variation due to heterogeneity, was used to

estimate study inconsistency.28 �2 was computed as an estimate of

between-study variance, with values of �1 suggesting substantial

heterogeneity. Forest plots were used to visualize variations in stan-

dardized mean differences across studies. Radial plots were used to

visualize study heterogeneity, with less precise effect estimates lying

near the origin and more precise estimates occurring farther away.

Study bias was explored by examining funnel plots of sample size

versus effect size. Meta-regression was used to examine imaging pro-

tocol and publication year effects.

RESULTS
Serostatus Effects
Random-effects meta-analysis of TBv revealed a reduction

(SMD � �0.58) related to serostatus (test of SMD � 0: z � �3.1,

P � .0018), with study heterogeneity Q � 26.1 (df � 8), P � .001;

and �2 (variation in SMD attributable to heterogeneity) � 69%.

The �2 of between-study variance was 0.23. Five of the 9 studies

had confidence intervals that included zero (Fig 2A).
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Next, we examined the serostatus effects on individual tissue

compartments. Analysis of GMv revealed a reduction (SMD �

�0.28) related to serostatus (test of SMD � 0: z � �2.65, P �

.0081), with study heterogeneity Q � 14.8 (df � 9), P � .096,

I2 � 39%, and �2 � 0.04. Seven of the 10 studies had confidence

intervals that included zero (Fig 3A). Analysis of WMv revealed a

nonsignificant reduction (SMD � �0.24) related to serostatus

(test of SMD � 0: z � �1.78, P � .076), with study heterogeneity

Q � 24.3 (df � 9), P � .004, I2 � 63%, and �2 � 0.11. Nine of the

10 studies had confidence intervals that included zero (Fig 4A).

Analysis of CSFv revealed an increase (SMD � 0.56) related to

serostatus (test of SMD � 0: z � 3.29, P � .001), with study

heterogeneity Q � 61 (df � 11), P � .001, I2 � 82%, and �2 � 0.26

(Fig 5A).

Although the included studies had a large range of group sam-

ple sizes, ranging from 5 to 85, it is possible that the known ten-

dency for small-sample neuroimaging studies to go unpublished

might have contributed to publication bias effects. Panel C of Figs

2–5 shows funnel plots of the estimated treatment effects against a

measure of their precision, here the standard error. All show

asymmetry consistent with small-study effects. If small-study ef-

fects were absent, the treatment effects of all studies should be

distributed symmetrically around the average treatment effect. In

addition, linear regression tests of funnel plot asymmetry were

statistically significant for TBv (P �

.001), GMv (P � .008), WMv (P �

.025), and CSFv (P � .014). These re-
sults could reflect reporting bias because
it is unlikely that small neurostructural
studies that have failed to detect serosta-
tus effects would find a place in most
neuroimaging journals. Thus, the ob-
served average effect sizes for each tissue
compartment may reflect overestimates
of their true values. Future studies may
mitigate these effects owing to the in-
creasing willingness of investigators to
participate in more open data sharing,
allowing aggregation and re-analysis of
data that might not have shown serosta-
tus effects in their original samples.

Next, we examined the serostatus ef-
fects on basal ganglia structures. Analy-
sis of caudate volume revealed a nonsig-
nificant reduction (SMD � �0.23)
related to serostatus (test of SMD � 0:
z � �1.27, P � .20) (Fig 6A). Analysis of
putaminal volume revealed a nonsignif-
icant reduction (SMD � �0.22) related
to serostatus (test of SMD � 0: z �

�1.00, P � .32) (Fig 6B). Analysis of pal-
lidal volume revealed a nonsignificant
reduction (SMD � �0.024) related to
serostatus (test of SMD � 0: z � �0.09,
P � .92) (Fig 6C).

Covariate Effects
Temporal changes in serostatus effects

were investigated using random-effects meta-regression, examin-

ing changes in SMDs for each measure with time. TBv SMDs

became smaller with publication year, reflecting less volume loss

in the seropositive group (P � .003). WMv SMDs also became

smaller, with less seropositive volume loss (P � .028), and CSFv

SMDs became smaller with time, reflecting less CSFv increase

related to seropositivity (P � .001). GMv SMDs also became

smaller with time, but this effect was not statistically significant

(P � .086) (Fig 7). Possible small-sample effects are shown in the

On-line Figure.

Summaries of image acquisition protocols revealed that earlier

studies tended to use 1.5T MR imaging systems and large voxels,

while more recent studies used 3T MR imaging systems and

smaller voxel volumes (On-line Table 1). Field strength and voxel

volume are expected to have opposing effects on image SNR; thus,

their effects may cancel each other out. Meta-regression revealed

that there were no effects of field strength and voxel size on SMD.

Because these 2 variables were confounded with publication year,

it was not possible to examine their individual contributions

statistically.

Summaries of participant clinical characteristics revealed that

the more recent studies had a higher proportion of participants

receiving ART, the treatment with the highest known efficacy

FIG 1. Meta-analysis flow diagram for study selection.
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(On-line Table 2). Use of combined therapies makes treatment

more effective and reduces the risk of developing drug resistance.

While illegal drug use was an exclusion criterion in 7/19 studies, in

10/19 studies drug use was not described (On-line Table 3). In the

2 studies reporting hepatitis status, a single participant was

affected.7,8

DISCUSSION
Summary of Results
In a quantitative meta-analysis of HIV neurostructural studies

reported from 1993 to 2016, spanning the widespread intro-

duction of antiretroviral treatment, we observed that serosta-

tus was, on average, associated with decreases in TBv and GMv

and concomitant CSFv increases. Serostatus effects in all tissue

compartments, except gray matter, have diminished with time,

suggesting that widespread use of ART has resulted in a decline

in macroscopic neurostructural changes. Nevertheless, small

effects in TBv, GMv, and CSFv do persist in treated seroposi-

tive patients.

HIV Effects on Total Brain and CSF Volume
TBv and CSFv in HIV are believed to reflect global atrophy. While

qualitative and quantitative studies have demonstrated global at-

rophy in HIV, more recent studies have reported no differences in

TBv,11,29 one in subjects infected with HIV for �1 year,11 suggest-

ing that shorter illness duration before initiating treatment can

decrease HIV-associated cerebral atrophy. HIV-associated global

atrophy, however, may also be related to drug and alcohol abuse

effects and other life stressors commonly seen in the HIV-infected

population.30-32

HIV Effects on Gray Matter Volume
Effects of HIV infection on cortical gray matter are less well-

documented in the neuropathologic literature but include as-

troglial proliferation and glial atrophy.33 Cortical metabolite

changes include NAA/Cr reductions34 and mIns/Cr and

Cho/Cr increases.35

The articles used in the meta-analysis of HIV effects on GMv

incorporated both cortical and subcortical gray matter under gray

matter volume. Nearly 80% of post-antiretroviral therapy era

studies assessed for eligibility in our analyses reported HIV-asso-

ciated decreases in GMv, with several specifically reporting HIV-

related cortical GMv reductions.10,11 Nevertheless, more recent

literature includes multiple studies that find no HIV GMv effects,

suggesting that ART treatment initiation diminishes gray matter

loss. While GMv loss does persist in the ART era, there are strong

FIG 2. Total brain volume standardized mean differences across
studies comparing seropositive with seronegative participants. A, For-
est plot. B, Funnel plot. C, Radial plot.

FIG 3. Gray matter standardized mean differences across studies
comparing seropositive with seronegative participants. A, Forest plot.
B, Funnel plot. C, Radial plot.
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associations between decreasing serostatus effects and more re-

cent publication.

HIV Effects on White Matter Volume
Of the studies meeting eligibility requirements, our analysis found

that ART may have a weak influence on HIV-associated WMv

reductions. Our meta-analysis confirms that the degree of mac-

rostructural WMv loss diminishes rapidly in the ART era. Never-

theless, there is evidence of microstructural changes persisting in

HIV infection in the ART era,3 suggesting that DTI may be more

sensitive in detecting HIV white matter serostatus effects.3

HIV Effects on Basal Ganglia Volume
There is ample evidence of the early and enduring influence of

HIV on the basal ganglia. Neuropathologic findings demonstrate

macrophages, microglia, and high concentrations of viral pro-

teins in the basal ganglia.36 Metabolic studies found basal ganglia

hypermetabolism in the early and middle stages of HIV infec-

tion,37 followed by hypometabolism with disease progression.38

Behavioral manifestations reflecting HIV effects on the basal gan-

glia included voluntary movement impairment and compro-

mised executive function.39,40

Before the introduction of ART, structural HIV studies re-

ported decreased basal ganglia volumes,7 particularly in the cau-

date nuclei, that were associated with dementia.41 Viral load has

been reported to be highest in the caudate nuclei,42 possibly due

to the proximity to the virus-enriched CSF. Dopaminergic neu-

rons are particularly susceptible to HIV neurotoxic effects.43 Basal

ganglia volume loss is associated with psychomotor slowing44 and

may be an important predictor of cognitive impairment. While

HIV-associated reductions in basal ganglia volume are still re-

ported in the ART era,45 more recent studies failed to demonstrate

serostatus effects on the basal ganglia, likely related to earlier and

more effective treatments. Nevertheless, to isolate possible se-

rostatus effects on basal ganglia structure in the setting of the

observed high between-study heterogeneity, further work using

aggregated multisite data with subject-level information allowing

estimation and isolation of comorbid neurostructural moderat-

ing influences is warranted.

Sources of Between-Study Variability
Several potential sources contributed to the variability in the

study effects included in our meta-analysis. First, differences in

MR imaging acquisition parameters included field strengths

ranging from 1.5T to 3T and voxel volumes ranging from 5.5 to

FIG 4. White matter standardized mean differences across studies
comparing seropositive with seronegative participants. A, Forest plot.
B, Funnel plot. C, Radial plot.

FIG 5. CSF standardized mean differences across studies comparing
seropositive with seronegative participants. A, Forest plot. B, Funnel
plot. C, Radial plot.
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0.647 mm3. Second, there was wide variation in the demographic

characteristics of the study cohort. For example, Sarma et al16 and

Cohen et al22 examined TBv in young perinatally infected adoles-

cents with mean ages of 17 and 13 years, respectively, while the

cohort studied by Hines et al21 had a mean age of 59 years. Third,

variation in sample comorbidities, including recreational drug

use and antiretroviral therapy treatment type, was high. While

ART effects on brain structure are difficult to isolate in cross-

sectional studies with wide ranges of disease and treatment dura-

tion, our data suggest that ART does have a strong protective

effect on brain macrostructure.

Temporal Variation in HIV-Related Brain Atrophy
The serostatus-associated reductions in TBv, GMv, and WMv and

increases in CSFv effects vary with study age. Older studies dem-

onstrated larger effects, with differences in WMv and subcortical

GMv virtually disappearing in recent years. One possible expla-

nation for this variation is the difference in field strengths. Earlier

studies used 1.5T systems, and later studies predominantly used

3T systems. Another possible explanation is differences in voxel

size, with later studies having smaller voxel sizes. Meta-regression,

however, revealed that there were no independent effects of field

strength and voxel size. It is unlikely that these acquisition

changes contributed to the progressive reduction in serostatus

effects observed because brain structure quantification would be

expected to be more accurate in studies using smaller voxels, with

diminished partial volume effects. The most likely explanation for

the temporal variation in HIV-related brain atrophy is the dura-

tion of untreated or partially treated illness. In the oldest study

included in our meta-analysis,7 which also had the greatest HIV-

related brain atrophy, 62.5% of participants were treated with

zidovudine or didanosine single therapy and 37.5% were un-

treated. In more recent studies, almost all subjects were treated

with combination ART, implying that subjects are on a combina-

tion of at least 3 different drugs from 2 of the major antiretroviral

therapy classes. Combined therapies make treatment more effec-

tive and reduce the risk of developing drug resistance. While the

associated reductions in viral load and immune reconstitution do

FIG 6. Forest plots of basal ganglia gray matter showing standardized
mean differences across studies comparing seropositive with serone-
gative participants A, Caudate volume. B, Putamen volume. C, Pallidal
volume.

FIG 7. Publication year influence on serostatus effects. These are
plots of structural brain measure standardized mean differences and
their corresponding regression lines, for total brain volume (A) P �
.001, gray matter volume (B) P � .086, white matter volume (C) P �
.001, and CSF volume (D) P � .001. The plot circle area is inversely
proportional to the estimated SMD variance.
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appear to have a role in preservation of brain structure,5 brain

volume losses are still evident in treated seropositive patients.

There are several potential etiologies of the persistent volume

losses in treated HIV-infected participants. Irreversible pretreat-

ment CNS damage is a possibility. Alternatively, chronic subclin-

ical CNS inflammation despite ART has been documented46 and

may contribute to progressive brain atrophy. Neurotoxicity asso-

ciated with ART, relatively underexplored, is another potential

mechanism for progressive brain atrophy,47 a possibility that

might be explored using longitudinal designs. With other mea-

sures, there is weak evidence of progressive HIV-induced CNS

changes during ART. One study that examined treated seroposi-

tive subjects using DTI demonstrated greater-than-normal age-

related increases in diffusion in the corpus callosum for 1 year

compared with seronegative controls, indicating progressive

white matter microstructural changes in HIV.48 Another DTI

study looking at a small longitudinal HIV-infected cohort ob-

served increased corpus callosum and centum semiovale diffu-

sion after 6 months of ART.49

The comorbidities commonly associated with HIV may also

contribute to brain atrophy in treated HIV infection. Illicit drug

use such as methamphetamines, cocaine, opiates, and cannabi-

noids, common in HIV-infected participants,50 has been associ-

ated with structural brain abnormalities.30,31 In the studies

included in the meta-analyses, many did not address drug use.

Fifty-three percent of studies did not have drug use as an exclu-

sion criterion, and inclusion of participants who used drugs was

only described in 47% of studies. Although concomitant or pre-

vious drug use may have contributed to the observed structural

changes, any quantitative effects could not be determined from

the available data. Although it has been suggested that comorbid

hepatitis C infection may contribute to HIV-associated neuro-

structural abnormalities, hepatitis C status was not reported by

most articles. HIV infection predominates in lower socioeco-

nomic groups who may have brain structure differences arising

from other sources.32 Finally, HIV infection is associated with an

increased incidence of cardiovascular risk factors such as diabetes,

smoking,51,52 and chronic obstructive pulmonary disease,53 all

associated with accelerated brain aging.51,54

Relation to Cognitive Effects
HIV-associated structural effects persist in treated cohorts, par-

ticularly in total GMv, albeit to a decreased degree. There is also

evidence that progressive regional changes in GMv and WMv are

associated with cognitive decline in treated HIV participants. In a

study with 94% of participants treated with ART, impaired motor

function was associated with basal ganglia gray matter atrophy.55

A study with 100% ART-treated subjects demonstrated a correla-

tion between cortical thinning and reduced psychomotor speed.56

Another study of 100% ART-treated subjects revealed correla-

tions between decreased TBv and reduced motor function and

processing speed, and decreased thalamic volumes with reduced

motor function.18 Impaired executive function correlated with

decreased basal ganglia volumes in another study of treated sub-

jects with HIV.9 Regional structural effects may therefore poten-

tially serve as markers of fixed or progressive cognitive motor

impairment, but this possibility may be best explored using lon-

gitudinal designs.

Study Limitations
As with most meta-analyses, not all eligible studies were included

in this study due to inaccessibility of data. Publication bias result-

ing from the tendency not to publish negative results from small

imaging studies may also be a factor. There were many sources of

demographic variability among the included studies, such as par-

ticipants’ infection duration, treatment status, age, educational

level, and the presence of comorbidities that may also affect brain

structure. Finally, there were MR imaging acquisition parameter

differences across the included studies. Nevertheless, meta-re-

gression results did not suggest that these acquisition differences

contributed to serostatus effects on brain macrostructure.

CONCLUSIONS
Published studies indicate that regional brain atrophy results

from HIV infection, with serostatus effects often more pro-

nounced in neurologically impaired subjects. This study provides

a quantitative meta-analysis of neurostructural changes related to

serostatus in HIV-infected participants, with TBv, GMv, and

CSFv all showing reliable serostatus effects. While older studies in

our meta-analysis demonstrated larger effect sizes, smaller HIV-

related volume change was still seen in more recent studies in

which all or most participants received ART. HIV effects on brain

structure showed substantial between-study variation, which

likely resulted from changes in HIV treatment practice during the

study period. It remains unclear whether the persistent neuro-

structural effects of HIV infection are secondary to the following:

1) initial brain injury occurring before ART treatment; 2) subclin-

ical neuroinflammation persisting despite ART; 3) ART neuro-

toxicity; or 4) common HIV comorbidities. Longitudinal studies

of HIV-infected participants and meta-analysis approaches in-

corporating subject-level data are needed to pursue these possi-

bilities in more detail.
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ORIGINAL RESEARCH
ADULT BRAIN

Semiautomated Evaluation of the Primary Motor Cortex in
Patients with Amyotrophic Lateral Sclerosis at 3T

X G. Donatelli, X A. Retico, X E. Caldarazzo Ienco, X P. Cecchi, X M. Costagli, X D. Frosini, X L. Biagi, X M. Tosetti, X G. Siciliano, and
X M. Cosottini

ABSTRACT

BACKGROUND AND PURPOSE: Amyotrophic lateral sclerosis is a neurodegenerative disease involving the upper and lower motor
neurons. In amyotrophic lateral sclerosis, pathologic changes in the primary motor cortex include Betz cell depletion and the presence of
reactive iron-loaded microglia, detectable on 7T MR images as atrophy and T2*-hypointensity. Our purposes were the following: 1) to
investigate the signal hypointensity-to-thickness ratio of the primary motor cortex as a radiologic marker of upper motor neuron
involvement in amyotrophic lateral sclerosis with a semiautomated method at 3T, 2) to compare 3T and 7T results, and 3) to evaluate
whether semiautomated measurement outperforms visual image assessment.

MATERIALS AND METHODS: We investigated 27 patients and 13 healthy subjects at 3T, and 19 patients and 18 healthy subjects at 7T,
performing a high-resolution 3D multiecho T2*-weighted sequence targeting the primary motor cortex. The signal hypointensity-to-
thickness ratio of the primary motor cortex was calculated with a semiautomated method depicting signal intensity profiles of the cortex.
Images were also visually classified as “pathologic” or “nonpathologic” based on the primary motor cortex signal intensity and thickness.

RESULTS: The signal hypointensity-to-thickness ratio of the primary motor cortex was greater in patients than in controls (P � .001), and
it correlated with upper motor neuron impairment in patients (� � 0.57, P � .001). The diagnostic accuracy of the signal hypointensity-
to-thickness ratio was high at 3T (area under the curve � 0.89) and even higher at 7T (area under the curve � 0.94). The sensitivity of the
semiautomated method (0.81) outperformed the sensitivity of the visual assessment (0.56 – 0.63) at 3T.

CONCLUSIONS: The signal hypointensity-to-thickness ratio of the primary motor cortex calculated with a semiautomated method is
suggested as a radiologic marker of upper motor neuron burden in patients with amyotrophic lateral sclerosis. This semiautomated
method may be useful for improving the subjective radiologic evaluation of upper motor neuron pathology in patients suspected of
having amyotrophic lateral sclerosis.

ABBREVIATIONS: ALS � amyotrophic lateral sclerosis; HS � healthy subjects; M1 � primary motor cortex; ROC � receiver operating characteristic; SH/Thk �
signal hypointensity-to-thickness ratio; UMN � upper motor neuron

Amyotrophic lateral sclerosis (ALS) is a progressive and clini-

cally heterogeneous neurodegenerative disease involving

both upper and lower motor neurons,1,2 having different progno-

ses3 and, perhaps, different responses to possible therapies, even

in the experimental scenario. Different from the lower motor

neuron impairment that can be carefully investigated with elec-

trophysiologic tests,4 the evaluation of upper motor neuron

(UMN) burden is mainly clinical1,5 and is partially confounded

by signs related to lower motor neuron degeneration.4 Moreover,

at the time of the diagnosis, the UMN impairment can range

widely from faint to severe, and the variability in signs and symp-

toms at disease onset3 makes early diagnosis and correct pheno-

typic characterization of the disease difficult.

In ALS, the main pathologic changes in the primary motor
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cortex (M1) include the loss of Betz cells in the layer V6 and the

presence of reactive iron-loaded microglia,6,7 visible on MR im-

ages as cortical atrophy8-10 and T2* hypointensity,7 respectively.

In recent years, several conventional and nonconventional MR

imaging techniques have been used to look for a biomarker of

UMN impairment at both cortical and subcortical levels with

variable results, and quantitative measurements of cortical atro-

phy were performed at a group level.11 Despite such effort, a def-

inite and reliable marker of UMN degeneration is not yet avail-

able. As a result, while MR imaging of the brain is currently used

to exclude mimic pathology and the detection of the T2 hypoin-

tensity of M1 can support suspicion of ALS, the specific search for

this abnormality is not recommended for ALS diagnosis.12

The first attempt to move toward the radiologic diagnosis at

the single-subject level was recently performed with an ultra-

high-field MR imaging system (7T).13 Taking advantage of the

very high sensitivity of ultra-high-field strength to the magnetic

susceptibility of microglial ferritin, the authors localized patho-

logic cortical thinning and T2* hypointensity in the deep layers of

M1, and they were shown to significantly correlate with the clin-

ical UMN burden. In light of these results, the T2* hyopintensity

of M1 was suggested as a possible marker of neuroinflammation

and UMN impairment in patients with ALS rather than a marker

of the disease. Unfortunately, the T2* sensitivity to microglial

ferritin depends on the magnetic field strength, and M1 assess-

ment in patients with ALS can be a challenge in clinical practice

using MR imaging systems up to 1.5T also in patients with a severe

UMN impairment. On the contrary, 3T scanners may change the

radiologic approach to patients with pyramidal symptoms and

signs in motor neuron diseases. Therefore, our main aim was to

investigate the signal hypointensity-to-thickness ratio (SH/Thk)

of the deep layers of the M1 as a radiologic marker of UMN bur-

den in patients with ALS with a semiautomated method at 3T.

Secondary aims were to evaluate whether the results obtained

with a clinical scanner (3T) were comparable with those achieved

with a research scanner (7T) and whether the semiautomated

measurements improved the sensitivity of the visual radiologic

assessment.

MATERIALS AND METHODS
Patients with ALS and Healthy Subjects
Twenty-seven patients with ALS (18 men and 9 women; mean

age, 58 � 11 years) and 13 healthy subjects (HS; 6 men and 7

women; mean age, 56 � 15 years) underwent brain MR imaging

with a 3T system.

Nineteen patients with ALS (14 men and 5 women; mean age,

63 � 10 years), different from the patients with ALS investigated

at 3T, and 18 HS (9 men and 9 women; mean age, 56 � 13 years)

underwent brain MR imaging with a 7T system.

Five of the above-mentioned HS underwent both examina-

tions to compare the performance of the 3T and 7T systems in the

assessment of signal intensity and thickness of the deep layers of

M1.

All patients had a diagnosis of definite ALS according to the

revised El Escorial criteria1 and were consecutively enrolled by the

neurology unit of the University Hospital of Pisa. They were clin-

ically evaluated by an experienced neurologist on the day of en-

rollment, and the UMN impairment was quantified for each limb

using a clinical composite semiquantitative arbitrary score of

UMN burden (UMN score), according to that previously used by

Cosottini et al.13 For each patient, the total UMN score (range,

0 –33) and the UMN score of each limb (range, 0 – 8) were re-

corded; then, the average UMN score was calculated as the mean

of UMN scores of both arms and legs. Clinical and demographic

data of patients are reported in On-line Tables 1–3. Exclusion

criteria for enrollment were the presence of neurologic comor-

bidities. HS were enrolled from among relatives and spouses of

patients with ALS and radiology department staff; none had any

history of neurologic or psychiatric diseases.

All patients and controls gave their written informed consent

for the enrollment. This study was performed as part of the exper-

imental protocol called “Clinical Impact of Ultra-High-Field MRI

in Neurodegenerative Diseases Diagnosis,” RF-2009-1546281,

approved by Italian Ministry of Health and by the local ethics

committee. The project was founded by the Italian Ministry of

Health and cofunded by the Health Service of Tuscany.

MR Imaging Acquisition
The MR imaging protocol at both 3T and 7T included a 3D mul-

tiecho T2*-weighted sequence prescribed axially and covering the

brain from the vertex to the splenium of the corpus callosum.

MR imaging examinations at 3T were performed with a Dis-

covery MR 750 (GE Healthcare, Milwaukee, Wisconsin) scanner

equipped with an 8-channel head coil. Acquisition parameters of

the 3D multiecho T2*-weighted sequence were the following:

TR � 68.3 ms; TEs � 13, 18.6, 24.3, 29.9, 35.5, 41.2, 46.8, 52.4,

58.1, 63.7 ms; flip angle � 15°; NEX � 0.70; acquisition matrix �

448 � 384; FOV � 20 � 20 cm; spatial resolution of reconstructed

images � 0.39 � 0.39 � 1 mm3; scan duration � 4 minutes 22

seconds.

MR imaging examinations at 7T were performed with a Dis-

covery MR 950 scanner (GE Healthcare) equipped with a 2CH-

TX/32CH-RX head coil (Nova Medical, Wilmington, Massachu-

setts). Technical parameters of the 3D multiecho T2*-weighted

sequence were the following: TR � 54.1 ms; TEs � 5.6, 12, 18.3,

24.7, 31.1, 37.5, 43.9 ms; flip angle � 15°; NEX � 0.70; acquisition

matrix � 448 � 448; FOV � 22.4 � 22.4 cm; spatial resolution of

reconstructed images � 0.5 � 0.5 � 1 mm3; scan duration � 6

minutes 59 seconds.

Semiautomated Image Assessment
In each hemisphere of all subjects, the thickness and signal inten-

sity of the regions of M1 corresponding to Penfield areas of the

upper14 and lower15 limbs were assessed with an in-house-devel-

oped, semiautomated tool for image processing. Given the wide

cortical extension of the upper and lower limb motor areas, to

increase the reliability of the ROI position among subjects, we

selected 2 smaller M1 subregions for the ROI positioning; thus,

ROIs of the upper limbs were positioned in the hand knob,

whereas ROIs of the lower limbs were positioned in the most

cranial and lateral part of the paracentral lobule. In each set of

images, a neuroradiologist blinded to the clinical diagnosis iden-

tified the sections that best represented each M1 target region and

an additional section including the splenium of the corpus callo-
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sum, which served to obtain 1 region of reference for the M1

signal intensity measures.16 The interactive image-processing

tools were run according to the steps described in detail in On-line

Fig 1. The observer is prompted to draw a polygonal ROI (not �5

mm2) in the splenium of the corpus callosum, whose average

intensity was retained to normalize the intensity values of the

cortex ROIs. For each M1 target region, the observer manually

draws the profile of the interface between the M1 and the neigh-

boring subarachnoid space, which is interpolated by the software

with a spline function to make it smoother. The directions normal

to the spline are computed, and the trend of the signal intensity

(y-axis) is reported as the function of the distance along the nor-

mal direction to the cortex (x-axis) in physical units (millimeter).

The signal intensity profiles are then averaged and the absolute

value is considered. A baseline intensity value corresponding to

the average signal intensity of the subcortical white matter, com-

puted in a region chosen by the observer, is then subtracted. The

hypointensity profile is then fitted with a double sigmoid function

F that can be expressed as the difference between 2 sigmoid func-

tion as follows: F(x; a, b1, b2, c1, c2) � a [f1(x; b1, c1) � f2(x; b2, c2)],

where f(x; b, c) � 1/{1 � e^[�b (x � c)]}. The thickness and the

height of the final intensity profile, which was normalized with

respect to the signal intensity of the splenium of the corpus callo-

sum, are recorded as measures of the mean thickness and signal

hypointensity of M1 deep layers, respectively. In particular, the

depth of the curve and the width at 25% of the height are taken as

measures of signal hypointensity and thickness of the deep layers

of the M1, respectively.

The semiautomated tool for image processing was imple-

mented in Matlab (MathWorks, Natick, Massachusetts) and runs

on different operating systems (Windows, MacOS, Linux). It

receives input MR images in the NIfTI or Analyze (Analyze-

Direct, Overland Park, Kansas) file format and returns the

measures of the cortex hypointensity and thickness as well as

several graphic representations of intermediate steps of the

interactive image processing.

For each target region of every subject, the SH/Thk was calcu-

lated to put together and maximize the contribution of both pa-

rameters in the morphometric assessment of the cortex. In the

comparison between patients and HS and in the computation of

the receiver operating characteristic (ROC) curve, we included in

the analysis all data of all HS and, for each patient, only the great-

est SH/Thk value recorded between the 2 hemispheres. The choice

of selecting only 1 measure for each patient was based on the

possible asymmetry in the pathologic involvement of the M1.17-19

On the contrary, all measures of all patients were used in assessing

the correlation between the SH/Thk of the M1 subregions and the

UMN scores of the corresponding limbs.

Visual Image Assessment
All images were randomly evaluated by 2 neuroradiologists (M.

Cosottini and G.D., with 26 and 7 years of experience, respec-

tively) blinded to the clinical diagnosis. The observers were asked

to visually evaluate each series of images on the basis of the signal

intensity and thickness of the deep layers of M1 compared with

those of neighboring cortices. Images were labeled as “nonpatho-

logic” if M1 deep layers were judged to be similar to those of other

cortices or “pathologic” if they were markedly more hypointense

and thin.13 After 1 month from the first reading, the same neuro-

radiologists were asked to again assess the whole set of images.

Statistical Analysis
Quantitative and semiquantitative data were analyzed using non-

parametric statistical tests with the significance level set to .05. In

more detail, 3T and 7T data concerning HS who underwent both

MR imaging examinations were compared using the Wilcoxon

test. The SH/Thk comparison between patients with ALS and HS

was performed using the Friedman test, whereas all other inter-

group comparisons were investigated using the Mann-Whitney U

test. Relationships between variables were investigated with the

Spearman rank test, and ROC analysis was used as a binary clas-

sifier system to evaluate the performance of the SH/Thk in distin-

guishing patients from HS.

Using the clinical diagnosis as the criterion standard, we cal-

culated the sensitivity, specificity, positive predictive value, nega-

tive predictive value, and diagnostic accuracy of the visual assess-

ment of images for both reading sessions of both observers (for

each reader, data shown in the “Results” section refer to the read-

ing session with the best diagnostic accuracy). The Cohen � sta-

tistic was used to calculate intra- and interrater reliability.

RESULTS
Epidemiologic and Clinical Data Analysis
The age of patients was not significantly different from that of HS

at both 7T and 3T (P � .12 and P � .64, respectively). Total UMN

scores and mean UMN scores did not significantly differ between

patients investigated at 3T and patients assessed at 7T (P � .87 and

P � .86, respectively).

Semiautomated Image Assessment

SH/Thk of the Primary Motor Cortex.
3T. SH/Thk was significantly higher in patients than in HS

(mean, 0.11 � 0.09; 95% CI, 0.07– 0.14 for patients; and mean,

0.03 � 0.02; 95% CI, 0.02– 0.03 for HS; P � .001) (Fig 1A).

7T. SH/Thk was significantly higher in patients than in HS

(mean, 0.25 � 0.12; 95% CI, 0.20 – 0.31 for patients; and mean,

0.08 � 0.04; 95% CI, 0.07– 0.09 for HS; P � .001) (Fig 1B).

FIG 1. Boxplot of the SH/Thk measured in the deep layers of the
primary motor cortex in healthy subjects and patients with ALS at 3T
(A) and 7T (B). At both magnetic fields, the ratio is significantly greater
in patients than in subjects (P � .001).
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In the subgroup of HS who underwent MR imaging at both 3T

and 7T, the SH/Thk of the deep layers of the M1 was significantly

(P � .001) higher at 7T than at 3T.

Correlation of the SH/Thk with UMN Score.
3T. In patients with ALS, the SH/Thk of the deep layers of M1

significantly correlated with the UMN score of the corresponding

limbs (� � 0.57, P � .001; 95% CI, 0.42– 0.69) (Fig 2A).

7T. In patients with ALS, the SH/Thk measured in the M1 deep

layers showed a significant correlation with the UMN score of

the corresponding limbs (� � 0.57, P � .001; 95% CI, 0.39 –

0.71) (Fig 2B).

The measures of signal intensity and thickness of M1 subre-

gions of HS overlapped those recorded in cortical subregions of

patients corresponding to limbs with UMN scores of up to 3. On

the contrary, the dataset of HS was more clearly distinguishable

from that concerning cortical subregions of patients correspond-

ing to limbs with UMN scores of �3. This observation was seen

with both 3T and 7T data (On-line Figs 2 and 3).

Diagnostic Performance of SH/Thk.
3T. ROC analysis of 3T data showed a good accuracy (area under the

curve � 0.89) in differentiating pathologic from nonpathologic data,

with a sensitivity of 0.81 and a specificity of 0.84 (Fig 3A).

7T. ROC analysis of 7T data showed an excellent accuracy (area

under the curve � 0.94) as binary classifiers of data as pathologic

or nonpathologic, with a sensitivity of 0.89 and a specificity of 0.86

(Fig 3B).

Visual Image Assessment

3T. Sensitivity, specificity, and diagnostic accuracy were, respec-

tively, 0.56, 0.92, and 0.68 for the first reader and 0.63, 0.85, and

0.70 for the second reader (Table). The intrarater agreement was

good for the first reader and very good for the second reader (0.74

and 0.85, respectively), and the interrater agreement was good for

both reading sessions (0.80 and 0.70). The mean values of the total

UMN scores of patients correctly diagnosed and patients misdi-

agnosed were, respectively, 11 and 5 for the first reader and 12 and

3 for the second reader.

7T. Sensitivity, specificity, and diagnostic accuracy were, respec-

tively, 0.68, 0.89, and 0.78 for the first reader and 0.63, 1.00, and

0.81 for the second reader (Table). The intrarater agreement was

very good for both readers (0.83 and 0.81), and the interrater

agreement was good for both reading sessions (0.65 and 0.77).

The mean values of the total UMN scores of patients correctly

diagnosed and patients misdiagnosed were, respectively, 13 and 2

for the first reader and 13 and 4 for the second reader.

DISCUSSION
SH/Thk Changes in Patients with ALS and Correlation
with Clinical UMN Impairment
The magnetic susceptibility of the deep layers of the M1, revealed

by 3D multiecho T2*-weighted images and related to cortical con-

tent of nonheme iron,7,16,20 can be used to assess both their signal

intensity and thickness. The distinction between the superficial

and deep layers of the M1 is also often detectable on 3T images of

patients and HS (On-line Fig 1 and Fig 4) and depends on the

amount of myelinated fibers, deep layers being more myelinated

than superficial ones. The gray-white matter junction in the M1 is

sometimes hardly distinguishable in HS and in patients with mild

UMN impairment because of the heavily myelinated deep layers

of M1.13 On the contrary, in patients with ALS with moderate-to-

severe UMN impairment, the deep layers of the M1 appear mark-

FIG 2. Correlation between the SH/Thk measured in the deep layers
of the primary motor cortex of patients with ALS (hand knob and
paracentral lobule of both hemispheres) and the UMN scores of the
corresponding limbs. Correlations are moderate and significant at
both 3T and 7T (� � 0.57, P � .001).

FIG 3. ROC curves elaborated with 3T (A) and 7T (B) data pool. The
curves show, respectively, a good and an excellent accuracy to dis-
criminate pathologic and nonpathologic values of SH/Thk.

Results of visual assessment of 3T and 7T images
3T 7T

First Reader Second Reader First Reader Second Reader

First
Reading

Second
Reading

First
Reading

Second
Reading

First
Reading

Second
Reading

First
Reading

Second
Reading

Sensitivity 0.52 0.56 0.63 0.59 0.63 0.68 0.63 0.58
Specificity 0.92 0.92 0.85 0.85 0.89 0.89 1.00 1.00
Positive predictive value 0.93 0.94 0.89 0.89 0.86 0.87 1.00 1.00
Negative predictive value 0.48 0.50 0.52 0.50 0.70 0.73 0.72 0.69
Diagnostic accuracy 0.65 0.68 0.70 0.68 0.76 0.78 0.81 0.78
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edly more hypointense than the underlying white matter (On-line

Fig 1 and Fig 4).

When we used such cortical features in the semiautomated

analysis, the SH/Thk was significantly higher in patients than in

HS. This finding confirmed its usefulness in the correct assess-

ment of M1 morphology at the group level. However, as shown in

Fig 1, SH/Thk values were more scattered in patients than in HS,

and there was a partial overlap between the 2 groups. Such distri-

bution of patient data was most likely due to the nonuniform

UMN burden among patients. In fact, as shown in On-line Fig 3,

a greater UMN score corresponded to a greater ability to distin-

guish patients from HS, mainly for UMN scores of �3. From a

clinical point of view, in the group of patients with ALS, there was

a significant positive correlation between the SH/Thk of the deep

layers of M1 and the UMN score of the corresponding limbs: the

greater the SH/Thk, the greater the clinical limb impairment. In

other words, the cortical hypointensity ranged from being very

pronounced to being seemingly indistinguishable from that of an

unaffected cortex in patients with severe or light UMN impair-

ment, respectively.

The hypothesis of a direct link between the location of cortical

atrophy within the motor homunculus and clinical signs of UMN

impairment was proposed �20 years ago on the basis of patho-

logic studies,17 but until now, only a few MR imaging studies

investigated such a correlation using scores of functional disabil-

ity9,10,21 or UMN impairment.13 Our results agree with previous

findings at ultra-high-field MR imaging13 and confirm the link

between the degree of focal cortical atrophy and hypointensity in

the motor homunculus and the degree of signs of UMN degener-

ation in the corresponding limbs. Such results explain why neu-

roradiologists can correctly diagnose patients with ALS with

moderate-to-severe UMN impairment, whereas patients with low

or very low UMN burden are misdiagnosed. Moreover, the pat-

tern of T2* hypointensity can be different among patients. In fact,

according to the UMN burden, the extension of M1 signal hy-

pointensity ranges from being localized to a small region of the

M1 to bilaterally involving its full length, from the interhemi-

spheric fissure to the lateral sulcus.

The marked T2* hypointensity of the deep layers of M1 in

some patients with ALS compared with HS was demonstrated to

be the expression of the greater magnetic susceptibility related to

the abundant intracortical deposition of iron in the form of mi-

croglial ferritin.7,16 With the magnetic susceptibility having a pos-

itive and strict dependence on the magnetic field strength, T2*

sensitivity to paramagnetic substances is lower at 3T than at 7T, as

demonstrated in the subgroup of HS who underwent MR imaging

examinations at both magnetic fields, thus reducing the ability to

detect small collections of intracortical ferritin in patients with

ALS with moderate-to-low UMN impairment. Such findings ex-

plain why the sensitivity, negative predictive value, and diagnostic

accuracy in the visual imaging assessment were lower at 3T than at

7T. In line with this result, the performance of ROC analysis was

also slightly better at 7T than at 3T. However, the accuracy in

distinguishing pathologic and nonpathologic images using the

semiautomated method was also high at 3T.

ROC data can be used in the assessment of subjects referred

from neurologists with suspected motor neuron disease. In this

scenario, the choice of a cutoff that improves sensitivity though

affecting specificity can result in a more accurate M1 evaluation of

patients. In fact, in our population, the use of the semiautomated

method showed an increased sensitivity in evaluating M1 mor-

phologic changes compared with visual imaging assessment.

Therefore, besides visual image evaluation, after data collection

from healthy subjects and the definition of a cutoff value, the use

of the SH/Thk in clinical practice can contribute to the radiologic

evaluation of images, mainly in patients with mild UMN burden,

confirming morphologic changes that are only slightly visible on

visual inspection. More interesting prospects are to increase the

sensitivity of neuroimages in the detection of UMN pathology,

allowing the identification of very small M1 changes and reducing

the false-negative rate, and to estimate the UMN burden, thus

supporting the clinical evaluation of patients and contributing to

their phenotypical classification. To further support this hypoth-

esis, one could confirm, in a larger sample, that the UMN score of

patients correctly classified at visual assessment is higher than that

of patients in whom visual and semiautomated assessments dis-

agree in the classification of images.

One should note the following aspects of the present study.

First, different from studies investigating cortical thickness, which

assessed the cortex in a full-thickness fashion,8-10 here we evalu-

ated only the deep layers of M1, known to be the location of

pathologic changes. Second, contrary to cortical thickness and

FIG 4. The signal profile of the M1 containing the intensity and thickness information is shown for the left knob of a patient with ALS (A) and
the right knob of a healthy subject (B), where the deep layers of the cortex are clearly visible.
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voxel-based morphometry studies,8-10,18,19 after having collected

some data from HS, the presented method could be applied not

only at the group level but also at the single-subject level to esti-

mate the UMN burden in each patient with pyramidal signs and

symptoms. Third, until now, MR imaging studies investigated,

individually, cortical atrophy8-10,18,19 or hypointensity.7,22 To the

best of our knowledge, this is the first study assessing the combi-

nation of both parameters, thus improving the radiologic evalu-

ation of M1. Compared with the assessment of a single parameter

(SH or Thk), the use of the SH/Thk gives us 3 main advantages: 1)

to assess simultaneously 2 different radiologic features related to

the cortical neurodegeneration; 2) to find a radiologic tool that

correlates with clinical UMN impairment; and 3) to reduce the

false-positive ratio related to the increase in T2* hypointensity of

M1 in the elderly. Furthermore, because the SH/Thk is semi-

quantitative data measured in each single subject, it could be

used for the phenotypic stratification of UMN involvement in

longitudinal studies aiming at investigating the spread of cor-

tical changes across time2 or the efficacy of neuronal and non-

neuronal therapies.

Methodologic Considerations
T2* signal features within the cortex allow distinguishing super-

ficial and deep layers, thus measuring only the thickness of M1

deep layers, where the atrophy seems to be localized. By con-

trast, sequences commonly used for cortical thickness mea-

surements, such as inversion recovery T1-weighted sequences,

provide better gray-white matter contrast but are used only for

full-thickness cortical measurements and do not allow more

targeted measurements.

For evaluation of cortical thinning and signal hypointensity of

the deep layers of the primary motor cortex at 7T, 2D gradient

recalled sequences with high in-plane resolution have previously

been used.13 However, in clinical settings on high-field MR imag-

ing systems (3T), 2D gradient recalled-echo sequences are not as

efficient as 3D multiecho T2*-weighted techniques, which were

proved to be the most sensitive in the detection of the low signal

intensity in the precentral cortex of patients with ALS, due to the

higher sensitivity of multiecho T2*-weighted imaging to iron in

the form of ferritin23; hence, their use was preferred in this study.

The sequence used in this study has often been used in the

assessment of brain iron deposits24,25; however, it has recently

been demonstrated that techniques that rely on the signal

phase, namely quantitative susceptibility mapping, are more

accurate than transverse relaxation times in terms of iron

quantification.26,27 Nevertheless, the production of suscepti-

bility maps requires particular acquisition settings: in most

quantitative susceptibility mapping implementations such as

ours, the MR imaging system is programmed to provide the

complex MR imaging data divided into real and imaginary

parts, which are of no radiologic use. In fact, quantitative sus-

ceptibility mapping requires additional scan time in addition

to the conventional 3D T2* multiecho sequence that is in-

cluded in the clinical protocol. Quantitative susceptibility

mapping also requires time-consuming postprocessing.

A limitation of this study was that patients with ALS investi-

gated at 3T and 7T were not the same; hence, a direct comparison

of the diagnostic accuracies obtained with the systems working at

different magnetic field strengths would be unfair. However, on

the basis of the absence of significant differences in total and mean

UMN scores between the 2 groups of patients and on the signifi-

cant correlation of signal intensity and thickness with UMN

scores,13 we could hypothesize that MR imaging morphologic

changes of M1 are comparable between groups, and a cautious

comparison of MR diagnostic accuracy between different mag-

netic fields could be made. A further limitation is the number of

subjects enrolled. Considering that ALS is a rare disease, the pop-

ulation we investigated is quite large, but the potential clinical

applications described above need to be tested on a larger group of

subjects or, at least, on a different cohort of patients to confirm the

feasibility and reproducibility of results.

CONCLUSIONS
The SH/Thk of the deep layers of the M1 measured with a semi-

automated method at 3T seems to be a radiologic marker of upper

motor neuron burden in patients with ALS, though with less ac-

curacy than at 7T.

Despite the heterogeneous magnitude of the UMN burden of

patients, the combination of visual imaging assessment and the

use of a semiautomated algorithm able to assess both thickness

and T2* hypointensity of the deep layers of M1 could increase the

sensitivity in evaluating images of patients referred with suspected

motor neuron disease.
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ORIGINAL RESEARCH
ADULT BRAIN

Perivascular Spaces in Old Age: Assessment, Distribution, and
Correlation with White Matter Hyperintensities

X A. Laveskog, X R. Wang, X L. Bronge, X L.-O. Wahlund, and X C. Qiu

ABSTRACT

BACKGROUND AND PURPOSE: The visual rating scales for perivascular spaces vary considerably. We sought to develop a new scale for visual
assessment of perivascular spaces and to further describe their distribution and association with white matter hyperintensities in old age.

MATERIALS AND METHODS: This population-based study included 530 individuals who did not have dementia and were not institution-
alized (age, �60 years or older; mean age, 70.7 years; 58.9% women) who were living in central Stockholm, Sweden. A semiquantitative
visual rating scale was developed to score the number and size of visible perivascular spaces in 7 brain regions in each hemisphere. A
modified Scheltens visual rating scale was used to assess white matter hyperintensities.

RESULTS: The global scores for perivascular spaces ranged from 4 –32 for number, 3–22 for size, and 7–54 for the combination of number
and size. The weighted � statistics for the intra- and interrater reliability both were 0.77. The global score for the number of perivascular
spaces increased with advancing age (P � .001). The scores for the number of perivascular spaces in the basal ganglia and subinsular regions
were significantly correlated with the load of white matter hyperintensities, especially in lobar and deep white matter regions (partial
correlation coefficients, �0.223; P � .01).

CONCLUSIONS: The new visual rating scale for perivascular spaces shows excellent intra- and interrater reliability. The number of
perivascular spaces globally and, especially, in the basal ganglia, is correlated with the load of lobar and deep white matter hyperintensities,
supporting the view that perivascular spaces are a marker for cerebral small-vessel disease.

ABBREVIATIONS: ICD � International Classification of Diseases; PVH � periventricular hyperintensities; PVS � perivascular spaces; SNAC-K � Swedish National
study on Aging and Care in Kungsholmen; STRIVE � STandards for Reporting Vascular changes on nEuroimaging; WMH � white matter hyperintensities

The perivascular spaces (PVS) are subpial virtual spaces be-

tween the adventitia of the vessel and the basal membrane of

the glia limitans, involved in the lymphatic drainage of the

brain.1,2 PVS are now easily identifiable in vivo, owing to im-

proved MR imaging techniques.3 Since the late 1980s, different

rating scales have been developed for the evaluation of PVS, de-

pending on the purpose of the study.4-9 However, very few scales

have simultaneously taken the number, size, and location of PVS

into consideration. This is important because it remains unclear

whether the number or the size of PVS is clinically relevant. Also,

PVS in various anatomic regions of the brain may differ in risk

factors, neuropathologies, and functional consequences.10,11

Thus, STandards for Reporting Vascular changes on nEuroimag-

ing (STRIVE) have proposed to evaluate the number, size (max-

imum diameter), and anatomic location of PVS.12

PVS are common among elderly adults. Indeed, PVS are cor-

related with increasing age,4,9,13 though some earlier studies have

shown equal distribution of PVS through a range of ages.14,15 In

addition, a sex difference in the distribution of PVS in the basal
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ganglia has been reported, with men having more PVS than

women.11,13,16 The most common etiologies proposed for the

widening of the originally virtual PVS to become visible on MR

imaging are hypertension13,17 and amyloid deposition, at least in

patients with Alzheimer disease.18 Some studies have suggested

that PVS are associated with cognitive decline and dementia.6,13

In the past decade, studying PVS as an imaging marker for

cerebral small-vessel disease represents one of the research fron-

tiers in brain aging.8 Some studies have reported that PVS are

correlated with the load of both white matter hyperintensities

(WMH) and periventricular hyperintensities (PVH) independent

of age and vascular risk factors,19 suggesting that PVS may be an

imaging marker for cerebral small-vessel disease. However, it has

been unclear whether PVS in various anatomic regions are differen-

tially associated with global and regional WMH because PVS in dif-

ferent regions may have different origins and etiopathologies.10

Here we present data from a population-based MR imaging

study within the Swedish National study on Aging and Care in

Kungsholmen (SNAC-K) in central Stockholm, Sweden.20

Within this study, we have the unique opportunity to describe a

new visual rating scale for PVS by considering the number, size,

and location of PVS. Furthermore, we sought to investigate the

age- and sex-specific distribution of PVS in older individuals and

to explore whether global and regional PVS are associated with

the load of global and regional WMH.

MATERIALS AND METHODS
Study Participants
Participants were derived from the SNAC-K study, a multidisci-

plinary study of aging and health, as fully reported elsewhere.20

Briefly, the SNAC-K study included 4 younger cohorts with

6-year intervals (60, 66, 72, and 78 years of age) and 7 older co-

horts with 3-year intervals (81, 84, 87, 90, 93, 96, and 99 and older

years of age). Of all 4590 persons who were eligible to participate

in SNAC-K, 3363 (73.3%) were eventually examined at baseline

(March 2001 to June 2004). From September 2001 to October

2003, five hundred fifty-five SNAC-K participants who were not

institutionalized or disabled and who did not have dementia also

underwent brain MR imaging examinations.20 Of these, 2 persons

did not complete the entire examination owing to claustrophobia,

4 had suboptimal MR imaging because of motion artifacts, 2 were

excluded because of large meningiomas, and images for 17 per-

sons were lost due to technical problems. Therefore, 530 subjects

were included in this study. All the participants had a Mini-Men-

tal State Examination score of �21 (mean score, 29). Fifteen brain

regions in 6 subjects were impossible to assess because of large

infarcts. Therefore, these regions, but not other regions in these

subjects, were excluded from our analysis.

SNAC-K was approved by the regional ethics review board

in Stockholm, Sweden. Written informed consent was collected

from all participants in the SNAC-K MR imaging sample.

MR Imaging Acquisition
All participants were scanned on an Intera 1.5T system (Philips

Healthcare, Best, the Netherlands). For the visual assessment of

PVS, a T1-weighted sequence (MPRAGE; TR, 15 ms; TE, 7 ms;

flip angle, 15°) consisting of one hundred fifty 1.5-mm axial se-

quential images without angulation; a FLAIR sequence (TR, 6000

ms; TI, 1900 ms; TE, 100 ms; echo-train length, 21; flip angle 90°)

of twenty 5-mm sequential images, with a gap of 1 mm, angled to

the subcallosal line; and a proton-density/T2-weighted sequence

(TR, 3995 ms; TE, 18/90 ms; echo-train length, 6; flip angle, 90°)

of sixty 3-mm sequential images without a gap or angulation were

used. All images were reviewed on a clinical PACS system.

Visual Assessment of PVS
We constructed a visual rating scale while considering the num-

ber, size, and location of PVS. The assessment was performed

separately for each hemisphere, and the different locations of the

brain were chosen on the basis of the regions used in earlier stud-

ies.6,7,21 In each region of both hemispheres, the number and

maximum diameter of PVS were scored and recorded separately.

The scores for both the number and size were then summed up to

obtain a global semiquantitative measurement of visible PVS,

with a maximum score of 84.

The brain regions scored were the cerebellum, mesencephalon

(including the upper part of pons), hippocampus, subinsular ter-

ritory (external capsule, claustrum, and extreme capsule), basal

ganglia (medial to external capsule, including the thalamus and

internal capsule), frontal lobe, and parieto-occipital lobe. Visible

PVS in each region were counted and then scored as 0 (no visible

PVS), 1 (1–5 PVS), 2 (6 –10 PVS), or 3 (�10 PVS) (Fig 1 and

FIG 1. Sample images of grades 0 –3 for the number of perivascular spaces bilaterally in the basal ganglia medial to the external capsule. The
images indicate grade 0 (A), grade 1 (B), grade 2 (C), and grade 3 (D) in the basal ganglia. Note that the perivascular spaces contributing to the score
might be in another level and thus not visible in the sample images.
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On-line Table 1). When we measured the diameter of obliquely

imaged PVS, the smallest diameter of each periventricular space

was used. The maximum diameter of PVS was scored as 0 (no

visible PVS), 1 (1–2 mm), 2 (3– 4 mm), and 3 (�4 mm). All

images were assessed by an experienced clinical neuroradiologist

(A.L.). Six months after the initial reading, MR images of 20 ran-

domly selected subjects were re-evaluated for PVS, which yielded

a weighted � statistic of 0.77 (intrarater reliability). In addition,

MR images of 18 subjects were evaluated for PVS by an experi-

enced general radiologist (L.B.); this evaluation yielded a

weighted � statistic of 0.77 (interrater reliability).

We used the T1-weighted 3D volume images to count the total

number of PVS in the basal ganglia and subinsular region and

followed them through the sections, which facilitated separating

PVS from lacunes and choroidal fissure cysts and avoided count-

ing the same space twice. With T1, instead of T2, images for the

basal ganglia also diminished the disturbance from WMH com-

mon in this region that might be confused with PVS. The PVS in

the frontal and parietal lobes were more easily assessed on the

axial T2 images as well as hippocampal sulcus remnants and PVS

in cerebellum and mesencephalon (Fig 2). The FLAIR images

were used to distinguish PVS from lacunes. The changes were

considered to constitute lacunes if they were surrounded by a high

signal on FLAIR images or if they did not have a rounded elon-

gated shape. However, because the scale is based on counting the

number and measuring the diameters of PVS, different sequences

with thin sections might be used.

Visual Assessment of WMH and PVH
WMH were defined as hyperintense signal on FLAIR images. The

load of WMH was rated using a modified Scheltens rating scale

(On-line Table 2).22 The rating scale is the same as the original

Scheltens scale, but the regionalization is different. First, we rated

the 2 hemispheres separately. Second, due to very few white matter

changes in the thalami and the cognitive importance of the external

capsule, the basal ganglia and thalami were divided into sub-

insular region (external capsule, claustrum, and extreme cap-

sule) and basal ganglia (medial to external capsule, including

the thalamus and internal capsule). Hyperintense changes in

the basal ganglia and thalami were included in the WMH, as

previously suggested.23 Finally, we combined the parietal and

occipital lobes into 1 region due to the low number of WMH in

the occipital lobe. PVH were rated according to the original

Scheltens scale.22

All assessments of WMH were completed by a clinical neuro-

radiologist (A.L.) without knowledge of subjects’ clinical charac-

teristics. The intrarater reliability for WMH was good, with the

weighted � statistic of 0.67.

Assessment of Cardiovascular Health
Data on demographics (eg, age, sex, and education) and cardiovas-

cular risk factors and disorders were collected through face-to-face

interviews, clinical examinations, laboratory tests, and patient regis-

ters.20 Hypertension was defined as arterial blood pressure of

�140/90 mm Hg or current use of antihypertensive agents. Obesity

was defined as a body mass index of �30 kg/m2. High total choles-

terol was defined as a total serum cholesterol of �6.22 mmol/L or use

of cholesterol-lowing agents. Diabetes was defined as having a self-

reported history of diabetes, a record of diabetes in the patient regis-

ter, use of hypoglycemic agents, or an HbA1c of �5.4%.

A history of heart disease was ascertained according to medical

records in the Stockholm patient register. We included coronary

heart disease (International Classification of Diseases, Ninth Re-

vision [ICD-9] codes 410 – 414; ICD-10 codes I20-I25); heart fail-

ure (ICD-9 code 428 and ICD-10 code I50); and atrial fibrillation

(ICD-9 code 427.8 and ICD-10 code I48).

Statistical Analysis
Demographic characteristics of study participants by sex were

compared using the t test for continuous variables and the �2 test

for categoric variables. We used a scatterplot to show the distri-

bution of global PVS scores by age, and the correlations of PVS

scores with age were explored with the general linear regression

model. To demonstrate the distribution of the regional PVS load,

we presented the number and proportion of subjects according to

the scores of PVS in each brain region for both hemispheres. Par-

tial correlation was used to investigate the correlation between

PVS scores and WMH scores globally and by regions, controlling

for age, sex, and education. STATA, Version 12.0 for Windows

(StataCorp, College Station, Texas) was used for all analyses.

FIG 2. Sample images of PVS with different grades. A and B, Grade 3 in number and grade 1 in size of PVS in the subinsular, basal ganglia, frontal,
and parietal regions. There are �10 PVS in each region, but none of the PVS are wider than 2 mm. In the basal ganglia, PVS are seen as dots (oval)
because the image is acquired cross-sectional to the vessels (A, axial T1), while PVS are linear in the frontal and parietal lobe (arrows), where the
vessels are in a plane with the image (B, axial T2). C, Grade 3 in number and grade 1 in size in the left hippocampus (oval, axial T2). PVS in the
hippocampus are really hippocampal sulcus remnants, which can be clearly seen in D (arrow, coronal T1).
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RESULTS
Characteristics of Study Participants
Table 1 shows the demographic and clinical characteristics of the

530 participants by sex. The mean age of the sample was 70.7 �

9.1 years, and 58.9% were women. Men were more likely than

women to have a higher level of education (P � .01), diabetes

(P � .01), and coronary heart disease (P � .02). There were no

significant sex differences in the mean age, prevalence of hy-

pertension, high total cholesterol, obesity, atrial fibrillation,

and heart failure or in the severity of WMH and PVH (P � .10)

(Table 1).

Distribution of Global PVS
The means of the global score for the number of PVS were 18.7 �

5.2 (range, 4 –32); 10.7 � 2.6 for the size of PVS (range, 3–22); and

29.3 � 7.4 for combining the number and size of PVS (range,

7–54). The PVS total score shows approximately normal distribu-

tion (On-line Figure). Large PVS (�4 mm) were detected in only

6 individuals (1.1%) of all the 530 participants or in 29 regions

(0.4%) of a total number of 7405 brain regions (each person hav-

ing 7 regions in each hemisphere).

The global score for the combination of both the number and

size of PVS increased with advancing age (� coefficient � 0.218,

P � .01) as did the global score for the number of PVS (� coeffi-

cient � 0.162, P � .01). The global score for PVS size did not vary

substantially with age, though the correlation was statistically sig-

nificant (� coefficient � 0.057, P � .01) (Fig 3). There was no

significant sex difference in the distribution of global scores for

either the number or size of PVS.

Distribution Patterns of Regional PVS
Around 60% of the subjects showed �10 PVS in the frontal and

parieto-occipital lobes; �45% showed 6 –10 PVS in the basal gan-

glia; �50% showed 1–5 PVS in the sub-

insular, hippocampus, or mesencepha-

lon regions; and �85% of the subjects

did not have any PVS in the cerebellum

region (Table 2).

For distribution of regional PVS by

size, �80% of the subjects had a PVS size

of 1–2 mm in the frontal lobe, parieto-

occipital lobe, or basal ganglia. The most

common region for having PVS of �3

mm was the basal ganglia (�15% in

both hemispheres). The distribution of

PVS by both number and size appeared

to be symmetric in both hemispheres.

Correlation between WMH and PVS
After we controlled for demographics,

the global scores for the number, size,

and both the number and size of PVS

were all positively correlated with the

WMH score in lobar and deep white

matter areas (P � .05 or P � .01),

whereas there was no significant corre-

lation between global PVS and PVH

scores (Table 3).

Higher scores for the number of PVS in the basal ganglia and

subinsular areas were significantly associated with a higher global

WMH score and a higher WMH score in the lobar, deep, and

periventricular areas. Furthermore, a higher score for the number

or size of PVS in the hippocampus was significantly associated

with higher WMH scores in lobar areas. Finally, PVS scores in the

frontal lobe, parieto-occipital lobe, mesencephalon, and cerebel-

lum were largely not correlated with WMH scores.

DISCUSSION
In this population-based study of older adults, we have developed

a new rating scale for visual assessment of PVS, considering the

number, size, and location, which meets the requirements of

STRIVE, the neuroimaging standards for research into cerebral

small-vessel disease.12 With this scale, we show evidence that PVS

are an imaging marker for cerebral small-vessel disease and that

the number, rather than the size, might be a more important

measure for PVS. In addition, using this scale, we will be able to

investigate different risk factors for and functional consequences

of PVS by various brain areas.

When we started studying PVS, there were several scales for

visual assessment available, even though few scales have been used

in �1 study, probably because most of these scales had great ben-

efits, but also drawbacks. Most of the previous scales were only

concerned with the PVS number and used a fixed diameter of 224

or 3 mm19 to separate PVS from lacunes, even though PVS can

sometimes grow very large.25 For instance, one scale measured the

mean diameters of all PVS in 1 axial section at the level of the cella

media of the lateral ventricles, which means that the scale mainly

evaluated the frontal and parietal white matter.5 This scale left out

the basal ganglia, where many PVS are located. In another scale,

the PVS both along the lenticulostriate arteries (in the basal gan-

Table 1: Demographic and clinical characteristics of study participants by sex
Characteristics Total Sample Men Women P Valuea

No. of subjects 530 218 312
Age (yr) (No.) (%)

60 141 (26.6) 66 (30.3) 75 (24.0)
66 123 (23.2) 51 (23.4) 72 (23.1)
72 84 (15.8) 30 (13.8) 54 (17.3)
78 73 (13.8) 29 (13.3) 44 (14.1)
81 49 (9.2) 18 (8.3) 31 (9.9)
84 26 (4.9) 9 (4.1) 17 (5.4)
87 18 (3.4) 9 (4.1) 9 (2.9)
90 or older 16 (3.0) 6 (2.8) 10 (3.2) .72

Age (yr), mean (SD) 70.7 (9.1) 70.1 (9.2) 71.1 (9.0) .20
Education (No.) (%)

Primary school 67 (12.6) 26 (11.9) 41 (13.1)
Middle school 246 (46.4) 78 (35.8) 168 (53.8)
University 217 (40.9) 114 (52.3) 103 (33.0) �.01

Hypertension (No.) (%) 383 (72.3) 165 (75.7) 218 (69.9) .14
Diabetes (No.) (%) 41 (7.7) 25 (11.5) 16 (5.1) �.01
High cholesterol (No.) (%) 295 (56.4) 118 (55.7) 177 (56.9) .78
Obesity (No.) (%) 72 (13.6) 30 (13.8) 42 (13.5) .93
Atrial fibrillation (No.) (%) 11 (2.1) 7 (3.2) 4 (1.3) .13
Coronary heart disease (No.) (%) 53 (10.0) 30 (13.8) 23 (7.4) .02
Heart failure (No.) (%) 12 (2.3) 5 (2.3) 7 (2.2) .97
PVH (median) (IQR) 8 (6–9) 8 (6–10) 8 (6–9) .56
WMH (median) (IQR) 16 (5–29) 16 (4–26) 16 (6–30) .56

Note:—IQR indicates interquartile range.
a P value was for the test of sex differences.
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glia) and in the high convexities were assessed.4 The scale was

based on the width of PVS but was also given 1 point if there were

�4 PVS in each region. Thus, the scale did not really separate the

diameter from the number of PVS. The third scale rated the num-

ber of PVS only in the most affected hemisphere but combined the

basal ganglia with the centrum semiovale and rated only the hip-

pocampus separately.6 Thus, this scale could not differentiate PVS

in the basal ganglia from those in the centrum semiovale. This

drawback was overcome in a later study.19

The scale by Patankar et al7 rated the number of PVS in 4

different regions, which makes this scale very appealing; thus, it

has been used by other groups.26,27 However, this scale has a great

disadvantage in a complicated grading, where each region has a

different grading scale with 2 different schemes for the basal gan-

glia. Because we aimed to develop a rating scale that was easy to

use, we decided to use the grades 0 –3 for both the diameter and

number of PVS. Our rating scale is in line with the requirements

of the STRIVE in terms of rating both the number and size in

different locations.12

We found a slight increase in the global score for PVS number

with advancing age, which is in accordance with most other stud-

ies.4,8,9,13,28-31 Our study sample was relatively healthy,20 which

might partly explain a smaller increase with age than expected,

because PVS are presumably correlated with the degree of cerebral

small-vessel disease and amyloid deposition with increasing

age.17,18 We did not find a sex difference in the distribution of

PVS, even though it has been reported in earlier studies11,13,16;

notably, one of these studies comprised a very large popula-

tion-based sample (n � �1800), in which men were found to

have more PVS in the basal ganglia than women,13 while an-

other large-scale study of patients with ischemic stroke (n �

1090) found that men had more PVS in the white matter than

women, but there was no sex difference in the distribution of

PVS in the basal ganglia.11 The discrepancies in the findings

may be partly attributable to the differences in characteristics

of the study populations.

In our sample, we found very few PVS �4 mm (1.1% of all

subjects or 0.4% of all the examined brain regions), which is in

accordance with the traditional view that PVS should be �5

mm.32 In addition, our data showed rather limited variation in

the size of PVS by age. This appears to be contradictory to a clin-

ically based study, which showed a strong correlation of the width

of the PVS with increasing age.4 However, because the scale in that

study yielded a higher score if there were many PVS, it might have

reflected an increasing number, rather than size, of PVS with age.

Given that the width of PVS has been correlated with advancing

age,4 it might still be important to also include the diameter when

assessing PVS.

A higher global PVS score was correlated with a greater burden

of WMH in lobar regions and the basal ganglia, which supports

the view that PVS, along with WMH, are markers for cerebral

small-vessel disease.9,19,33 More interesting, we found a correla-

tion between the PVS score in the basal ganglia and WMH load

not only in the same region but also in lobar areas, while we did

not find any correlation between the lobar PVS score and WMH

load either in the lobar areas or in the basal ganglia. This is in line

with the view that PVS, especially in the basal ganglia, are caused

mainly by hypertensive arteriopathy, like WMH, while lobar PVS

are mainly due to cerebral amyloid angiopathy or amyloid accu-

mulation in the brain with normal aging.10,30

A major strength of our study is the large sample from the

general population. To date, only very few studies have had such a

large sample of community dwellers.4,13,29 In addition, because

our scale is based on counting the number and measuring the

diameter of PVS, it can be used on different MR imaging se-

quences, as opposed to the visual impression– based rating scales.

Furthermore, the regionalization in the assessments of both PVS

and WMH is of relevance when studying their correlations with

vascular risk factors and cognitive aging.

FIG 3. Age-specific distribution of global scores for the number, size,
and a combination of both number and size of PVS. Note that there
are 3 subjects with missing values in the global PVS score for size.
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Our study also has limitations. First, we used diameter to mea-

sure the severity of PVS, which may be less precise than the direct

measurement of PVS volume. Indeed, semiautomatic approaches

for assessing PVS volume are being developed,16 though current

volumetric methods do not cover the entire brain or work as

fast as visual rating approaches.34,35

Second, our scale includes 2 parame-

ters (number and size) of PVS in 14

regions, which is rather time-consum-

ing (on average 6 minutes per exami-

nation). This means that our study has

an advantage for research purposes.

For visual assessment of several

imaging markers (eg, WMH, microb-

leeds, and brain atrophy) or for clini-

cal use, however, the scale of Potter et

al9 may be easier to use for rating PVS

in the most important regions such as

the basal ganglia and centrum

semiovale.

CONCLUSIONS
We describe a new semiquantitative

scale for visual assessment of PVS that

considers the number and diameter of

PVS as well as location. This rating scale

has excellent intra- and interrater reli-

ability. Using this scale, we found that

the global number of PVS increased with

age and correlated with increasing load

of WMH in lobar and deep white matter

regions. This rating scale will be useful

for future research on PVS, especially re-

garding risk factors and functional con-

sequences of PVS by region. We plan to

further investigate vascular risk factors

and cognitive decline associated with

global and regional PVS. A potential implication of linking global

and regional PVS to functional outcomes is that the presence of
visible PVS may be important to include in clinical reports on

brain MR imaging examinations in the future, as we currently

do for WMH in our clinical reports.

Table 3: Partial correlation coefficients between PVS and WMH scoresa

Global and Regional
PVS Scores

WMH Scores

Global
Lobar White

Matter Areasb
Deep White

Matter Areasb
Periventricular

Regionsb

PVS score, total
Global region 0.204c 0.182c 0.171c 0.066
Frontal region 0.040 0.048 0.011 0.007
Parieto-occipital region 0.028 0.017 0.028 0.031
Basal ganglia 0.318c 0.256c 0.292c 0.160c

Subinsular region 0.228c 0.206c 0.173c 0.101d

Hippocampus 0.127c 0.137c 0.072 0.021
Mesencephalon 0.044 0.044 0.073 �0.077
Cerebellum 0.071 0.034 0.110d 0.039

PVS score (No.)
Global region 0.206c 0.177c 0.183c 0.074
Frontal region 0.034 0.039 0.015 0.001
Parieto-occipital region 0.002 �0.013 0.018 0.022
Basal ganglia 0.355c 0.295c 0.303c 0.194c

Subinsular region 0.263c 0.223c 0.233c 0.111d

Hippocampus 0.101d 0.117c 0.051 �0.004
Mesencephalon 0.041 0.044 0.067 �0.081
Cerebellum 0.071 0.034 0.11d 0.037

PVS score (size)
Global region 0.184c 0.177c 0.140c 0.042
Frontal region 0.046 0.061 �0.004 0.023
Parieto-occipital region 0.109d 0.113d 0.052 0.053
Basal ganglia 0.070 0.042 0.107d 0.008
Subinsular region 0.143d 0.152d 0.059 0.073
Hippocampus 0.151c 0.154c 0.092d 0.043
Mesencephalon 0.002 0.012 0.029 �0.096d

Cerebellum 0.071 0.033 0.111 0.041
a The correlation coefficients were adjusted for age, sex, and education.
b Lobar white matter areas include the frontal, parieto-occipital, and temporal lobes in both hemispheres; deep white
matter areas include the basal ganglia, capsular, thalami, pons, and mesencephalon; and periventricular areas include the
frontal, lateral, and occipital periventricular areas.
c P � .01.
d P � .05.

Table 2: Distribution of regional perivascular spaces by number and sizea

Hemispheres
and Regions

No. of Perivascular Spaces
Size (mm in Diameter)

of Perivascular Spacesb

None 1–5 6–10 >10 None 1–2 3–4 >4
Left

Frontal 32 (6.0) 70 (13.2) 107 (20.2) 321 (60.6) 32 (6.0) 473 (89.3) 25 (4.7) 0
Parieto-occipital 25 (4.7) 68 (12.8) 116 (21.9) 321 (60.6) 25 (4.7) 486 (91.7) 16 (3.0) 3 (0.6)
Basal ganglia 0 85 (16.0) 240 (45.3) 205 (38.7) 0 443 (83.6) 80 (15.1) 7 (1.3)
Subinsular 128 (24.2) 277 (52.3) 107 (20.2) 18 (3.4) 128 (24.2) 370 (69.9) 30 (5.7) 1 (0.2)
Hippocampus 156 (29.4) 328 (61.9) 46 (8.7) 0 156 (29.4) 348 (65.7) 26 (4.9) 0
Mesencephalon 255 (48.1) 274 (51.9) 0 0 254 (47.9) 273 (51.5) 3 (0.6) 0
Cerebellum 456 (86.0) 74 (14.0) 0 0 456 (86.0) 74 (14.0) 0 0

Right
Frontal 28 (5.3) 64 (12.1) 94 (17.7) 344 (64.9) 28 (5.3) 474 (89.4) 27 (5.1) 1 (0.2)
Parieto-occipital 29 (5.5) 79 (14.9) 106 (20.0) 316 (59.6) 29 (5.5) 487 (91.9) 14 (2.6) 0
Basal ganglia 1 (0.2) 103 (19.4) 231 (43.6) 195 (36.8) 1 (0.2) 452 (85.3) 63 (11.9) 14 (2.6)
Subinsular 131 (24.7) 280 (52.8) 103 (19.4) 16 (3.0) 131 (24.7) 369 (69.6) 29 (5.5) 1 (0.2)
Hippocampus 210 (39.6) 284 (53.6) 35 (6.6) 1 (0.2) 209 (39.5) 292 (55.2) 26 (4.9) 2 (0.4)
Mesencephalon 263 (49.6) 265 (50.0) 2 (0.4) 0 262 (49.5) 263 (49.7) 4 (0.8) 0
Cerebellum 462 (87.2) 68 (12.8) 0 0 463 (87.4) 67 (12.6) 0 0

a Data are No. (%).
b There were missing values of perivascular space size in 1 subject in the mesencephalon (right hemisphere), 1 in the hippocampus (right hemisphere), and 1 in the basal ganglia
(left hemisphere).
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ORIGINAL RESEARCH
ADULT BRAIN

Do Fluid-Attenuated Inversion Recovery Vascular
Hyperintensities Represent Good Collaterals before

Reperfusion Therapy?
X E. Mahdjoub, X G. Turc, X L. Legrand, X J. Benzakoun, X M. Edjlali, X P. Seners, X S. Charron, X W. Ben Hassen, X O. Naggara,

X J.-F. Meder, X J.-L. Mas, X J.-C. Baron, and X C. Oppenheim

ABSTRACT

BACKGROUND AND PURPOSE: In acute ischemic stroke, whether FLAIR vascular hyperintensities represent good or poor collaterals
remains controversial. We hypothesized that extensive FLAIR vascular hyperintensities correspond to good collaterals, as indirectly
assessed by the hypoperfusion intensity ratio.

MATERIALS AND METHODS: We included 244 consecutive patients eligible for reperfusion therapy with MCA stroke and pretreatment
MR imaging with both FLAIR and PWI. The FLAIR vascular hyperintensity score was based on ASPECTS, ranging from 0 (no FLAIR vascular
hyperintensity) to 7 (FLAIR vascular hyperintensities abutting all ASPECTS cortical areas). The hypoperfusion intensity ratio was defined as
the ratio of the time-to-maximum �10-second over time-to-maximum �6-second lesion volumes. The median hypoperfusion intensity
ratio was used to dichotomize good (low hypoperfusion intensity ratio) versus poor (high hypoperfusion intensity ratio) collaterals. We
then studied the association between FLAIR vascular hyperintensity extent and hypoperfusion intensity ratio.

RESULTS: Hypoperfusion was present in all patients, with a median hypoperfusion intensity ratio of 0.35 (interquartile range, 0.19 – 0.48).
The median FLAIR vascular hyperintensity score was 4 (interquartile range, 3–5). The FLAIR vascular hyperintensities were more extensive
in patients with good collaterals (hypoperfusion intensity ratio �0.35) than with poor collaterals (hypoperfusion intensity ratio �0.35; P for
Trend � .016). The FLAIR vascular hyperintensity score was independently associated with good collaterals (P for Trend � .002).

CONCLUSIONS: In patients eligible for reperfusion therapy, FLAIR vascular hyperintensity extent was associated with good collaterals, as
assessed by the pretreatment hypoperfusion intensity ratio. The ASPECTS assessment of FLAIR vascular hyperintensities could be used to
rapidly identify patients more likely to benefit from reperfusion therapy.

ABBREVIATIONS: FVH � FLAIR vascular hyperintensity; HIR � hypoperfusion intensity ratio; IQR � interquartile range; Tmax � time-to-maximum

Collateral circulation plays an important role in stroke patho-

physiology.1 In response to a middle cerebral artery occlu-

sion, flow in leptomeningeal anastomoses from anterior and pos-

terior cerebral arteries reverts and pial collaterals dilate, providing

blood supply to maintain tissue viability. Assessing collateral sta-

tus has direct applications for decision-making and predicting

outcome after acute ischemic stroke. Using collateral-based im-

aging as an entry selection criterion, a recent trial showed that

rapid endovascular treatment dramatically improved functional

outcome in patients with proximal vessel occlusion, small infarct

core, and moderate-to-good collateral circulation.2 DSA remains

the reference to assess collateral status,1 but less invasive methods

based on postcontrast CT2 or MR imaging3,4 have been devel-

oped. On the basis of first-pass gadolinium PWI, the hypoperfu-

sion intensity ratio (HIR) has been creatively proposed to assess

the severity of hypoperfusion.5 Defined as the proportion of the

time-to-maximum (Tmax) �10-second over the Tmax �6-sec-

ond lesion volumes, the HIR is a good predictor of collateral sta-

tus, as demonstrated by correlations with DSA: A low HIR corre-

sponded to good collaterals and predicted smaller infarct growth

and better clinical outcome than a high HIR.5,6

A means to assess collateral status without the need for con-

trast agent, additional scanning time, or automated perfusion

software would be desirable for patient management. FLAIR,

which is part of most stroke MR imaging protocols, provides in-

formation about vessel status. High signal intensities within blood

vessels, in subarachnoid spaces, distal to arterial occlusion,7
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termed FLAIR vascular hyperintensities (FVHs),8,9 are related to

hemodynamic impairment and represent slow retrograde flow in

leptomeningeal collaterals.10 However, whether they reflect good

or poor collaterals remains controversial. For some authors,

FVHs represent poor collaterals and predict larger infarct

growth11,12 and worse clinical outcome.12-14 In the only study

using the HIR to assess collaterals, extensive FVHs, assessed di-

chotomously as FVHs visible in �4 axial sections, were associated

with high HIR (ie, poor collaterals) in 62 patients with arterial

occlusion in any territory on prethrombolysis MRA.12 Con-

versely, other studies found that FVHs indicate good collaterals,

with extensive FVHs associated with smaller baseline DWI le-

sions,15-18 less severe neurologic deficits,15-17 smaller infarct

growth,16,18,19 and better clinical outcome.15,18 We previously re-

ported similar findings based on FVH presence beyond the

boundaries of the cortical DWI lesion in patients with proximal

MCA occlusion,9 which also predicted a better clinical response to

recanalization.20 This accumulated evidence indirectly suggests

that FVHs represent good collaterals. Accordingly, we aimed to

determine whether extensive FVHs are associated with good col-

laterals, using HIR as a surrogate marker for collaterals, in a large

cohort of patients with MCA territory stroke eligible for reperfu-

sion therapy.

MATERIALS AND METHODS
This retrospective study was based on a prospectively collected

monocentric register of consecutive (2003–2015) patients treated

by intravenous thrombolysis and/or thrombectomy. The inclu-

sion criteria were acute ischemia in the MCA territory; pretreat-

ment MR imaging with DWI, FLAIR, and PWI; and 24-hour fol-

low-up MR imaging to assess infarct growth. Patients with

anterior cerebral artery or posterior circulation strokes were ex-

cluded because the ASPECTS was originally designed for the

MCA territory. Patients with severe artifacts on DWI, FLAIR, or

PWI were also excluded. Early neurologic improvement was de-

fined as a �8-point decrease in the NIHSS score within the first 24

hours or an NIHSS score �1 at 24 hours. Excellent or favorable

outcomes were defined as 3-month mRS � 1 or � 2, respectively.

In accordance with French legislation, ethics committee approval

was not required because our study only implied retrospective

analysis of anonymized data collected as part of routine clinical

care.

MR imaging has been systematically implemented in our cen-

ter as first-line diagnostic imaging in candidates for reperfusion

therapies. Pretreatment and 24-hour follow-up MR imaging were

performed on a 1.5T scanner (Signa; GE Healthcare, Milwaukee,

Wisconsin) using a standardized protocol,9 including DWI,

FLAIR, T2*, intracranial 3D-TOF MRA, and an additional PWI

sequence for pretreatment MR imaging. FLAIR parameters were

TR/TE/TI, 8277–9802/155.5–159.4/2093–2300 ms; FOV, 24 � 24

cm2; matrix, 256 � 192; 1 excitation; 24 contiguous axial sections,

6-mm thick; 2-minute18-second maximal duration. PWI con-

sisted of a T2*-weighted echo-planar sequence with TR/TE,

2000/60 ms; FOV, 24 � 24 cm2; matrix, 64 � 96; 1 excitation;

repetition, 50 times after a bolus (5–7 mL/s) of 20 mL of gadoteric

acid.

FVHs were defined as focal, tubular, or serpentine hyperinten-

sities in subarachnoid spaces with a typical arterial course.8

Blinded to PWI and clinical data, we semiquantitatively assessed

FVHs using the FVH score, according to their spatial distribution

in the 7 ASPECTS cortical areas (insula, M1–M6).9 An ASPECTS

cortical area was considered positive when it coincided with an

FVH. The FVH score ranged from 0 (no FVH) to 7 (FVHs abut-

ting all ASPECTS cortical areas). The FVH score was additionally

rated by a second reader in half of the population.

BrainStat arterial input function software (READY View; GE

Healthcare) was used to generate Tmax maps. An automated 3D

rigid registration (FMRIB Linear Image Registration Tool, FLIRT,

Version 5.5; http://www.fmrib.ox.ac.uk/fsl/fslwiki/FLIRT) be-

tween Tmax maps and DWI was performed and manually cor-

rected whenever necessary. MANGO software (Version 3.8;

Research Imaging Institute, UTHSCSA; http://ric.uthscsa.edu/

mango/) was used to successively extract a brain mask of ADC �

1.3 � 10�3mm2/s to remove CSF voxels, project it onto Tmax

maps, and extract brain voxels with Tmax �6 seconds and �10

seconds. HIR was computed as the ratio between the Tmax �10-

second over Tmax �6-second volumes. Pretreatment (DWI1)

and follow-up (DWI2) volumes were manually segmented using

interactive tools based on DWI signal intensity.21 Infarct growth

was defined as the difference between DWI2 and DWI1 volumes.

A PWI-DWI mismatch was considered present when Tmax �6-

second volume exceeded 1.8 � DWI1 volume.6 The occlusion site

was categorized into proximal (internal carotid artery and/or M1

segment of the MCA) or distal. Complete recanalization was de-

fined as an arterial occlusive lesion score of 3 on 24-hour MRA.

The intraclass correlation coefficient was used to assess inter-

observer agreement for the FVH score. For further analyses, the

FVH score was considered in 4 categories (ASPECTS � 0 –1, 2–3,

4 –5, or 6 –7) to avoid small numbers in extreme FVH scores. The

median HIR in our cohort was used to dichotomize good (low

HIR) versus poor (high HIR) collaterals.6,12 A univariable analysis

comparing patients with low and high HIRs was used to test our

hypothesis that extensive FVHs represent good collaterals (Stu-

dent t or Mann-Whitney U test for continuous variables; �2 or the

Fisher exact test for categoric variables, as appropriate; and the

Cochran-Armitage test for ordinal variables). Considering poten-

tial collinearity, baseline variables with a P value � .10 in the

univariable analysis were entered into a multivariable binary lo-

gistic regression model with a dichotomized HIR as the depen-

dent variable. All the above analyses were repeated using the me-

dian HIR threshold of 0.4, derived from the Diffusion Weighted

Imaging Evaluation for Understanding Stroke Evolution 2

(DEFUSE 2) cohort and found to be a good predictor of collateral

status.6 In an additional univariable analysis, we further com-

pared patients according to FVH extent for clinical and imaging

data, 24-hour infarct growth, early neurologic improvement, and

3-month mRS (�2, Mann-Whitney U, or Jonckheere-Terpstra

test, as appropriate). A P value � .05 was considered significant

(SPSS, Version 19, IBM, Armonk, New York; SAS 9.4, SAS Insti-

tute, Cary, North Carolina).

RESULTS
During the study period, 777 patients underwent intravenous

thrombolysis and/or thrombectomy; 533 patients were excluded
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(pretreatment CT scan, n � 85; pretreat-

ment MR imaging not available in

DICOM format, n � 49; PWI not per-

formed, n � 272; severe artifacts on

DWI, FLAIR, or PWI, n � 26; non-MCA

stroke, n � 84; no follow-up MR imag-

ing, n � 14; or pretreatment 3T MR im-

aging, n � 3). They did not differ from

the 244 included patients as to sex (P �

.45), age (P � .46), or baseline NIHSS

scores (P � .19). Two-hundred eight

(85.3%) patients were treated by in-

travenous thrombolysis; 23 (9.4%),

by thrombectomy; and 13 (5.3%), by

bridging therapy. Median time to treat-

ment was 150 minutes (interquartile

range [IQR], 120 –189) for thrombolysis

and 230 minutes (IQR, 149 – 401) for

thrombectomy. One hundred sixty-one

(66%) patients had a proximal occlusion

(internal carotid artery, n � 47, or M1,

n � 114).

Interobserver agreement for the FVH

score was excellent (intraclass correla-

tion coefficient, 0.88; 95% CI, 0.84 –

0.91). The median FVH score in the

whole population was 4 (IQR, 3–5).

FVHs were abutting the insula, M2, M3,

M5, M1, M6, and M4 ASPECTS areas in

240 (98%), 209 (86%), 156 (64%), 150

(61%), 126 (52%), 125 (51%), and 59

(24%) patients. Hypoperfusion was

present in all patients with median

Tmax �6-second and �10-second vol-

umes of 74 mL (minimum, 0.95; maxi-

mum, 258) and 24 mL (minimum, 0.06;

maximum, 160), respectively. The me-

dian HIR was 0.35 (IQR, 0.19 – 0.48).

In univariable analysis (Table 1), pa-

tients with good collaterals (HIR � 0.35,

Fig 1) had higher FVH scores (P for

Trend � .016) than those with poor

collaterals (HIR � 0.35, Fig 2). Pa-

tients with good collaterals also had

lower baseline NIHSS scores, smaller

DWI1 volumes, smaller Tmax �10-sec-

ond and Tmax �6-second volumes, and

more frequently had a PWI-DWI mis-

match (P � .001). In multivariable anal-

ysis (Table 2), the FVH score remained

significantly associated with a low HIR

(P for Trend � .002), after adjustment

of potential confounders. Results were

similar using the alternative HIR thresh-

old of 0.46,22 for dichotomization be-

tween good and poor collaterals (data

not shown).

FIG 1. Extensive FVHs and low hypoperfusion intensity ratio. MR imaging obtained 110 minutes
after stroke onset (NIHSS score � 12) in an 88-year-old woman. A, FVHs in 6 ASPECTS areas (insula,
M2–M6), corresponding to a 6-point FVH-score. B, Thirteen-milliliter diffusion-weighted imaging
lesion. Tmax map (C) with 85-mL Tmax �6-second lesion and 15-mL Tmax �10-second lesion (D)
(HIR � 0.18). After intravenous thrombolysis, the 24-hour NIHSS score was 1, and the DWI lesion
was 12 mL (not shown). The 3-month mRS was 1.

Table 1: Comparison of patients with low and high HIRa

Characteristics
Low HIR
(n = 122)

High HIR
(n = 122)

P
Value

Age 70 (56–79) 71 (60–79) .446
Male (No.) (%) 55 (45) 83 (68) �.001
Hypertension (No.) (%)b 68 (57) 66 (55) .685
Diabetes mellitus (No.) (%)b 12 (10) 20 (17) .142
Hyperlipidemia (No.) (%)b 31 (26) 40 (33) .251
Current smoking (No.) (%)c 23 (20) 25 (21) .771
Systolic BP (mm Hg) 149 (139–163) 156 (139–173) .141
Diastolic BP (mm Hg) 82 (71–89) 81 (70–93) .990
Serum glucose (mmol/L)d 6.1 (5.4–7.0) 6.5 (5.5–7.9) .038
NIHSSb score 11 (7–17) 16 (11–21) �.001

Baseline MRI
Onset-to-MRI time (min) 112 (86–153) 112 (84–156) .838
Proximal occlusion (No.) (%) 81 (66) 80 (66) .893
DWI1 volume (mL) 8 (4–19) 41 (16–96) �.001
Tmax �6-sec volume (mL) 44 (17–85) 115 (56–147) �.001
Tmax �10-sec volume (mL) 9 (2–22) 52 (27–75) �.001
PWI-DWI mismatch (No.) (%) 85 (70) 59 (48) �.001
FVH score (No.) (%) .016e

0–1 6 (5) 13 (11)
2–3 30 (25) 33 (27)
4–5 54 (44) 59 (48)
6–7 32 (26) 17 (14)

24-hr follow-up
NIHSS scoref 6 (2–15) 14 (7–20) �.001
ENI (No.) (%)f 51 (42) 27 (22) .001
DWI2 volume (Ml) 18 (9–45) 87 (33–161) �.001
Infarct growth (Ml) 6 (1–26) 29 (10–75) �.001
Complete recanalization (No.) (%) 40 (33) 45 (37) .502

3-mo mRS � 1 (No.) (%)g 49 (45) 25 (21) �.001
3-mo mRS � 2 (No.) (%)g 63 (58) 51 (44) .033

Note:—BP indicates blood pressure; ENI, early neurologic improvement.
a Unless specified, numbers are median (interquartile range).
b Missing data for 4 patients.
c Missing data for 9 patients.
d Missing data for 13 patients.
e P for Trend.
f Missing data for 5 patients.
g Missing data for 18 patients.
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When we compared patients according to their FVH scores

(Table 3), patients with extensive FVHs were imaged earlier (P �

.007) and had more proximal occlusions (P � .001), more PWI-

DWI mismatch (P � .011), and lower HIR, considered as a con-

tinuous variable (P � .049). Despite similar baseline NIHSS

scores and recanalization rates, patients with extensive FVHs

tended to have smaller infarct growth (P � .125) and more fre-

quently experienced an early neurologic improvement (P � .001)

or an excellent 3-month mRS (P � .039) than those with fewer

FVHs.

To rule out the potential influence of the occlusion site on our

main findings, we analyzed post hoc the subset of 161 proximal

occlusions, with similar results in univariable analysis (On-line

Table), and again found an independent association between a

high FVH score and a low HIR in multivariable analysis (P for

Trend � .031). Of note, when we compared patients with proxi-

mal occlusion according to their FVH

scores, patients with extensive FVHs had

smaller DWI volumes (P � .003) and

higher DWI-ASPECTS scores (P �

.006) on pretreatment MR imaging.

DISCUSSION
In a large population of patients with

MCA stroke who underwent MR imag-

ing with PWI before reperfusion ther-

apy, we found the following: 1) FVH ex-

tent was independently associated with a

low HIR (ie, proportionally milder hy-

poperfusion and hence good collater-

als); and 2) patients with extensive FVHs

more frequently experienced early neu-

rologic improvement and excellent 3-

month outcome, despite similar initial

stroke severity and recanalization rates.

These findings strengthen the notion

that extensive FVHs represent a reliable

surrogate for good collaterals, which

maintain the viability of the ischemic tis-

sue while awaiting reperfusion.

The presence of FVHs is considered a reliable marker of arte-

rial occlusion7,13,23-25 and, consequently, is associated with more

severe admission neurologic deficits than its absence. Like oth-

ers,17 we found FVHs in most patients (99%) with arterial occlu-

sion. Besides their dichotomous presence or absence, FVH extent

has been quantitated with various methods. In one method, FVHs

were rated as involving less than or more than one-third of the

MCA territory or the hypoperfused area,16,19 but determining this

cutoff is notoriously difficult. FVHs have also been graded ac-

cording to their sulcal location26 or by counting their number,11

which is cumbersome in the hyperacute clinical setting. Finally,

counting axial FLAIR sections with FVHs has recently been pro-

posed,12 but this does not account for the actual extent within

each section and depends on the section number and thickness.

We, like others, have previously assessed FVH topography relative

to the DWI lesion, considering their rostrocaudal and anteropos-

terior distributions, but this approach depends on the size of the

DWI lesion and does not yield the total extent of all FVHs.9,17,20

Our simple approach overcomes most of these limitations, af-

fords an excellent interobserver concordance, and improves

feasibility relative to manually counting all FVHs for clinical

implementation.

Only a few studies have focused on the significance of FVH

extent in the early time window. One study did not find an asso-

ciation between FVH extent and clinical outcome,25 while several

others reported that extensive FVHs were associated with smaller

baseline DWI lesions,9,15-17 larger PWI-DWI mismatch,9,16

smaller infarct growth,16,18,19 and better clinical outcome.15,17,18

Similarly, we showed an independent association between exten-

sive FVHs and a low HIR (ie, good collaterals). Patients with ex-

tensive FVHs also had a larger PWI-DWI mismatch, suggesting

larger penumbra due to robust collaterals protecting the penum-

bra from rapidly decaying while awaiting reperfusion. Accord-

FIG 2. Few FVHs and high hypoperfusion intensity ratio. MR imaging obtained 180 minutes after
stroke onset (NIHSS score � 12) in a 56-year-old man. A, FVHs in the insula, corresponding to a
1-point FVH score. B, Ninety-four milliliter diffusion-weighted imaging lesion. Tmax map (C) with
91-mL Tmax �6-second lesion and 53-mL Tmax �10-second lesion (D) (HIR � 0.58). After intra-
venous thrombolysis, the 24-hour NIHSS score was 14, and the DWI lesion was 150 mL (not shown).
The 3-month mRS was 3.

Table 2: Factors associated with a low HIR in multivariable
analysis

Characteristics
Adjusted OR

(95% CI)
P

Value
Male 0.98 (0.42–2.29) .953
Serum glucose, per 1-mmol/L

increasea
0.99 (0.83–1.18) .882

Baseline NIHSS score, per 1-point
increaseb

1.04 (0.96–1.12) .343

DWI1 volume, per 1-mL increase 1.01 (0.99–1.03) .446
Tmax �10-sec volume, per 1-mL

increasec
0.89 (0.85–0.92) �.001

PWI-DWI mismatch 8.95 (2.65–30.22) �.001
FVH-score – .002d

0–1 1 –
2–3 1.17 (0.25–5.50) .844
4–5 2.39 (0.56–10.22) .242
6–7 34.20 (4.35–268.60) .001

a Missing data for 13 patients.
b Missing data for 4 patients.
c Tmax �6 sec was not selected with Tmax �10 sec to avoid collinearity.
d P for Trend.
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ingly, extensive FVHs were associated with smaller ischemic le-

sions before treatment in patients with proximal occlusion,

reinforcing our hypothesis that FVHs represent good collaterals.

The benefit of FVH-ASPECTS over simple DWI-ASPECTS for

the assessment of collateral status remains to be evaluated. Most

important, patients with extensive FVHs more frequently experi-

enced early neurologic improvement and excellent 3-month out-

come in contrast to those with fewer FVHs, despite more proxi-

mal occlusions and similar recanalization rates. Conversely, our

findings stand in apparent contradiction to other studies suggest-

ing that FVHs represent poor collaterals.7,12,13,23,24 However,

these studies either dichotomously categorized patients into the

presence or absence of FVHs7,13,23 rather than analyzing FVH

extent and/or were conducted in patients not eligible for throm-

bolysis.24 These differences might explain the discrepancy with

our findings. Perhaps more surprising are the results from Kufner

et al,12 who found that FVHs rather reflected poor collaterals us-

ing the HIR in patients with arterial occlusion before thromboly-

sis. This discrepancy might result from several differences be-

tween this study and ours. First, Kufner et al used a 3T scanner

compared with 1.5T here, and the significance of FVHs may de-

pend on magnetic field strength and sequence parameters.27 Sec-

ond, we studied a larger and more homogeneous population of

overall severe anterior circulation strokes, as opposed to mixed

anterior and posterior milder strokes in the Kufner et al study.

The unreported proportion of posterior circulation strokes might

have influenced their results because the reliability of HIR as a

surrogate for good-versus-poor collaterals in this stroke subtype

is unknown. Third, Kufner et al dichotomized their sample ac-

cording to whether FVHs were visible over at least four 5-mm

thick FLAIR sections, and such a cutoff might not have equal

meaning for anterior-versus-posterior circulation strokes.

Fourth, they merged patients with M1, M2, P1, P2, and vertebral

occlusions into a single “medium vessel occlusion” group with an

unreported proportion of distal occlusions.

FVHs might, however, be a marker for proximal occlusion23

rather than an indicator of collateral flow. Distal occlusions are

indeed unlikely to result in extensive FVHs, irrespective of the

quality of collaterals. However, the independent association be-

tween the FVH score and the low HIR we found in the population

mixing distal and proximal occlusions remained significant in the

161 patients with proximal occlusion. This strengthens the link

between FVH visibility and the quality of collaterals, irrespective

of the occlusion type. Finally, the definition of HIR differed be-

tween our study and that of Kufner et al12 (Tmax 10/6 seconds

here versus Tmax 8/2 seconds), but the definition we used pre-

dicted rates of collateral flow, infarct growth, and clinical out-

come in the DEFUSE 2 cohort.6 Further studies are needed to

determine which of the above differences accounts best for the

discrepancy between the 2 studies.

Direct comparisons between FVH extent and DSA are lim-

ited.10,15,26,28 Except from a seminal study in which only 8 pa-

tients underwent DSA,7 others consistently reported FVHs to be

associated with good collaterals.10,15,26,28 Our results are consis-

tent with the latter DSA-FLAIR correlations. Although the HIR is

an indirect marker of collateral status,5,6 PWI is obtained within

Table 3: Comparison of patients according to FVH scorea

FVH Score

P Value0–1 (n = 19) 2–3 (n = 63) 4–5 (n = 113) 6–7 (n = 49)
Age (yr) 73 (60–80) 70 (57–79) 71 (56–80) 67 (62–77) .339
Male (No.) (%) 12 (63) 31 (49) 68 (60) 27 (55) .500
Hypertension (No.) (%)b 12 (63) 38 (60) 58 (51) 26 (53) .537
Diabetes mellitus (No.) (%)b 4 (21) 9 (14) 13 (12) 6 (12) .708
Hyperlipidemia (No.) (%)b 9 (47) 18 (29) 43 (38) 18 (37) .477
Current smoking (No.) (%)c 3 (16) 12 (19) 23 (20) 10 (20) .954
Systolic BP (mm Hg) 148 (140–172) 159 (142–173) 151 (139–167) 148 (134–160) .071
Diastolic BP (mm Hg) 87 (76–93) 84 (69–95) 80 (70–89) 80 (72–90) .334
Serum glucose (mmol/L)d 6.6 (5.5–8.1) 6.7 (5.4–7.3) 6.4 (5.5–7.6) 6.0 (5.3–7.0) .189
Baseline NIHSS scoreb 13 (8–20) 13 (7–18) 15 (8–20) 15 (11–21) .321
Onset-to-MRI time (min) 142 (84–196) 115 (89–176) 115 (91–151) 97 (83–130) .007
Proximal occlusion (No.) (%) 6 (31) 31 (49) 81 (72) 43 (88) �.001
DWI1 volume (mL) 24 (12–102) 19 (5–67) 18 (7–49) 12 (6–34) .077
Tmax �10-sec volume (mL) 26 (5–76) 17 (4–43) 24 (11–53) 30 (11–64) .200
Tmax �6-sec volume (mL) 65 (19–133) 47 (19–102) 78 (40–123) 96 (66–134) .002
HIR � 0.35 (No.) (%) 6 (32) 30 (48) 54 (47) 32 (65) .057
HIR 0.44 (0.30–0.54) 0.39 (0.19–0.48) 0.33 (0.19–0.47) 0.32 (0.14–0.44) .049
PWI-DWI mismatch (No.) (%) 6 (32) 32 (51) 71 (63) 35 (51) .011
DWI2 volume (mL) 73 (14–150) 43 (13–147) 37 (13–104) 29 (12–52) .075
24-hr infarct growth (mL) 27 (2–87) 19 (4–57) 14 (1–45) 13 (4–28) .125
Complete recanalization (No.) (%) 7 (37) 19 (30) 38 (34) 21 (43) .551
ENI (No.) (%)e 7 (37) 12 (20) 30 (27) 29 (53) �.001
3-mo mRS � 1 (No.) (%)f 3 (17) 14 (24) 35 (34) 22 (45) .039
3-mo mRS � 2 (No.) (%)f 9 (47) 26 (41) 47 (42) 32 (65) .057

Note:—ENI indicates early neurologic improvement; BP, blood pressure.
a Unless specified, numbers are median (interquartile range).
b Missing data for 4 patients.
c Missing data for 9 patients.
d Missing data for 13 patients.
e Missing data for 5 patients.
f Missing data for 18 patients.
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minutes of FLAIR, thereby overcoming the issue of the delay be-

tween MR imaging and DSA inherent in all MR imaging–DSA

comparisons. Given the transient nature of FVHs,7 correlation

between MR images obtained nearly simultaneously provides

new insights into the debated significance of FVHs.

That numerous well-developed collaterals appear as extensive

FVHs deserves attention. In ischemic stroke, FVHs are undoubt-

edly related to retrograde collateral flow, which reaches cortical

areas later than anterograde flow, often during the venous angio-

graphic phase. This sluggish flow likely explains, at least in part,

FVH visibility.10 A recent study showed that FVHs were more

prominent when the arterial circulation time on DSA was neither

too short (�1 second) nor too long (�7.98 seconds).28 Given that

prominent FVHs are observed in a wide range of intermediate

time delays of retrograde collateral filling,28 FVH visibility might

depend on not only flow speed but also the amount of recruitable

collaterals. Extensive FVHs could reflect the recruitment of nu-

merous well-developed collaterals from both the anterior cerebral

artery and posterior cerebral arteries (which can cover the entire

ischemic bed). FVHs abutting anterosuperior ASPECTS areas

may correspond to leptomeningeal collaterals from the anterior ce-

rebral artery to the MCA, and FVHs abutting posteroinferior

ASPECTS areas may correspond to leptomeningeal collaterals from

the posterior cerebral artery to the MCA.26

This retrospective study has several limitations. First, collat-

eral status was indirectly based on the HIR. The validity of the

dichotomization at the median to categorize into good and poor

collaterals can also be questioned. Our median HIR was, however,

identical to that observed in the study of Bang et al.5 We also

checked that our results were not affected by using the median

HIR value of 0.4 derived from the DEFUSE 2 cohort.6 Second,

despite similar recanalization rates in patients with low/high HIRs

or in those with few/extensive FVHs, we cannot exclude some

patients having futile recanalization because the latter was as-

sessed on the 24-hour MRA. Third, our results are based on 1.5T

MR imaging data from the same manufacturer with standardized

parameters. Although this ensures data homogeneity, it prevents

extrapolating to other magnetic fields, coil systems, or FLAIR pa-

rameters that may influence FVH visibility.27 Fourth, we col-

lapsed FVH data as a single score, assuming that each ASPECTS

area had the same significance. However, FVHs in different

ASPECTS locations may not share the same pathophysiol-

ogy.15,17,24,26 Further studies are needed to determine the impli-

cations of FVH location, if any. Last, most patients were treated by

thrombolysis alone, following guidelines at the time they had a

stroke. Although the association between the FVH score and HIR

is independent of the type of treatment, the association with

outcome might differ in patients treated according to current

state-of-the-art guidelines. Because we found that extensive

FVHs represented good collaterals, their link with early neu-

rologic improvement and favorable outcome could be stronger

if recanalization rates increase, as expected with bridging

therapy.

CONCLUSIONS
Using quantitative assessment of FVHs and the HIR as a marker of

collateral status, we found a significant association between FVH

extent and good collaterals in patients with MCA stroke before

reperfusion therapy. Thus, to rapidly identify patients more likely

to benefit from reperfusion therapy, ASPECTS assessment of

FVHs might serve as a surrogate for collateral status whenever

perfusion data or fast postprocessing software is not available.
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ORIGINAL RESEARCH
ADULT BRAIN

Can Arterial Spin-Labeling with Multiple Postlabeling Delays
Predict Cerebrovascular Reserve?

X H.J. Choi, X C.-H. Sohn, X S.-H. You, X R.-E. Yoo, X K.M. Kang, X T.J. Yun, X S.H. Choi, X J.-H. Kim, X W.-S. Cho, and X J.E. Kim

ABSTRACT

BACKGROUND AND PURPOSE: The effect of delayed transit time is the main source of error in the quantitative measurement of CBF in
arterial spin-labeling. In the present study, we evaluated the usefulness of the transit time– corrected CBF and arterial transit time delay
from multiple postlabeling delays arterial spin-labeling compared with basal/acetazolamide stress technetium Tc99m-hexamethylpropyl-
ene amineoxime (Tc99m-HMPAO) SPECT in predicting impairment in the cerebrovascular reserve.

MATERIALS AND METHODS: Transit time– corrected CBF maps and arterial transit time maps were acquired in 30 consecutive patients
with unilateral ICA or MCA steno-occlusive disease (severe stenosis or occlusion). Internal carotid artery territory– based ROIs were
applied to both perfusion maps. Additionally, impairment in the cerebrovascular reserve was evaluated according to both qualitative and
quantitative analyses of the ROIs on basal/acetazolamide stress Tc99m-HMPAO SPECT using a previously described method. The area
under the receiver operating characteristic curve was used to evaluate the diagnostic accuracy of arterial spin-labeling in depicting
impairment of the cerebrovascular reserve. The correlation between arterial spin-labeling and cerebrovascular reserve was evaluated.

RESULTS: The affected hemisphere had a decreased transit time– corrected CBF and increased arterial transit time compared with the
corresponding values of the contralateral normal hemisphere, which were statistically significant (P � .001). The percentage change of
transit time– corrected CBF and the percentage change of arterial transit time were independently differentiating variables (P � .001)
for predicting cerebrovascular reserve impairment. The correlation coefficient between the arterial transit time and cerebrovascular
reserve index ratio was �0.511.

CONCLUSIONS: Our results demonstrate that the transit time– corrected CBF and arterial transit time based on arterial spin-labeling
perfusion MR imaging can predict cerebrovascular reserve impairment.

ABBREVIATIONS: ASL � arterial spin-labeling; ATT � arterial transit time; CVR � cerebrovascular reserve; MP-ASL � multiphase ASL (Hadamard-encoded
pseudocontinuous ASL with multiple postlabeling delays); PLD � postlabeling delay; rCVR� cerebrovascular reserve ratio; ROC � receiver operating characteristic;
TCF � transit time– corrected CBF; technetium Tc99m hexamethylpropylene amineoxime � Tc99m HMPAO

Assessment of hemodynamic abnormalities is important for

managing cerebral ischemia and patients with Moyamoya

disease, and the cerebrovascular reserve (CVR) has been consid-

ered the most useful predictor of cerebral hemodynamics.1 Sev-

eral brain perfusion imaging techniques have been used to evaluate

the CVR, including PET, SPECT, CTP, and DSC perfusion MR im-

aging.2,3 However, all these techniques require bolus injections of a

contrast medium or radioactive tracers.

Basal/acetazolamide stress perfusion SPECT using an intrave-

nous radiotracer, commonly technetium Tc99m-hexamethylpro-

pylene amineoxime (Tc99m-HMPAO), is widely used because it

can measure highly sensitive CVR in cerebral hemodynamics.4

Generally, acetazolamide is safe to administer and is well-toler-

ated5; however, in one study, adverse reactions were reported in

almost all healthy subjects (32 of 33 healthy subjects) following

acetazolamide injection, such as headache or flushing.6 More-

over, severe or life-threatening adverse events have been reported,

including reversible pontine ischemia, pulmonary edema, Stevens–

Johnson syndrome, and anaphylaxis with the risk of morbidity
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and mortality.7-11 Several contraindications to acetazolamide also

exist, including hypersensitivity to other sulfonamides or severe

hepatic and renal disease.5

Arterial spin-labeling (ASL) perfusion MR imaging provides a

noninvasive, repeatable method for quantifying the CBF using

magnetically labeled arterial blood as an endogenous tracer with-

out exposure to radiation and also provides higher spatial resolu-

tion than SPECT.12-14 However, ASL has certain drawbacks. The

main problem is a time delay between the inversion of blood spins

passing through the labeling plane in the neck and the images in

any plane in the head after labeled blood flows into brain tis-

sue.12,15 Cerebral steno-occlusive diseases, however, are generally

accompanied by an elongation of the transit time because of the

formation of collateral blood flow, which limits the validity of

CBF determined by ASL.16-18 Thus, the postlabeling delay (PLD)

is the most important parameter, and clinical studies have been

performed with multiple PLDs with arterial transit time (ATT)

correction to improve the quantification of CBF.16,18,19 With

continuous ASL, direct measurement of the ATT could help im-

prove perfusion quantification, particularly for vascular diseases

with multiple different labeling times. However, these measure-

ments can be very time-consuming and tend to have a low

SNR.15,19-22 Hadamard-encoded pseudocontinuous ASL with

multiple PLDs (multiphase ASL [MP-ASL]) was recently pro-

posed as an approach to increase the SNR and time efficiency of

multiple-labeling time acquisitions.22

In this study, we present MP-ASL perfusion in unilateral ste-

no-occlusive disease to predict the CVR relative to the widely used

Tc99m-HMPAO basal/acetazolamide stress perfusion SPECT.

MATERIALS AND METHODS
Patients
This retrospective study was approved by the Seoul National Uni-

versity Hospital institutional review board. Between June 2015

and December 2016, ninety-eight consecutive patients with uni-

lateral ICA or MCA steno-occlusive disease (severe stenosis

[�70%] or occlusion) who had undergone ASL perfusion MR

imaging and SPECT were included in this study. The exclusion

criteria were as follows: 1) patients with contralateral moderate or

severe stenosis, 2) a time interval between ASL perfusion MR im-

aging and SPECT of �1 month, and 3) poor image quality be-

cause of a previous hemorrhage or operation. Thirty patients were

ultimately enrolled in this study. Eleven patients had undergone

superficial temporal artery–middle cerebral artery anastomosis,

and 1 patient had undergone proximal ICA stent placement. Four

patients who had anastomosis surgery had preoperative and post-

operative examination sets (preoperative ASL and SPECT and

postoperative ASL and SPECT), and their images were analyzed

separately. Consequently, 34 ASL and SPECT images from 30

patients were analyzed in this study. Two patients were diagnosed

with unilateral Moyamoya disease, and 28 patients were diag-

nosed with non-Moyamoya steno-occlusive disease. All patients

had severe stenosis or total occlusion of the unilateral ICAs or

MCAs, as determined by MRA or DSA. There were 12 female and

18 male patients (a total of 30 patients with a mean age of 55.5

years and an age range of 16 – 82 years [male patients had a mean

age of 59.2 years and age range of 48 – 82 years, and female patients

had a mean age of 49.2 years and age range of 16 –72 years]), with

no significant difference in the age between male and female pa-

tients (P � .12). Patients had either distal ICA occlusion (n � 5),

proximal ICA occlusion (n � 12), proximal ICA severe stenosis

(n � 2), proximal MCA occlusion (n � 8), or proximal MCA/

anterior cerebral artery occlusion (n � 3).

MR Imaging Protocol and Postprocessing
MR images were obtained with a 3T MR imaging scanner (Dis-

covery MR750w; GE Healthcare, Milwaukee, Wisconsin) with a

32-channel head coil. We used the following 3D ASL protocol:

TR, 5868.0 ms; TE, 11.0 ms; section thickness, 6 mm; NEX, 1;

readout, 4 arms � 640 samples; 26 sections; FOV, 24 � 24 cm2;

and reconstructed in a plane voxel resolution, 1.88 � 1.88 mm2.

The total examination time for the ASL protocol was 3 minutes 57

seconds. All patients who underwent perfusion studies could tol-

erate MR imaging. This protocol encodes 7 different PLD times

into a single acquisition. With the parameters tabulated above,

images with PLD times of 1.00, 1.22, 1.48, 1.78, 2.15, 2.63, and

3.32 seconds and effective label durations of 0.22, 0.26, 0.30, 0.37,

0.48, 0.68, and 1.18 seconds were reconstructed. These PLD times

were intended to probe the bolus arrival time. The ATT map (�)

and perfusion map (f) were calculated by fitting the 7-delays ASL

difference signals as a function of the PLD (w) to the following

equation:

�M � 2Mt
0 � � � � � T1t � f � e��/T1a

� �e�max	w � �,0
/T1t � e�max	� 	 w � �,0
/T1t�/
,23

where �M is the ASL difference signal, f is the perfusion rate, T1a

and T1t are the longitudinal relaxation times of blood and tissue,

Mt
0 is the fully relaxed equilibrium magnetization of brain tissue,

� is the efficiency of the labeling sequence, 
 is the tissue-to-blood

partition coefficient of water, � is the transit delay, � is the labeling

duration, and w is the PLD. Vascular signal suppression is as-

sumed in this model. � has been added to the kinetic model to

compensate for any static tissue signal loss caused by the vessel-

suppression pulses. Notice that for � less than w, � completely

disappears from the equation.22-26

SPECT Imaging Protocol
Basal/acetazolamide brain perfusion SPECT was performed with

a 1-day protocol. Basal SPECT images were acquired 5 minutes

after intravenous injection of Tc99m-HMPAO (9.25 MBq per

kilogram of body weight) using a triple-headed gamma camera

(Triad XLT 9; Trionix Research Laboratory, Twinsburg, Ohio)

equipped with low-energy ultra-high-resolution fan-beam colli-

mators. Image acquisition was performed with a step-and-shoot

mode with 40 steps for 20 seconds per step (total duration, 13.3

minutes). Ten minutes before the end of the basal SPECT, 14

mg/kg of acetazolamide was intravenously injected. Another dose

of Tc99m-HMPAO (18.5 MBq per kilogram of body weight) was

injected at the end of basal SPECT, and a second acquisition of

SPECT was started 5 minutes later. The acetazolamide stress per-

fusion images were generated by using decay-corrected subtrac-

tion of the basal images from the corresponding stress images. All

SPECT images were reconstructed on 128 � 128 matrices by us-

ing a filtered back-projection method with a Butterworth filter.
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ASL MR Imaging and SPECT Imaging Analysis
All MR imaging and basal/acetazolamide SPECT scans were re-

viewed by board-certified reviewer 1 (H.J.C. with 6 years of expe-

rience in radiology). Unclear interpretations were subsequently

resolved in consensus with board-certified reviewer 2 (C.H.S.

with �20 years of experience in radiology). The same analysis was

performed by board-certified reviewer 3 (S.H.Y. with 6 years of

experience in radiology).

Quantitative Assessment of ASL-Derived ATT and Transit
Time–Corrected CBF
On ASL MR imaging, ROIs were drawn in the gray matter of the

major territories of the intracranial arteries and the equivalent site on

the contralateral normal side on the ATT and transit time–corrected

CBF (TCF) maps directly in the workstation (Fig 1). The ROIs were

placed in 6 locations (2 bilateral anterior cerebral artery territories

and 4 bilateral MCA territories) on the supraventricular level

over a fixed territory in all patients to avoid the infarcted

area. ATT [ms] and TCF [mL/100 g/min] were

obtained in each territory. The percentage change of TCF is calcu-

lated as 100 � [(TCFcontralateral normal � TCFipsilateral affected)/

TCFcontralateral normal], and the percentage change of ATT is calcu-

lated as 100 � [(ATTcontralateral normal � ATTipsilateral affected)/

ATTcontralateral normal].

Qualitative and Quantitative Assessment of
SPECT-Derived CVR and Cerebrovascular Reserve Index
The SPECT data were assessed qualitatively and quantitatively.

Regions of known old infarction with perfusion defects were not

included for visual grading. The visual grades of reduced CVR

were classified into 1 of 2 grades, preserved or impaired. Impair-

ment of the CVR was defined as no increase or decrease in perfu-

sion in acetazolamide stress SPECT compared with basal SPECT.

Visual grading was performed on each side of the hemispheres

relative to the normal contralateral side.

For quantitative analysis, reviewers created 7 ROIs in the ma-

jor arterial territories with an equivalent location on ASL images

(2 bilateral anterior cerebral artery territories, 4 bilateral MCA

territories, and 1 ipsilateral cerebellum for normalization), which

were the same locations examined in the ASL images. The cere-

brovascular reserve index (CVRindex) in each arterial territory was

defined as 100 � [(CBFAcetazolamide � CBFBaseline) / CBFBaseline],

where CBFAcetazolamide and CBFBaseline were normalized by the

ipsilateral cerebellar CBF, which was measured by drawing an

ROI in the highest uptake on visual inspection.27 Furthermore,

the cerebrovascular reserve index ratio (rCVRindex) was defined as

100 � [(rCBFAcetazolamide � rCBFBaseline) / rCBFBaseline]. The

rCBF indicates the asymmetric ratio, which is normalized CBF

value by the contralateral unaffected side.27

Statistical Analysis
To evaluate the ability of the ATT delay and TCF to predict im-

pairment of the CVR, we performed a receiver operating charac-

teristic (ROC) curve analysis to identify the optimal threshold for

maximizing the sensitivity and specificity. In addition, pair-wise

comparisons of the ROC curves were performed to compare the

diagnostic accuracy of TCF, the percentage change of TCF ATT,

and the percentage change of ATT. The correlation between ASL

parameters and SPECT-derived CVRindex was determined by the

Pearson correlation coefficient. Interobserver agreement for

qualitative analysis of CVR in SPECT was evaluated by the

weighted � coefficient. The quantitative analysis for the CVRindex

on SPECT and the quantitative analysis for ATT and TCF on ASL

were assessed with the intraclass correlation coefficient. Weighted

� values or intraclass correlation coefficient of �0.20, 0.21– 0.40,

0.41– 0.60, 0.61– 0.80, and 0.81–1.00 represented poor, fair, mod-

erate, good, and excellent agreement, respectively.28 All statistical

analyses were performed with SPSS statistics, Version 20.0 (IBM,

Armonk, New York); R statistical and computing software

(http://www.r-project.org/); and MedCalc Statistical Software,

Version 17.1 (MedCalc Software, Mariakerke, Belgium). A P

value � .05 was considered statistically significant.

RESULTS
Time Interval between Examinations
The mean interval between ASL and SPECT examinations was

1.7 � 4.9 days (range, 0 –28 days).

Comparison of ASL Parameters between the Affected and
Contralateral Unaffected ROIs
Table 1 shows the mean absolute values of ASL parameters of the

affected and contralateral unaffected ROIs. The affected ROIs had

a decreased TCF and increased ATT compared with the correspond-

ing values of the contralateral normal unaffected ROIs, which were

statistically significant (P � .001). Because a higher correlation was

FIG 1. ROI placements in supraventricular levels on ASL and SPECT.
We drew the ROIs in the bilateral anterior cerebral artery territories
and anterior and posterior MCA territories in TCF (A), ATT (B), baseline
SPECT (C), and acetazolamide challenge SPECT (D). We also drew an
ROI in the ipsilateral cerebellum with the highest uptake on visual
assessment for normalization of SPECT values.

Table 1: ASL parameter values of each ROIa

ASL Parameters

Absolute Values

Contralateral
Unaffected ROIs

Ipsilateral
Affected ROIs P

TCF (mL/100 g/min) 46.00 � 8.89 34.81 � 14.58 �.001
ATT (ms) 1235.49 � 142.40 1643.71 � 240.03 �.001

a Values are means.
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noted in the MCA territory than in the anterior cerebral artery terri-

tory, we focused on the MCA territory in subsequent results.

Diagnostic Performance of ASL Parameters in the
Prediction of CVR Impairment
In qualitative assessment of baseline and acetazolamide challenge

SPECT, 20 patients (66.67%) showed impairment of CVR on the

affected side. Eight patients (26.67%) showed preserved CVR

even in ipsilateral steno-occlusive disease. In addition, we evalu-

ated 136 ROIs: Fifty ROIs showed impaired CVR and 86 ROIs

showed preserved CVR. Four patients who had bypass surgery

showed impaired CVR on qualitative assessment in preoperative

and postoperative SPECT. Results pertaining to the diagnostic

performance of TCF and ATT in predicting CVR impairment

based on a qualitative assessment of SPECT data are summarized

in Table 2. The percentage change of TCF showed the best area

under the curve value (0.905) in predicting CVR impairment. A

significant difference was found in the pair-wise comparison of

the areas under the ROC curve between TCF and the percentage

change of transit time (difference between areas � 0.083, P �

.015). Otherwise, there was no significant difference among the

areas under the ROC curve. A representative case of TCF and ATT

used in depicting the CVR impairment is shown in Fig 2.

Correlation between ASL Parameters and SPECT-Derived
Parameters
The correlation between ASL parameters and SPECT-derived pa-

rameters is summarized in Fig 3. The TCF showed a positive cor-

relation with the CVRindex or rCVRindex, and the ATT showed a

negative correlation with the CVRindex or rCVRindex (P � .001,

respectively).

Interobserver Agreement for MP-ASL Parameters,
Qualitative Assessment of CVR, and Quantitative
Assessment of CVR Based on SPECT
Interobserver agreement for the visual assessment of the impair-

ment of CVR based on SPECT (weighted � � 0.950), measure-

ment of the basal CBF in SPECT (intraclass correlation coeffi-

cient � 0.964), acetazolamide challenge CBF in SPECT (intraclass

correlation coefficient � 0.968), TCF in ASL (intraclass correla-

tion coefficient � 0.902), and the ATT in ASL (intraclass correla-

tion coefficient � 0.966) was excellent.

Table 2: Diagnostic performance of the ASL parameters for predicting CVR impairment

Mean
Area under
ROC Curve

Associated
Criterion Sensitivity Specificity P

TCF (mL/100 g/min) 40.40 � 13.27a 0.822 (0.747–0.882)b �33.00 62.00 93.02 �.001
Percentage change of TCF (%) 12.55 � 21.86a 0.905 (0.843–0.949)b �7.14 84.00 97.67 �.001
ATT (ms) 1439.59 � 283.95a 0.891 (0.826–0.938)b �1527 82.00 88.37 �.001
Percentage change of ATT (%) �17.57 � 26.24a 0.889 (0.823–0.936)b ��8.86 94.00 87.21 �.001

a Data are means.
b Data in parentheses are 95% confidence intervals.

FIG 2. A representative case of the use of the TCF and ATT maps in depicting CVR impairment. TOF MRA (A) demonstrates left proximal MCA
occlusion. Basal/acetazolamide Tc99m-HMPAO SPECT images (B and C) show normal perfusion on basal SPECT and decreased perfusion in the
left frontal lobe (MCA M2, superior division territory) on acetazolamide challenge SPECT, which indicates impairment of the CVR in this region. In ASL
without a time correction (D), there is no hypoperfusion; however, TCF from MP-ASL (E) demonstrates decreased perfusion and delayed ATT (F).
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DISCUSSION
The present study demonstrated that TCF and ATT measure-

ments made by MP-ASL can predict CVR without acetazolamide

in patients with unilateral steno-occlusive disease. Therefore, ASL

can reduce the number of examinations for patients who require

frequent follow-up to evaluate CVR without the acetazolamide

challenge SPECT.

Many studies have examined the relationship between hemo-

dynamic parameters and metabolic reserve. Based on a PET study,

Gibbs et al29 suggested that the ratio CBF/CBV (reciprocal of the

MTT) is an index of diminishing cerebral perfusion pressure, and

even without a measurement of the regional oxygen extraction

ratio, the MTT can provide the best predictive value for cerebro-

vascular reserve. Schumann et al30 also

demonstrated that the MTT was linearly

correlated with cerebral perfusion pres-

sure under physiologic conditions and

may be sensitive to metabolic reserve

consumption. Vagal et al5 reported that

the MTT is 1 of 3 general approaches for

assessing CVR in the same position as

CBF measurements by the acetazol-

amide challenge and direct oxygen ex-

traction fraction measurements. The

MTT determination based on perfusion

CT or DSC-MR imaging showed a

strong correlation with CVR in patients

with chronic vascular occlusive dis-

ease.31-33 The ATT is different from the

MTT; however, it has been reported that

there was significant correlation be-

tween the ATT and MTT (r � 0.604, P �

.01).16 To the best of our knowledge,

there is no prior study about the corre-

lation between the ATT and the CVR

based on SPECT with acetazolamide

challenge. With respect to predicting the

CVR from baseline SPECT CBF scans,

we found a poorer correlation between

baseline CBF and CVRindex (r � �0.279,

P � .021) than for ATT or TCF and no

significant correlation between baseline

CBF and rCVRindex (r � �0.058, P �

.637). These results are like those of

studies indicating that CBF has no cor-

relation with CVR or a poorer correla-

tion than the MTT.3,34 However, we ob-

served a better correlation between the

percentage change in the TCF and

rCVRindex (r � �0.363, P � .001). The

percentage change in the TCF showed

excellent diagnostic performance in pre-

dicting CVR with a sensitivity of

84.00%, specificity of 97.67%, and an

area under the ROC curve of 0.905. In

addition, the correlation between the

ATT and rCVRindex was moderate (r �

�0.511, P � .001). The ATT showed ex-

cellent diagnostic performance in predicting CVR with a sensitiv-

ity of 82.00%, specificity of 88.37%, and an area under the ROC

curve of 0.891. According to our results, the TCF and ATT have

potential value in predicting CVR.

In a previous study, the CVR index by ASL with an acetazol-

amide challenge in monitoring Moyamoya disease showed excel-

lent performance in the identification of impaired CVR, which

was based on single postlabeling delay ASL and the use of acet-

azolamide.35 Comparable results have been reported for respira-

tory challenge MR imaging in hypercapnia or breathing control in

the assessment of CVR with use of ASL and blood oxygen level–

dependent techniques.36 Although these methods provide useful

FIG 3. Scatterplots and Pearson correlation coefficients between values of ASL and SPECT of
MCA territories (the asterisk indicates P � .001; double asterisks, P � .007).
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information about CVR in a safe, noninvasive, and repeatable

manner at high temporal and spatial resolution, there may be

restrictions on the use of the complex equipment associated with

the procedure, such as gas concentration control, the use of a

mask or ventilator, the use of visual cueing or a pneumatic belt for

paced breathing, and patient-training before the MRI scan.36

Single PLD ASL imaging provides rapid and robust measure-

ments of CBF. However, the method does not provide measure-

ments of the ATT. ATT prolongation causes underestimation of

CBF, and such effects might be particularly important in patients

with steno-occlusive diseases. In a recent recommendation for the

clinical application of ASL from the International Society for

Magnetic Resonance in Medicine consensus, the authors men-

tioned that the complex-but-efficient Hadamard time-encoding

strategies of ASL can provide additional information of the esti-

mation of ATT and the most precise quantitation of CBF, espe-

cially in steno-occlusive disease.12 The MP-ASL speeds imaging

and efficiently improves the SNR.22 Additionally, we found the

feasibility of MP-ASL in predicting CVR in patients with steno-

occlusive disease who had a long transit time from labeling to

scanning without the use of a vasodilatory stimulus (such as acet-

azolamide) or contrast (iodinate or gadolinium base). This pro-

tocol encoded 7 different PLD times with the application of 7

effective label durations. Because the ASL signal increases with

label duration, Alsop et al12 suggested a labeling duration of 1.8

seconds as a compromise between an increase in the SNR and the

disadvantage of greater power deposition and T1 sensitivity in a

single postlabeling delay ASL. We used 7 shorter effective label

durations (range, 0.22–1.18 seconds) than the duration recom-

mended by Alsop et al. A previous study demonstrated a trade-off

between systematic error and the SNR using standard continuous

ASL versus the Hadamard continuous arterial spin-labeling

method.22 Because Hadamard encoding can remove transit time–

related systematic errors, it holds an advantage for clinical appli-

cations, particularly for patients with steno-occlusive disease, for

whom the range of prolonged ATT values is variable or unknown.

Acetazolamide acts quickly: an increase of CBF up to 53% �

24% in 3 minutes after 1 g of acetazolamide administration.37 The

SPECT protocol in this study was administration of acetazolamide 10

minutes before the end of baseline SPECT. One of the purposes of the

protocol is to save time to avoid motion artifacts. Acetazolamide can

be injected during the baseline scan to optimize the effect of the drug

at the end of the test. The Tc99m-HMPAO that we use for imaging is

characterized by being fixed in the brain within 2 minutes after injec-

tion.38 Even if other medications are introduced in the middle of the

scan (and even if the blood flow is changed), the fixed status does not

change.

This study has a few limitations. First, we did not divide the

patient group into atherosclerotic stenosis and unilateral Moya-

moya disease groups, which are different pathophysiologies of

vascular stenosis, collateral formation, and consequent arterial

transit delay.39 However, this protocol covered a long PLD (the

longest postlabeling time was 3.32 seconds), which would not be

affected by the long ATT. Second, we used SPECT as a reference

standard for CVR impairment rather than PET, which has usually

been considered a standard for CBF quantification. However,

some studies have shown that SPECT can be an alternative

method for CBF assessment in patients with cerebrovascular dis-

ease.40 Third, because the measurements of CVR and CVRindex

were made via a 1-day protocol of Tc99m-HMPAO SPECT with a

split dose, we should normalize the values by the ipsilateral cere-

bellum or contralateral equivalent normal side to obtain the ad-

justed quantification. Fourth, we did not control for conditions

that could cause variations in CBF, such as caffeine, time of day, or

diet, and the examinations were not performed back to back.41

We used percent change of values and asymmetric ratio in addi-

tion to the absolute values to reduce uncontrolled variations.

CONCLUSIONS
MP-ASL can predict cerebrovascular reserve without acetazol-

amide in patients with unilateral steno-occlusive disease. ASL can

provide a potential noninvasive imaging tool for measuring CVR

impairment.
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ORIGINAL RESEARCH
ADULT BRAIN

Spatial Correlation of Pathology and Perfusion Changes within
the Cortex and White Matter in Multiple Sclerosis

X A.D. Mulholland, X R. Vitorino, X S.-P. Hojjat, X A.Y. Ma, X L. Zhang, X L. Lee, X T.J. Carroll, X C.G. Cantrell, X C.R. Figley, and
X R.I. Aviv

ABSTRACT

BACKGROUND AND PURPOSE: The spatial correlation between WM and cortical GM disease in multiple sclerosis is controversial and has
not been previously assessed with perfusion MR imaging. We sought to determine the nature of association between lobar WM, cortical
GM, volume and perfusion.

MATERIALS AND METHODS: Nineteen individuals with secondary-progressive multiple sclerosis, 19 with relapsing-remitting multiple
sclerosis, and 19 age-matched healthy controls were recruited. Quantitative MR perfusion imaging was used to derive CBF, CBV, and MTT
within cortical GM, WM, and T2-hyperintense lesions. A 2-step multivariate linear regression (corrected for age, disease duration, and
Expanded Disability Status Scale) was used to assess correlations between perfusion and volume measures in global and lobar normal-
appearing WM, cortical GM, and T2-hyperintense lesions. The Bonferroni adjustment was applied as appropriate.

RESULTS: Global cortical GM and WM volume was significantly reduced for each group comparison, except cortical GM volume of those
with relapsing-remitting multiple sclerosis versus controls. Global and lobar cortical GM CBF and CBV were reduced in secondary-
progressive multiple sclerosis compared with other groups but not for relapsing-remitting multiple sclerosis versus controls. Global and
lobar WM CBF and CBV were not significantly different across groups. The distribution of lobar cortical GM and WM volume reduction was
disparate, except for the occipital lobes in patients with secondary-progressive multiple sclerosis versus those with relapsing-remitting
multiple sclerosis. Moderate associations were identified between lobar cortical GM and lobar normal-appearing WM volume in controls
and in the left temporal lobe in relapsing-remitting multiple sclerosis. No significant associations occurred between cortical GM and WM
perfusion or volume. Strong correlations were observed between cortical-GM perfusion, normal appearing WM and lesional perfusion,
with respect to each global and lobar region within HC, and RRMS and SPMS patients (R2 � 0.96, P � .006 and R2 � 0.738, P � .006).

CONCLUSIONS: The weak correlation between lobar WM and cortical GM volume loss and perfusion reduction suggests the indepen-
dent pathophysiology of WM and cortical GM disease.

ABBREVIATIONS: cGM � cortical GM; EDSS � Expanded Disability Status Scale; HC � healthy control; NAWM � normal-appearing white matter; RRMS �
relapsing-remitting multiple sclerosis; SPMS � secondary-progressive multiple sclerosis; T2h-1 � T2-hyperintense lesions

MS is a notable cause of neurologic and cognitive disability in

young people. Pathologically, it is characterized by inflam-

matory demyelination and, in chronic lesions, axonal loss.1 The

cause of reduced cortical metabolism described in MS remains

uncertain.2,3 While MS is typically regarded as a disease primarily

affecting WM, cortical GM (cGM) is increasingly complicit in

physical and cognitive disease progression. However, the relation-

ships between WM and cGM disease progression remain contro-

versial. Although some studies have suggested a relationship be-

tween normal-appearing WM (NAWM) atrophy and cGM

damage,4,5 others suggested that cGM disease progression is ei-

ther independent from or only partly related to WM abnormali-
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ties.6,7 Louapre et al,8 using DTI at 7T, found a lack of spatial

specificity between NAWM tracts and the overlying cGM. Steen-

wijk et al9 reported a stronger relationship between cGM atrophy

and WM tract pathology in patients with relapsing-remitting

multiple sclerosis (RRMS) compared with those with secondary-

progressive multiple sclerosis (SPMS), concluding that the asso-

ciation between NAWM and cGM becomes increasingly indepen-

dent with disease progression. The assertion that cGM and WM

progression is either dependent or partly independent is sup-

ported by histopathologic and radiologic series demonstrating the

role of meningeal mediated processes in both cortical and leuco-

cortical lesions but not WM T2-hyperintense lesion (T2h-l)

development.10,11

Although few studies4,5,9 have examined the regional relation-

ship between cortical structure and WM disease, the association

between regional WM volume and perfusion and cortical volume

and perfusion has not been previously studied. CBF and CBV

reduction have been previously shown either in the absence of, or

adjusting for, intergroup structural differences, suggesting that

cortical perfusion could serve as a surrogate of disease severity and

tissue integrity under specific conditions.12-14 Aviv et al12 demon-

strated focal cGM CBV reduction in cognitively impaired com-

pared with preserved patients with SPMS after adjusting for global

WM T2h-l volumes. Hojjat et al15 demonstrated significant CBF

reduction in the absence of structural differences in impaired

compared with cognitively preserved patients with RRMS. Last,

Debernard et al14 found CBF reduction in the absence of cGM

volume differences in unimpaired patients with RRMS compared

with healthy controls (HCs) using pseudocontinuous arterial

spin-labeled/labeling perfusion. While prior studies reported re-

gional variation in CBF and CBV, none examined the regional

associations between lobar WM (normal-appearing and lesional)

and cGM volume and perfusion reduction. Consistent with grow-

ing evidence for partly independent mechanisms of disease pro-

gression in WM and cGM, we hypothesized that an independent

association would be found between lobar WM disease and cGM

volume and perfusion.

MATERIALS AND METHODS
Study Participants
Thirty-eight patients with MS (19 with SPMS and 19 with RRMS)

from 2 tertiary referral MS clinics and 19 healthy, age-matched

controls were prospectively recruited during a 1-year period. Ex-

clusion criteria were a history of drug/alcohol abuse, relapse or

steroid use in �6 months, pre-MS psychiatric history, head inju-

ries involving loss of consciousness, cardiac disease, and MR im-

aging contraindications. Demographic data were obtained for

each subject. This study was approved by both local ethics com-

mittees (Sunnybrook Health Sciences Centre and St. Michael’s

Hospital, Toronto), and written consent was obtained from each

participant before study enrollment.

Cognitive Testing
All patients and HCs underwent MR imaging, neurologic exami-

nation, and Expanded Disability Status Scale (EDSS) assessment

within 1 week. Patients were tested with the Minimal Assessment

of Cognitive Function in Multiple Sclerosis battery comprising 7

tests covering 5 cognitive domains, including processing speed,

memory, executive function, visuospatial perception, and verbal

fluency. Only cognitively preserved patients were enrolled in the

study, given the greater potential for confounding pathophys-

iologic factors, with greater disease progression characterized

by cognitive impairment and the previously published associ-

ation between cognitive impairment, disease progression, and

hypoperfusion.9,15,16

Image Acquisition
All MR imaging data were acquired on a 3T MR imaging system

(Achieva; Philips Healthcare, Best, the Netherlands) with an 8-chan-

nel phased array coil. The MR imaging sequences included: axial

proton density/T2 (TR/TE/flip angle � 2500/10.7ms/90°; FOV �

230 � 230 mm2; acquisition matrix � 256 � 263; section thick-

ness � 3 mm); axial T1-weighted TSE (TR/TE/flip angle � 9.5/

2.3ms/12°; FOV � 240 � 240 mm2; acquisition matrix � 256 �

219; section thickness � 1.2 mm); axial phase-sensitive inversion

recovery (TR/TE � 3374/15 ms; FOV � 230 � 230 mm2; acqui-

sition matrix � 400 � 255; section thickness � 3 mm); axial

field-echo, echo-planar dynamic susceptibility contrast perfusion

(TR/TE/flip angle � 1633/30ms/60°; FOV � 220 � 220 mm2;

acquisition matrix � 96 � 93; section thickness � 4 mm; no gap;

signal bandwidth � 1260 Hz/pixel; sections � 24). During the

perfusion scan, 10 mL of 1-mmol/mL concentrated gadobutrol

(Gadovist; Bayer Schering Pharma, Berlin, Germany) was admin-

istered by a power injector at a rate of 5 mL/s, followed by a 25-mL

bolus of saline at 5 mL/s. Sixty images were acquired with the

injection occurring at the fifth volume. A segmented inversion

recovery Look-Locker EPI sequence was performed immediately

before and after the axial DSC sequence (TR/TE/flip angle � 29/

14ms/20°; TI � 15.8 ms; FOV � 220 � 220 mm2; acquisition

matrix � 128 � 126; 15 k-space lines per acquisition; section

thickness � 4 mm; time points � 60). A 3-second delay occurred

following the last imaging time point to facilitate longitudinal

magnetization recovery.

Quantitative MR Perfusion
Quantitative CBF (milliliter/100 gram/minute), quantitative CBV

(milliliter/100 gram), and MTT (second) were obtained using

bookend MR imaging perfusion as previously published.17 The

technique uses pre- and postgadolinium bookend scans to calcu-

late WM quantitative CBV without the need for an arterial input

function while accounting for the effects of intravascular-to-

extravascular water exchange. The tissue concentration–time

curve is calculated through arterial input function sampling, al-

lowing relative CBV and relative CBF determination. The central

volume principle was used to calculate MTT.

Image Processing
Structural T1- and proton-density/T2-weighted images were

coregistered using linear registration (SPM8; http://www.fil.

ion.ucl.ac.uk/spm/software/spm12). T2h-l and deep GM struc-

tures were segmented by a board-certified neuroradiologist (�10

years’ experience) using the trace function in Analyze 8.0 (Mayo

Clinic, Rochester, Minnesota). T1-weighted structural images were

first segmented into GM and WM masks using the unified segmen-
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tation model in SPM8 and checked for accuracy before creating sub-

ject-specific NAWM masks by subtracting T2h-1 from the auto-

mated WM segmentation. For cortical volumetric analysis, the

International Consortium for Brain Mapping lobar templates (Lab-

oratory of Neuroimaging, Keck School of Medicine, Los Angeles,

California) and MRIcro Brodmann templates (Neuropsychology

Laboratory, Columbia, South Carolina) were registered to Montreal

Neurological Institute 152 space using the normalize function in

SPM. Structural T1-weighted images and associated lesional ROIs

and lobar templates were coregistered to the EPI DSC pregadolinium

images with linear registration (FMRIB Linear Image Registration

Tool, FLIRT; https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FLIRT) and non-

linear intensity modulation and multiresolution, nonlinear registra-

tion with 4 subsampling levels (FMRIB Nonlinear Registration

Tool, FNIRT; http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FNIRT). Global

and lobar cGM and WM volumetric and perfusion metrics were

then quantified separately for bilateral frontal, parietal, temporal,

and occipital lobes, as previously described.18

Statistical Analysis
Demographic, clinical, volumetric, and perfusion data were sum-

marized for HCs and patients with RRMS, and SPMS using the

mean and SD for continuous variables and proportions for cate-

goric variables. To compare RRMS versus HC, SPMS versus HC,

and SPMS versus RRMS for demographic variables (ie, age, sex,

educational years, disease duration, and EDSS), we used the uni-

variate logistic regression model. Significant confounding factors

were determined and used for perfusion data analysis. A Bonfer-

roni-corrected P value � .017 (.05/3) was considered statistically

significant for controlling for multiple comparisons among the 3

groups. To compare HC, RRMS, and SPMS cohort differences for

the imaging parameter covariates (ie, CBF, CBV, MTT, lobar GM,

and WM volume), we used a generalized linear model with a logit

link function after adjusting for confounding factors. The

GENMOD procedure in Statistical Analysis Software (SAS, Ver-

sion 9.4 for Windows; SAS Institute, Cary, North Carolina) was

performed to fit the model, with a Bonferroni-adjusted P value �

.017 considered statistically significant. Confounding factors of

age, disease duration, and EDSS were assessed for multicollinear-

ity by examining tolerance and variance inflation factors (1/toler-

ance) in a regression model using SPSS (IBM, Armonk, New

York). A tolerance value of �0.1 and a variance inflation factor of

�10 were regarded as indicating multicollinearity. Normality was

determined with the Shapiro-Wilk test, and anomalous depen-

dent variables were log-transformed to fit the data to a normal

distribution. Natural log-transformation was applied as appro-

priate for normalizing the distributions. A general linear regres-

sion was implemented to assess the association between GM and

WM regional perfusion data, between GM and T2h-l regional

perfusion data, between WM and T2h-l regional perfusion data,

and between lobar GM and lobar WM volume data while consid-

ering confounding factors and expressed as R2.

RESULTS
Clinical Characteristics, Global Volumes, and Perfusion
The MS subgroups did not significantly differ in sex, disease du-

ration, and years of education, though the SPMS cohort was older

(P � .0041) and had higher EDSS (P � .0006) scores than the

RRMS cohort (Table 1). Patients with SPMS demonstrated a lon-

ger disease duration, but this did not reach statistical significance

(P � .02). The SPMS cohort had greater global atrophy in cGM

and WM compared with the RRMS group and HC subjects (P �

.002, P � .0026 and P � .0049, and P � .0011, respectively; Table

2). Those with RRMS exhibited lower global WM (P � .0115) but

not GM volume compared with HCs. GM and WM CBF and CBV

were reduced and MTT was prolonged in subjects with SPMS

compared with those with RRMS. GM CBF reduction and MTT

prolongation were present in RRMS and SPMS compared with

HCs. No significant WM CBF or CBV difference was observed for

any RRMS/SPMS comparison with HCs. WM MTT was signifi-

cantly prolonged for those with SPMS versus HCs. No significant

T2h-l volume, CBF, or MTT differences were seen between pa-

tients with RRMS and those with SPMS, though patients with

SPMS had higher T2h-l CBV than those with RRMS.

Lobar Volumetric Group Comparisons
Patients with SPMS had reduced cGM volumes in the temporal

and occipital lobes and reduced WM volumes in the occipital lobe

compared with those with RRMS (Table 3). Patients with SPMS

also demonstrated reduced occipital lobe WM and temporal and

occipital cGM compared with HCs. Frontal and parietal lobe WM

volume reduction was observed for all comparisons, and patients

with RRMS also demonstrated a reduced temporal WM volume

compared with HCs. Overall, a weak association was present be-

tween lobar cGM and lobar NAWM volume (On-line Table and

On-line Fig 1) in patients with both RRMS (R2 0.14 – 0.65) and

SPMS (R2 � 0.16 – 0.62), with no statistical significance achieved

for any lobar region. Association was stronger in HCs (R2 �

0.53– 0.79).

Lobar Perfusion Group Comparisons
The distribution of significant lobar cortical perfusion differences

between group comparisons is demonstrated in the Figure. Lobar

cGM CBF reduction and MTT increase were present in all lobes in

Table 1: Comparison of demographic and clinical data for HCs and subjects with RRMS and SPMSa

Parameter
HC

(n = 19)
RRMS
(n = 19)

SPMS
(n = 20)

RRMS vs HC
(P Value)

SPMS vs HC
(P Value)

SPMS vs RRMS
(P Value)

Age (yr) 49.0 � 7.1 46.4 � 7.2 55.2 � 6.5 .27 .0168b .0041b

Sex (F/M) 14:5 15:4 11:9 .70 .23 .12
Education (yr) 16.9 � 2.9 16.1 � 1.3 15.1 � 2.6 .22 .051 .15
Disease duration (yr) 0.00 11.8 � 5.4 16.7 � 6.5 NA NA .0234
EDSS (median) (IQR) 0.00 1.5 (1–2) 6 (6–6.5) NA NA .0006b

Note:—IQR indicates interquartile range; NA, not applicable.
a All values are mean (SD) except where indicated. Bonferroni corrected P � .017 is considered statistically significant.
b Significant.
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FIGURE. Whole-brain depiction of perfusion differences in cortical gray matter among HCs and patients with RRMS and SPMS. Units for CBF are
milliliter/100 gram/minute; CBV, milliliter/100 gram; MTT, second.

Table 2: Comparison of perfusion and volumetric data for cGM, NAWM, and T2h-l between HCs and subjects with RRMS and SPMS
after adjusting for confounding factorsa

Parameter

Median (Interquartiles) P Value

HC (n = 19) RRMS (n = 19) SPMS (n = 20) RRMS vs HC SPMS vs HC SPMS vs RRMS
cGM

Global volume 890 (869–914) 864 (827–895) 673 (646–697) .10 .0026b .0020b

CBF 43.20 (33.91–54.49) 41.07 (29.85–55.68) 34.05 (27.19–43.68) �.0001b �.0001b .0011b

CBV 2.64 (2.02–3.29) 2.53 (1.94–3.37) 2.40 (1.92–3.07) .078 .046 .0062b

MTT 3.77 (3.20–4.31) 3.90 (3.32–4.41) 4.30 (3.66–4.99) .0001b �.0001b �.0001b

NAWM
Global volume 878 (812–894) 818 (738–850) 697 (669–729) .0115b .0011b .0049b

CBF 23.49 (18.69–27.78) 21.55 (16.05–29.50) 19.54 (16.74–24.92) .68 .58 .0080b

CBV 1.59 (1.28–2.00) 1.57 (1.17–2.15) 1.51 (1.30–1.98) .89 .16 .0103b

MTT 4.51 (4.09–5.10) 4.62 (4.08–5.20) 4.86 (4.28–5.41) .25 .0005b .0094b

T2h-l
Global volume 0.00 5.4 (1.2–9.3) 6.4 (1.0–10.9) NA NA .82
CBF 0.00 12.77 (8.23–17.24) 11.15 (8.95–15.71) NA NA .049
CBV 0.00 0.99 (0–1.32) 1.08 (0.83–1.47) NA NA .0026b

MTT 0.00 4.91 (4.00–5.63) 5.64 (4.82–6.30) NA NA .43

Note:—NA, not applicable.
a Bonferroni-corrected P � .017 is considered statistically significant. Age was considered a confounding factor for comparing RRMS vs HC and SPMS vs HC; age, EDSS, and
disease duration were considered confounding factors for comparing SPMS vs RRMS. All volumes are in cubic centimeters; CBF, milliliter/100 gram/meter; CBV, milliliter/100
gram; MTT, second.
b Significant.

Table 3: Lobar GM and WM volume differences among HCs and subjects with RRMS and SPMS after adjusting for confounding factorsa

Parameter

Median (Interquartiles) P Value

HC (n = 19) RRMS (n = 19) SPMS (n = 19)
RRMS vs HC

(n = 19)
SPMS vs HC

(n = 19)
SPMS vs RRMS

(n = 19)
Gray matter

Frontal lobe 200.040 (190.352–167.944) 199.248 (192.480–207.896) 200.352 (193.500–207.540) .69 .60 .22
Parietal lobe 90.296 (83.992–94.512) 89.824 (85.048–95.176) 93.368 (88.956–96.352) .72 .03 .095
Temporal lobe 122.740 (110.640–130.560) 121.336 (114.672–128.544) 106.892 (99.432–112.928) .86 .0044b .0073b

Occipital lobe 101.088 (98.536–106.272) 97.160 (95.728–102.960) 72.792 (69.868–75.196) .10 .0030b .0033b

White matter
Frontal lobe 190.568 (170.368–201.528) 170.316 (159.520–189.112) 146.260 (134.908–157.136) �.0001b .0006b �.0001b

Parietal lobe 101.200 (94.536–109.152) 93.272 (84.944–97.208) 81.952 (77.736–87.532) .0001b .0018b �.0001b

Temporal lobe 70.132 (56.648–79.352) 68.512 (64.116–74.016) 61.208 (51.576–71.720) .026 .98 .0026b

Occipital lobe 32.024 (30.248–35.092) 29.092 (24.136–33.768) 26.864 (23.552–31.832) .65 .0098b .0003b

a Bonferroni-corrected P � .017 is considered statistically significant. Age was considered a confounding factor for comparing RRMS vs HC and SPMS vs HC; age, EDSS, and
disease duration were considered confounding factors for comparing SPMS vs RRMS. All volumes are in cubic centimeters.
b Significant.
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patients with SPMS compared with the other groups, except for

MTT increase within the left occipital lobe for the SPMS versus

RRMS comparison, which did not reach statistical significance.

Lobar cGM CBV reduction was present in the bilateral frontal

lobes of patients with SPMS compared with the other groups and

in the bilateral occipital lobes of SPMS versus HCs. No significant

lobar cGM CBF, CBV reduction, or MTT prolongation was found

between subjects with RRMS and HCs. No significant lobar per-

fusion differences were observed between any group comparison

for NAWM. A strong association was shown between cGM and

NAWM global and lobar perfusion for all group comparisons and

lobes (R2 � 0.77– 0.98, P � .0001; On-line Table and On-line Fig

2). Overall, patients with SPMS demonstrated stronger associa-

tions between lobar T2h-l and cGM and NAWM perfusion com-

pared with those with RRMS (On-line Table and On-line Figs 3

and 4; cGM CBF, R2 � 0.31– 0.77; NAWM CBF, R2 � 0.35– 0.85

versus cGM CBF, R2 � 0.07– 0.61; and NAWM CBF, R2 � 0.06 –

0.69, respectively).

Associations between Perfusion and Volumetric Data
No significant associations were found between perfusion and

volumetric data in any regression analysis (ie, for cGM, T2h-l, or

NAWM).

DISCUSSION
We demonstrated a weak association between lobar volumes of

cGM and NAWM in patients with MS despite cGM and NAWM

volume reduction with increasing disease severity. Similarly, al-

though lobar NAWM and cGM perfusion were highly correlated,

the distribution of lobar cGM perfusion reduction was distinct

from that of underlying lobar NAWM perfusion, which showed

no significant between-group differences. These results do not

conflict with the notion that the pathophysiology of WM and

cGM disease may occur independently and that the strength of

association varies relative to the disease severity. The strong asso-

ciation between cGM and NAWM perfusion and the lack of asso-

ciation with volumetric measures suggest a potential role for per-

fusion as an independent surrogate of disease activity.

Weak associations between NAWM volume and GM volume

and perfusion in the present study argue against a mechanism of

secondary cGM anterograde or retrograde axonal degeneration

and suggest independent pathophysiologic processes acting on

WM and GM. This assertion is supported by various pathologic and

imaging studies,8,19-21 which have shown that cGM lesions may

develop before the appearance of WM plaques19 and arise in-

dependent of and are poorly correlated with T2h-l forma-

tion.20,21 A number of pathologic and imaging articles have

increasingly implicated an independent etiology for cGM le-

sion formation attributed to either the direct presence of men-

ingeal-derived neurotoxic substances or secondary microglial

activation mediated through meningeal/subpial inflammation

and manifest as a gradient of demyelination centered on the

subpial cortex.21,22

Numerous articles have examined the spatial relationship be-

tween lobar T2h-l and cGM integrity using quantitative and func-

tional parameters other than perfusion. A recent correlative study

of quantitative cortical T2* at 7T- and 3T-derived surface- and

tract-based analyses found a correlation between WM tract DTI

and cGM integrity, though this was not spatially specific, reflect-

ing a common sensitivity to MS pathologic changes.8 Steenwijk

et al9 used DTI at 3T to investigate the association between re-

gional GM atrophy and pathology in anatomically connected

WM tracts in patients with RRMS, SPMS, and primary-progres-

sive MS, demonstrating a relationship between NAWM tract frac-

tional anisotropy and deep GM and cGM. The model of variance

associated with cGM thickness was greatest in patients with

RRMS but declined in those with SPMS and primary-progressive

MS. A strong association between NAWM integrity and cGM

thickness was found only in the mildly impaired group when pa-

tients were dichotomized by EDSS category 4. The authors con-

cluded that NAWM integrity contributes to cGM atrophy only in

early MS. Bodini et al4 used Tract-Based Spatial Statistics (TBSS;

https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/TBSS) to explore the rela-

tionship between cGM atrophy and fractional anisotropy in con-

nected NAWM tracts in patients with primary-progressive MS

and found that only 4/11 regions studied showed a quantitative

association between reduced NAWM fractional anisotropy and

GM atrophy.

Jehna et al5 found spatial interdependence among focal corti-

cal volumes, lesion location, and probabilistic fiber pathways,

suggesting that WM tracts and cGM volume are regionally depen-

dent and injured due to similar disease processes, suggesting that

lesional axonal transaction23 leads to Wallerian degeneration and

retrograde GM atrophy. Their study was performed in “low dis-

abled” individuals with significantly lower ages (29.5 years) and

disease duration (7.3 years) compared with the present cohort. In

contradistinction, we did not demonstrate a stronger association

between NAWM/T2h-l and cGM volume or perfusion with ear-

lier disease, likely explained by longer disease duration and older

age in our RRMS group compared with the cohort of Jehna et al

and the different functional techniques used. The near-univer-

sally stronger cGM and NAWM perfusion association and dete-

riorating perfusion metrics with disease progression also con-

firmed in prior studies12,14,16,22,24 suggest that perfusion is

sensitive to a common pathophysiologic mechanism reflecting

concomitant but not necessarily codependent cGM and WM pa-

thology in MS. Findings are supported by a recently reported DTI

study,8 suggesting that perfusion could serve as a useful surrogate

of disease activity in addition to routine structural imaging.

Limitations of the study are the lobar rather than functional

domain approach adopted to examine associations among

NAWM, T2h-l, and cGM. This could result in functionally unre-

lated regions being included in the lobar cGM assessed. However,

a lobar approach was previously used in a recent publication

showing that the presence of juxtacortical T2h-l may affect the

degree of lobar cortical thinning.25 Alternative approaches assess-

ing the association between large-scale functional brain networks

and cGM integrity may provide greater insight into the volumet-

ric and functional spatial relationship and the effect on cogni-

tion.26 Greater insight into the association among NAWM, T2h-l,

and cGM may be illustrated by a longitudinal rather than a cross-

sectional study design, therefore representing a limitation of the

present study. Last, the small sample size is relatively modest,

limiting generalizability to a broader population of patients with
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MS. Despite these sample size limitations, we could demonstrate

important differences in associations between volumetric and

perfusion variables.

CONCLUSIONS
The weak spatial association between WM disease and cGM atro-

phy does not conflict with the notion of an independent patho-

physiology of WM and cGM disease. Perfusion reduction with

disease severity, particularly in cGM, suggests that perfusion is

sensitive to the pathophysiologic mechanism of MS disease sever-

ity and may be a useful surrogate of cortical disease progression.
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CLINICAL REPORT
ADULT BRAIN

Association of Developmental Venous Anomalies with
Demyelinating Lesions in Patients with Multiple Sclerosis

X D.M. Rogers, X M.E. Peckham, X L.M. Shah, and X R.H. Wiggins III

ABSTRACT
SUMMARY: We present 5 cases of demyelination in patients diagnosed with multiple sclerosis that are closely associated with a
developmental venous anomaly. Although the presence of a central vein is a known phenomenon with multiple sclerosis plaques,
demyelination occurring around developmental venous anomalies is an underreported phenomenon. Tumefactive demyelination
can cause a diagnostic dilemma because of its overlapping imaging findings with central nervous system neoplasm. The relationship
of a tumefactive plaque with a central vein can be diagnostically useful, and we suggest that if such a lesion is closely associated with
a developmental venous anomaly, an inflammatory or demyelinating etiology should be a leading consideration.

ABBREVIATION: DVA � developmental venous anomaly

The perivenular nature of demyelinating plaques in multiple

sclerosis has been observed in many studies, with the ear-

liest mention of this relationship found in an 1863 autopsy

specimen.1,2 The central veins within demyelinating lesions are

not usually perceived on conventional T2 and FLAIR MR im-

aging sequences, but inferred anatomically; a classic example

of this is the demyelination occurring along callosal-septal

medullary veins known as “Dawson fingers.” Advances in MR

techniques, such as 3T FLAIR*, high-field 7T MR imaging, and

susceptibility-weighted imaging, have helped to demonstrate

that nearly all multiple sclerosis plaques are oriented along a

central vein.3-5 This has recently led the North American Im-

aging in Multiple Sclerosis Cooperative to propose that the

“central vein sign” has potential diagnostic utility to prospec-

tively diagnose multiple sclerosis.6 Gaitán et al7 used dynamic

contrast-enhanced 7T MR to show that smaller multiple scle-

rosis lesions enhance centrifugally, suggesting that these le-

sions grow outward from this central vein.7 Recently, Sama-

raweera et al8 showed that a central vein can be identified on

clinical 3T scanners by using T2* sequences with high echo-

planar imaging.

Developmental venous anomalies (DVAs) have been found to

be more prevalent in patients with multiple sclerosis.9 Despite this

relationship, there is little research regarding the spatial proximity

between DVAs and demyelinating plaques. A single published

case report describes a focus of acute demyelination surrounding

a DVA in the cerebellum, which was confirmed histologically.10

Strengthening this association may provide a useful clue in the

diagnosis of tumefactive demyelination in the setting of con-

founding imaging findings.

We present 5 cases of demyelination in patients diagnosed

with multiple sclerosis that are closely associated with a DVA.

CASE SERIES
Case 1
A 56-year-old woman with a medical history of hypertension and

chronic lymphocytic (Hashimoto) thyroiditis initially presented

with left-sided facial numbness, word-finding difficulty, and

ataxia. Contrast-enhanced MR imaging demonstrated enhancing

lesions within the left middle cerebellar peduncle and right cere-

bellum. The right cerebellar lesion was closely associated with a

large DVA (Fig 1). Follow-up MR imaging 1 month later showed

enlargement of these lesions, along with a new enhancing lesion in

the left pons.

The initial differential diagnoses included acute demyelina-

tion and metastatic disease from an unknown primary malig-

nancy. A CT of chest/abdomen/pelvis in search of a source of

malignancy was negative, as was a lumbar puncture for malig-

nant cells and oligoclonal bands. MR imaging perfusion exam-

ination demonstrated decreased Ktrans, increased Ve, and de-

creased Vp within these lesions, consistent with increased

permeability, decreased cellularity, and decreased vascularity,

respectively.
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Taken together, the findings were consistent with acute de-

myelination, and this was dictated and verbally reported to the

referring neurosurgeons. Persistent clinical uncertainty led to

an excisional biopsy of the right cerebellar lesion. Demyelina-

tion was histologically confirmed (Fig 1). Imaging performed 3

months postoperatively demonstrated decreased size and en-

hancement of the pontine and left middle cerebellar peduncle

lesions. A year later, her facial numbness and ataxia resolved,

and she subsequently developed increased fatigue and lack of

concentration. Based on the imaging and the pathologic find-

ings, the patient was diagnosed by her neurologist with multi-

ple sclerosis and has not had a relapse while on fingolimod

therapy.

Case 2
A 37-year-old man with a medical history of transverse myeli-

tis presented with gradually increasing blurry vision of his

left eye, which was mildly painful. MR imaging and ophthal-

mologic examination were consistent with left optic neuritis

(Fig 2).

After treatment with steroids, the patient improved. He did

not tolerate treatment with natalizumab because of an allergic

reaction, so he was started on dimethyl fumarate. He returned

15 months later with left homonymous hemianopsia and right

visual field constriction. MR imaging at this time demon-

strated left frontal, left parietal, and right temporal lesions with

discontinuous leading-edge enhancement, typical for acute tu-

mefactive demyelination. Postcontrast images demonstrated

that the left frontal lobe lesion was centered on a large DVA

(Fig 2). Spectroscopy was obtained, which showed elevated

choline and decreased N-acetyl aspartate, suggestive of active

cell membrane turnover with underlying neuronal loss.

The patient was treated with methylprednisolone, leading to

improvement of his vision to near baseline. Given the pathogno-

monic brain lesions with peripheral discontinuous enhancement,

along with the preceding history of optic neuritis and transverse

myelitis, a neurologist diagnosed the patient with relapsing-re-

mitting multiple sclerosis.

Case 3
A 46-year-old man with a history of relapsing-remitting multiple

sclerosis, renal stones, and gastric ulcers related to Helicobacter

pylori infection presented for routine follow-up. MR imaging

from 2 years prior demonstrated multiple white matter and spinal

cord FLAIR hyperintense lesions, predominantly in a callosal and

pericallosal distribution typical of multiple sclerosis. A new en-

hancing lesion was present in the left middle cerebellar peduncle,

closely associated with a left cerebellar DVA (Fig 3). The T2 se-

quence demonstrated the central vein sign. The enhancement of

this lesion was no longer present on the follow-up MR imaging 2

years later.

The patient had multiple relapses over several years, with tran-

FIG 1. A and B, Axial contrast-enhanced and fat-saturated MR im-
aging show a right cerebellar DVA (A, arrow) surrounded by patchy
parenchymal enhancement (B, arrow). C, Axial FLAIR MR imaging
shows corresponding hyperintense lesion in the right cerebellum
(arrow). D, Axial susceptibility-weighted imaging maximum inten-
sity projection shows a large right cerebellar DVA (arrow). E, H&E
staining 20� shows moderately hypercellular cerebellar white
matter with infiltrating macrophages (circled). In addition, immu-
nohistochemical staining demonstrated intact neurofilament and
positive CD68 histiocytes, and Luxol fast blue stain showed myelin
loss (not pictured).

FIG 2. A and B, Sagittal contrast-enhanced T1 and FLAIR MR images
show a large left frontal lobe DVA (A, arrow) surrounded by a
lesion with discontinuous leading-edge enhancement (B, arrow),
typical for tumefactive demyelination. C and D, Sagittal FLAIR MR
images at the same anatomic location with a 15-month interval
show the development of a demyelinating plaque adjacent to the
occipital horn of the right lateral ventricle (arrows). E, Coronal T2
with fat-saturation MR imaging shows left optic nerve hyperinten-
sity (arrow). The patient presented with optic neuritis 15 months
before imaging in A and B. F, Axial contrast-enhanced T1 with fat
saturation MR imaging shows left optic nerve enhancement (ar-
row) in the setting of optic neuritis.
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sient symptoms including vertical diplopia, ataxia, and, most re-

cently, left-sided extremity numbness. Despite this, he remains

physically active. He continues to be followed by a neurologist and

has avoided an exacerbation over the past 5 years on dimethyl

fumarate therapy.

Case 4
A 47-year-old man with relapsing-remitting multiple sclerosis

presented for evaluation of new diplopia secondary to internu-

clear ophthalmoplegia. MR imaging demonstrated numerous

white matter and spinal cord FLAIR and T2 hyperintense lesions

in a pattern typical of multiple sclerosis. A review of his imaging

from 7 years prior showed an interim development of a new en-

hancing demyelinating lesion closely associated with a left frontal

lobe DVA (Fig 4). The enhancement resolved on the follow-up

MR imaging 9 months later.

A neurologist initially diagnosed him with multiple sclerosis in

his early 20s after recurrent episodes of optic neuritis. Since then,

he had multiple relapses, with symptoms dominated by progres-

sive gait difficulty and spasticity, neuropathic pain, and depres-

sion. The patient continues to be followed by a neurologist and is

currently being treated with rituximab.

Case 5
A 27-year-old woman with relapsing-remitting multiple sclerosis

presented for routine follow-up. MR imaging demonstrated mul-

tiple subcortical and periventricular FLAIR hyperintense lesions,

including callosal and pericallosal plaques typical of multiple scle-

rosis. A comparison of axial FLAIR and T1 contrast-enhanced

images demonstrated a grouping of FLAIR hyperintense lesions

around a right parietal DVA. These lesions were new compared

with MR imaging from 8 months prior, most consistent with new

demyelinating lesions (Fig 5).

The patient had no motor or sensory deficits, but she struggled

with symptoms of chronic fatigue and cognitive dysfunction, with

occasional word-finding difficulty. She continues to be followed

by a neurologist and treated with main-

tenance therapy of interferon �-1a.

DISCUSSION
The relationship of demyelination and

DVAs is underreported, despite the

presence of a central vein as a known

phenomenon with multiple sclerosis

plaques. This may be due in part to lim-

itations of conventional imaging be-

cause both abnormalities may not be ap-

parent together on the same standard

MR imaging sequence. DVAs are easily

seen on contrast-enhanced images,

whereas multiple sclerosis plaques are

best seen on T2 and FLAIR sequences.

Occasionally, demyelination is enhanc-

ing in its acute phase, allowing the asso-

ciation with a DVA to be demonstrated

on contrast-enhanced images (as shown

in cases 1– 4). Sometimes, a DVA may be

large enough that the flow void is clearly

identified within the plaque on a T2 se-

quence. Although advanced MR imag-

ing sequences such as 3T FLAIR* and

high-field 7T MR imaging can improve

the detection of the central vein in de-

myelinating plaques, the central vein

FIG 3. A, Sagittal FLAIR MR imaging shows multiple hyperintense cal-
losal and pericallosal multiple sclerosis plaques (Dawson fingers; ar-
row) B, Axial T2 MR imaging shows a hyperintense left middle cere-
bellar peduncle lesion (midline arrow) associated with a flow void
(central vein sign; left lateral arrow), which extends from the DVA
better demonstrated in image C. C and D, Axial contrast-enhanced T1
MR images show an enhancing left middle cerebellar peduncle lesion
(midline arrow) closely associated with a left cerebellar DVA (left
lateral arrow). This enhancement was resolved on the follow-up scan
at the same anatomic level 2 years later (D, arrow).

FIG 4. A, Sagittal FLAIR MR imaging shows multiple hyperintense callosal and pericallosal multiple
sclerosis plaques (consistent with Dawson fingers; arrow). B, Axial contrast-enhanced T1 and C,
FLAIR MR images show a FLAIR hyperintense (C, arrow) and enhancing (B, arrow) lesion in the left
frontal lobe. D and E, Coronal contrast-enhanced T1 MR images show an enhancing left frontal
lobe lesion (D, arrow) closely associated with a DVA. This enhancement was resolved on the
follow-up scan 9 months later (E, arrow).
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can also be identified on clinical 3T scanners by using T2* se-

quences with high echo-planar imaging.8 It should be acknowl-

edged that although MR imaging is a useful tool in expediting the

diagnosis of multiple sclerosis by demonstrating the dissemina-

tion of lesions in space and time, clinical criteria remain the cri-

terion standard for diagnosis.11

Tumefactive demyelination can cause a diagnostic dilemma

because of its overlapping imaging findings with central nervous

system neoplasm. The relationship of a tumefactive plaque with a

central vein can be diagnostically useful,3-6,8,12-15 and we suggest

that if such a lesion is closely associated with a DVA, an inflam-

matory or demyelinating etiology should be a leading consider-

ation. In addition to correlation with other clinical and imaging

clues, further evaluation with MR imaging perfusion and MR im-

aging spectroscopy can also aid in the diagnosis in such cases,

distinguishing neoplastic from non-neoplastic lesions, thereby

avoiding biopsy.16 Biopsy in the presence of a DVA will carry an

additional risk of infarction and/or hemorrhage beyond the sur-

gical margin because the DVA may represent the sole venous out-

flow to adjacent normal brain parenchyma.17-19 Another nonin-

vasive strategy is short-term imaging follow-up because the

enhancement of a demyelinating lesion should decrease and/or

resolve over time.

The predisposition for demyelination to occur around nor-

mally distributed cerebral veins is well-known,6 and we hypothe-

size that the medusa-like DVA may actually create an even more

compelling milieu for this process to occur. Once thought to be

benign and incidental findings, recent studies show that brain

tissue surrounding DVAs is abnormal in most cases. A compari-

son of MR imaging and PET in patients with DVAs demonstrated

surrounding hypometabolism in 75% of cases.20 On MR imaging

perfusion, MTT and TTP are prolonged around most DVAs, sug-

gestive of venous congestion in these regions.21

The pathophysiology and histopathology of multiple sclerosis

plaques is characterized by lymphocytes and monocytes crossing

the blood-brain barrier via venous channels, causing perivenular

cuffing in active lesions.22,23 These lymphocytes interact with au-

toantigens such as myelin basic protein, leading to a local inflam-

matory response and subsequent demyelination.6,24,25 We hy-

pothesize that the rate and/or amount of lymphocytic infiltration

may be accelerated in the setting of impaired venous drainage by

a DVA. Further investigation is required

to determine whether the demonstrated

parenchymal abnormalities around DVAs

increase the propensity to develop demy-

elination around these typically benign

vascular lesions in the setting of multiple

sclerosis.

CONCLUSIONS
Demyelination surrounding DVAs is
an underreported and potentially dan-

gerously unrecognized phenomenon.

Tumefactive demyelination may be dif-

ficult to differentiate from central ner-

vous system neoplasm on imaging, and

an association of the demyelinating le-

sion with a DVA should instigate further

noninvasive testing such as MR perfusion imaging in an attempt

to avoid biopsy and possible associated complications. The pre-

sented cases support the perivenular nature of multiple sclerosis.
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ABSTRACT

BACKGROUND AND PURPOSE: The safety and efficacy of endovascular therapy for large-artery stroke in the extended time window is not yet
well-established. We performed a subgroup analysis on subjects enrolled within an extended time window in the Endovascular Treatment for
Small Core and Proximal Occlusion Ischemic Stroke (ESCAPE) trial.

MATERIALS AND METHODS: Fifty-nine of 315 subjects (33 in the intervention group and 26 in the control group) were randomized in the
ESCAPE trial between 5.5 and 12 hours after last seen healthy (likely to have groin puncture administered 6 hours after that). Treatment
effect sizes for all relevant outcomes (90-day mRS shift, mRS 0 –2, mRS 0 –1, and 24-hour NIHSS scores and intracerebral hemorrhage) were
reported using unadjusted and adjusted analyses.

RESULTS: There was no evidence of treatment heterogeneity between subjects in the early and late windows. Treatment effect favoring
intervention was seen across all clinical outcomes in the extended time window (absolute risk difference of 19.3% for mRS 0 –2 at 90 days).
There were more asymptomatic intracerebral hemorrhage events within the intervention arm (48.5% versus 11.5%, P � .004) but no
difference in symptomatic intracerebral hemorrhage.

CONCLUSIONS: Patients with an extended time window could potentially benefit from endovascular treatment. Ongoing randomized
controlled trials using imaging to identify late presenters with favorable brain physiology will help cement the paradigm of using time
windows to select the population for acute imaging and imaging to select individual patients for therapy.

ABBREVIATION: ICH � intracerebral hemorrhage

Current guidelines recommend endovascular treatment in

patients with ischemic stroke presenting within 6 hours

from stroke-symptom onset.1 One guideline allows treatment

of selected patients in the 6- to 12-hour window.2 A meta-

analysis of the recent endovascular trials performed by the

Highly Effective Reperfusion Evaluated in Multiple Endovas-

cular Stroke trials (HERMES) collaboration showed the high-

est benefit of endovascular treatment among patients present-
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ing within 5 hours; however, a smaller benefit was seen in those

presenting after 5 hours of symptom onset, with most of these

patients presenting �8 hours after onset.3 Another individual

patient-level meta-analysis from the first 5 trials reported a

benefit of endovascular therapy over standard medical therapy

when arterial puncture was performed �7.3 hours from symp-

tom onset.4

Currently, Endovascular Therapy Following Imaging Evalua-

tion for Acute Ischemic Stroke 3 (DEFUSE 3) and Clinical Mis-

match in the Triage of Wake Up and Late Presenting Strokes

Undergoing Neurointervention with Trevo (DAWN) are 2 major

multicenter randomized trials assessing the possible benefit of

endovascular treatment in image-selected patients presenting in

late time windows (6 –24 hours in DAWN and 6 –16 hours in

DEFUSE 3). The recent presentation of positive data from the

DAWN study highlights the importance of imaging in the selec-

tion of late-presenting patients.5 The Endovascular Treatment for

Small Core and Proximal Occlusion Ischemic Stroke (ESCAPE)

trial used head CT and CT angiography as radiographic markers

to enroll patients up to 12 hours from symptom onset (defined as

the last known well time), thus providing a unique perspective on

patients presenting to medical attention relatively late. We ana-

lyzed data from patients in the extended timeframe (6 –12 hours)

of the ESCAPE trial.6

MATERIALS AND METHODS
Data are from the ESCAPE trial. The ESCAPE trial was a pro-

spective, multicenter, randomized, controlled, open-label trial

design with blinded outcome assessment.6,7 The trial enrolled

patients presenting within 12 hours from last seen healthy with

disabling ischemic stroke, a small core infarct on noncontrast

head CT (ASPECTS 6 –10), and moderate-to-good collaterals

on CT angiography.6,8 Because the

75th percentile for randomization to
arterial access/groin puncture time
was 28 minutes in the intervention
group, patients randomized between
5.5 and 12 hours from last seen healthy
(likely to undergo arterial access/groin
puncture �6 hours from symptom
onset/last seen healthy) were defined
as the extended time window popula-
tion for the current analyses.

The primary outcome was the
modified Rankin Scale score at 90 days
after stroke onset. Secondary out-
comes were mRS 0 –2, mRS 0 –1 (all at
90 days), the proportion achieving
NIHSS 0 –2 at 24 hours, and the pro-
portion developing intracerebral hem-
orrhage (ICH), reported both as
symptomatic ICH and using the Euro-
pean Cooperative Acute Stroke Study
2 (ECASS 2) categories on follow-up
imaging.9 Reperfusion (modified TICI
2b–3) is reported for the intervention
arm. Data are summarized using de-
scriptive statistics, and the adjusted

outcomes were assessed using both ordinal logistic regression

and unconditional logistic regression with adjustment for key

prognostic variables (age, sex, baseline NIHSS score, baseline

site of occlusion, baseline NCCT ASPECTS, and intravenous

alteplase treatment). Interaction was assessed using a likeli-

hood ratio test within the logistic regression analysis with a

multiplicative interaction term.

RESULTS
Fifty-nine of 315 (19%) subjects were randomized �5.5 hours

from last seen healthy. There was no evidence of heterogeneity of

treatment effect between the early presenters and subjects en-

rolled in the extended time window (P � .134, likelihood ratio

test). Table 1 shows differences in demographics, baseline char-

acteristics, and workflow between the intervention (n � 33) and

control (n � 26) arms of subjects within the late time window.

Patients in the control arm were more likely to receive intrave-

nous alteplase; otherwise, the population characteristics were

similar.

Clinical outcomes in late-window subjects are summarized

in Table 2 and the Figure. A treatment effect favoring interven-

tion is seen across all clinical outcomes. In this subgroup, in-

tervention was superior to the best medical therapy for NIHSS

0 –2 at 90 days (45.5% versus 13.6%, P � .019). The absolute

risk difference favoring intervention was 19.3% on the mRS

0 –2 at 90 days, and the shift analysis (proportional odds

model) favored intervention (adjusted common OR � 2.61;

95% CI, 0.9 –7.8). A higher rate of all types of ICH (including

petechial hemorrhage) was noted in the intervention arm (Ta-

ble 3), but not of symptomatic ICH.

Table 1: Baseline characteristics and workflow in subjects with last seen healthy to
randomization time >5.5 hours

Intervention
(n = 33)

Control
(n = 26)

Demographics
Age (median) (IQR) (yr) 66.1 (15.2) 67.9 (21.9)
Female sex 60.6% (20) 42.3% (11)
Caucasian race 87.9% (29) 92.3% (24)

Medical history
Hypertension 66.7% (22) 80.8% (21)
Diabetes mellitus 15.2% (5) 26.9% (7)
Atrial fibrillation 42.4% (14) 42.3% (11)

Clinical characteristics
NIHSS score (median) (IQR) 14 (4) 17 (12)
Systolic blood pressure at hospital arrival (median) (IQR)

(mm Hg)
143 (22) 138 (43)

Serum glucose at hospital arrival (median) (IQR) (mmol/L) 6.8 (2.2) 6.9 (2.0)
Imaging characteristics

ASPECTS on baseline noncontrast CT (median) (IQR) 9 (2) 8.5 (3)
Location of occlusion on CTAa

ICA with involvement of the M1 MCA segment (n � 16) 29.0% (9/31) 26.9% (7/26)
M1 or all M2 MCA segments (n � 40) 67.7% (21/31) 73.1% (19/26)
Single M2 MCA segment (n � 1) 3.2% (1/31) 0% (0/26)

Process time (min)
Stroke onset to randomization (median) (IQR) 468 (179) 405 (107)

Treatment
IV alteplase 24.2% (8/33) 57.8% (15/26)

Note:—IQR indicates interquartile range.
a Two scans missing or not scoreable reduces the denominator to 31 in the intervention group.
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DISCUSSION
The ESCAPE trial enrolled a small number of subjects in late time

windows but showed no evidence of heterogeneity of treatment

effect in subjects between the early and late time windows. In the

late time window population, all clinical outcomes showed trends

favoring the intervention arm, consistent with the recent meta-

analyses of the endovascular trials.3,4

The ESCAPE trialists adopted a 2-stage screening paradigm to

identify subjects for enrollment. The 12-hour window identified

the population sampling frame and was an arbitrary threshold

determined by consensus at the time of

the study design. These subjects were

then imaged using a CT/CTA metric to

identify individuals for enrollment. Im-

aging served as a marker of favorable

brain physiology instead of time.10 This

was a pragmatic choice because the pa-

tient is often unaware of stroke-onset

time or is unable to communicate it

clearly. Epidemiologic studies suggest

that 1 of every 3 patients with stroke

may either wake up with symptoms or

have unwitnessed onset, and this pro-

portion may increase with an aging

population.11-14 Patients with unwit-

nessed stroke onset may have a last

known well time many hours before or

immediately proximate to the time of

stroke recognition. Among this group,

2 types of patients can be identified.

Both patients with a true recent infarct

onset and patients with good collater-

als and slow infarct progression can be

identified as ideal therapy candidates.15,16 The change to a

physiologic paradigm of using time windows to select which

populations to screen and then imaging to select those eligible

for acute treatment is actively supported by these results.

Because late presenters, on average, are more likely to have

larger infarcts with more severe parenchymal and endothelial

damage, these patients may be at higher risk of hemorrhage than

early presenters. Our analysis showed an increased risk of occur-

rence of all ICHs in late presenters in the intervention group com-

pared with best medical therapy; however, this risk applied to the

clinically silent hemorrhagic infarction types and not to the clin-

ically relevant parenchymal hematoma category. There was no

difference in clinically defined symptomatic ICH.

Our study is limited by a small sample size and the post hoc

nature of our analysis, but a major strength is that findings arise

from a carefully controlled prospective randomized trial. Re-

cently, the DAWN trial implemented an image-based patient se-

lection with CT/MR imaging perfusion to provide randomized

controlled trial data to support endovascular treatment in the

extended time window and to further support the paradigm of

using imaging selection of patients for treatment.

FIGURE. Ninety-day mRS distribution in the intervention (n � 33) and the control (n � 26) arms
of the ESCAPE trial in subjects randomized �5.5 hours from last seen healthy. cOR indicates
common odds ratio.

Table 2: Clinical outcomes and treatment effect in subjects in the ESCAPE trial with last seen healthy to randomization time of >5.5
hours

Outcome
Intervention

(n = 33)
Control
(n = 26)

Risk Difference
(Absolute) P Value

Risk Ratio
Unadjusted (95% CI)

mRS at 90 days, (median) (IQR) 3 (3) 4 (3) – .029a –
mRS 0–2 at 90 days 48.5% (16/33) 29.2% (7/24) 19.3% .178 1.7 (0.8–3.4)
mRS 0–1 at 90 days 39.3% (13/33) 20.1% (5/24) 18.6% .161 1.89 (0.8–4.6)
NIHSS score 0–2 at 90 days 45.5 (15/33) 13.6 (3/22) 31.8% .019 3.33 (1.1–10.2)
ICH any (all types) 48.5% (16/33) 11.5% (3/26) 36.9% .004 4.2 (1.4–12.9)
ICH symptomatic 0% 0% 0% 1.000 –
mTICI 2b-3 (EVT group) or mAOL 2–3 (control group)b 87.5% (28/32) 13.0% (3/23) 74.5% – –

Note:—mTICI indicates modified Thrombolysis in Cerebral Infarction score; mAOL, modified Arterial Occlusive Lesion score; EVT, endovascular treatment.
a Parametric test of medians.
b Reperfusion assessed as mTICI 2b–3 at end of EVT in the intervention group or as recanalization with mAOL score 2–3 on repeat CTA in the control group.

Table 3: Distribution of intracerebral hemorrhage using the
ECASS radiologic classification on follow-up imaging in subjects
with last seen healthy to randomization of >5.5 hours in the
ESCAPE triala

ICH Type Intervention (n = 33) Control (n = 26)
HI-1 18.1% (6) 3.8% (1)
HI-2 24.2% (8) 7.7% (2)
PH-1 or rPH-1 3.0% (1) 0 (0)
PH-2 or rPH-2 3.0% (1) 0 (0)
None 51% (17) 88.5% (23)

Note:—HI indicates hemorrhagic infarction; PH, parenchymal hematoma; rPH, re-
mote parenchymal hematoma.
a Composite P value � .029.
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CONCLUSIONS
While the results of the DAWN study are not yet published,

some limited comparisons can be made with recent prelimi-

nary data. Among the 206 patients enrolled in the DAWN trial,

the median age was 72 and 73 years in the intervention and

control arms, respectively, and the median baseline NIHSS of

17 in both treatment groups was like that in our analysis. The

last seen healthy time to randomization was greater in the

DAWN trial (13.4 � 4.1 hours; median, 12.2 hours in the treat-

ment arm; and 13.0 � 4.5 hours; median, 13.2 hours in the

control arm).17 The reported weighted-based coprimary out-

come of the mean mRS was 5.5 versus 3.4 in the control and

intervention groups, respectively, in DAWN.5 Although not

directly comparable with our post hoc subgroup analysis, the

positive signal seen in our results appears to be supported by

this randomized controlled trial data. We await the formal

publication of the DAWN and DEFUSE 3 trials to provide

further opportunity for comparison with these data.
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INTERVENTIONAL

Posttreatment Infarct Volumes when Compared with 24-Hour
and 90-Day Clinical Outcomes: Insights from the REVASCAT

Randomized Controlled Trial
X F.S. Al-Ajlan, X A.S. Al Sultan, X P. Minhas, X Z. Assis, X M.A. de Miquel, X M. Millán, X L. San Román, X A. Tomassello,

X A.M. Demchuk, X T.G. Jovin, X P. Cuadras, X A. Dávalos, X M. Goyal, and X B.K. Menon; for the REVASCAT Investigators

ABSTRACT

BACKGROUND AND PURPOSE: Endovascular therapy has become the standard of care for patients with disabling anterior circulation
ischemic stroke due to proximal intracranial thrombi. Our aim was to determine whether the beneficial effect of endovascular treatment
on functional outcome could be explained by a reduction in posttreatment infarct volume in the Endovascular Revascularization With
Solitaire Device Versus Best Medical Therapy in Anterior Circulation Stroke Within 8 Hours (REVASCAT) trial.

MATERIALS AND METHODS: The REVASCAT trial was a multicenter randomized open-label trial with blinded outcome evaluation.
Among 206 enrolled subjects (endovascular treatment, n � 103; control, n � 103), posttreatment infarct volume was measured in 204
subjects. Posttreatment infarct volumes were compared with treatment assignment and recanalization status. Appropriate statistical
models were used to assess the relationship among baseline clinical and imaging variables, posttreatment infarct volume, the 24-hour
NIHSS score, and functional status with the 90-day modified Rankin Scale score.

RESULTS: The median posttreatment infarct volume in all subjects was 23.7 mL (interquartile range � 68.9 mL) and 16.3 mL (interquartile
range � 50.2 mL) in the endovascular treatment arm and 38.6 mL (interquartile range � 74.9 mL) in the control arm (P � .02 for
endovascular treatment versus control subjects). Baseline NIHSS (P � .01), site of occlusion (P � .03), baseline NCCT ASPECTS (P � .01), and
recanalization status (P � .02) were independently associated with posttreatment infarct volume. Baseline NIHSS (P � .01), time from
symptom onset to randomization (P � .02), treatment type (P � .04), and recanalization status (P � .01) were independently associated with
the 24-hour NIHSS scores. The 24-hour NIHSS score strongly mediated the relationship between treatment type and 90-day mRS (P � .01
for indirect effect when adjusted for age), while posttreatment infarct volume did not (P � .26).

CONCLUSIONS: Endovascular treatment saves brain and improves 90-day clinical outcomes primarily through a beneficial effect on the
24-hour stroke severity.

ABBREVIATIONS: EVT � endovascular treatment; IQR � interquartile range

In 2015, five randomized clinical trials revolutionized stroke care

by confirming the benefit of modern endovascular therapy

(EVT) in patients with acute ischemic stroke due to proximal

anterior circulation occlusion.1-5 Fast reperfusion played an im-

portant role in the success of these trials, likely by saving brain that

would otherwise have infarcted without reperfusion.

Although posttreatment infarct volumes are routinely used in

experimental models of focal cerebral ischemia,6 human clinical

trials have preferred to use ordinal scales like the modified Rankin

Scale, the National Institutes of Health Stroke Scale, or the Barthel

Index to primarily measure posttreatment outcomes.7-9 This

preference is, in part, because past human studies attempting to

correlate posttreatment infarct volumes to clinical outcomes have
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yielded contradictory results.10,11-13 On the other hand, success-

ful recanalization has been shown to be strongly associated with

improved functional outcomes and reduced mortality.14 Data

from the recent Endovascular Treatment for Small Core and

Proximal Occlusion Ischemic Stroke (ESCAPE) trial showed

that the successful recanalization and reduction in posttreat-

ment infarct volume were associated with better clinical

outcome.15 The purpose of this analysis was to analyze the

relationship among baseline clinical characteristics, type of

treatment, recanalization status, posttreatment infarct vol-

umes, and the 24-hour and 90-day clinical outcomes from the

Endovascular Revascularization With Solitaire Device Versus

Best Medical Therapy in Anterior Circulation Stroke Within 8

Hours (REVASCAT) trial.5

MATERIALS AND METHODS
Methodologic details of the REVASCAT trial have been reported

elsewhere.5 Briefly, the REVASCAT trial was a prospective, mul-

ticenter, randomized, controlled, open, blinded– end point trial.

Patients were randomized 1:1 to mechanical embolectomy with

the stent retriever Solitaire FR (Covidien, Irvine, California) ver-

sus best medical management alone. Eligible patients were be-

tween 18 and 80 years of age, had an occlusion in the proximal

anterior circulation and could be treated within 8 hours of symp-

tom onset, and had a prestroke modified Rankin Scale score of �1

and a baseline score of at least 6 points on the National Institutes

of Health Stroke Scale score. The main exclusion criteria on im-

aging were evidence of a large ischemic core, as indicated by an

Alberta Stroke Program Early CT Score of �7 on CT or a score of

�6 on diffusion-weighted MR imaging. All patients or their sur-

rogates provided written informed consent. The primary out-

come was disability at 90 days on the mRS.16 Secondary outcomes

included centrally adjudicated infarct volumes on CT or MR im-

aging at 24 –36 hours and vessel recanalization on CT angiogra-

phy or MR angiography at 24 –36 hours.

Imaging
The trial protocol included follow-up MR imaging with MR an-

giography or noncontrast CT with CT angiography at 24 –36

hours from stroke-symptom onset.

Diffusion-weighted imaging was the technique of choice for

measurement of posttreatment infarct volume. If DWI was not

available, an NCCT scan was chosen for measurement. Two read-

ers (F.S.A.-A. and P.M.) used Quantomo (Cybertrial, Calgary,

Alberta, Canada)17 to delineate infarct and measure posttreat-

ment infarct volumes (in milliliters) while being blinded to all

other clinical and imaging information. Manual adjustments to

delineate infarct boundaries were performed when necessary. If

the infarct showed hemorrhagic conversion, the hemorrhage re-

gions were incorporated within the boundaries of the infarct.

Posttreatment infarct volume was measured with NCCT in 189

subjects and with MR imaging in 15 subjects. Successful recana-

lization was defined with the modified Thrombolysis in Cerebral

Infarction score (2b or 3) on conventional angiography in the

intervention arm and the modified arterial occlusive lesion core

(2 or 3) on 24-hour CTA or MRA among subjects in the control

arm.18

Statistical Analysis
Because posttreatment infarct volume did not have a normal dis-

tribution, the Wilcoxon rank sum test was used to test for differ-

ences in volumes between treatment and control subjects and

between subjects achieving and not achieving recanalization.

Generalized linear regression was used to model the associa-

tion between treatment and posttreatment infarct volume, adjust-

ing for prespecified variables (age, sex, baseline NIHSS, baseline

site of occlusion [internal carotid artery versus M1 or M2 of the

middle cerebral artery], intravenous alteplase [yes versus no], and

time from stroke onset to randomization). A cube root transfor-

mation of posttreatment infarct volume best satisfied the assump-

tions of this model (normality of residuals and homoscedasticity)

and was used for this analysis. A similar model was used to model

the association between treatment and the 24-hour NIHSS score.

A generalized linear model with log-link was used to report

rate/risk ratios for functional independence (mRS 0 –2 at 90 days)

and 90-day mortality in the highest-versus-lowest posttreatment

infarct volume quartile. Generalized linear regression with back-

ward elimination was used to arrive at a final parsimonious model

that reports the association between treatment type and 90-day

mRS after adjusting for the 24-hour NIHSS score and posttreat-

ment infarct volume. The template of Baron and Kenny19 was

used to perform mediational analysis (http://www.ats.ucla.edu/

stat/stata/faq/mulmediation.htm), testing whether the 24-hour

NIHSS score and posttreatment infarct volume (potential medi-

ating variables) mediate partially or completely (indirect effect)

the association between treatment type and 90-day mRS. All 3

causal steps necessary for mediation analysis as proposed by

Baron and Kenny were satisfied (Fig 1). All statistical analyses

were performed in STATA/MP version 14.0 (StataCorp, College

Station, Texas). Statistical significance was assessed at � � .05 in

all analyses.

RESULTS
A total of 206 patients (103 in the EVT arm versus 103 in the

control arm) were enrolled in the study. Median baseline NCCT

ASPECTS was 7 in the EVT group and 8 in the control group.

Intravenous alteplase was administered to 68.0% of patients in the

EVT group and 77.7% of those in the control group. The median

time from stroke onset to randomization was 225 minutes.

Median posttreatment infarct volume in all study participants

was 23.7 mL (interquartile range [IQR] � 68.9 mL) and 16.3 mL

(IQR � 50.2 mL) in the EVT arm and 38.6 mL (IQR � 74.9 mL)

in the control arm (P � .02). Median posttreatment infarct vol-

ume in the EVT arm in recanalizers was 14.6 mL (IQR � 7.8 – 46.2

mL) versus 92.9 mL (IQR � 14.6 –233.1 mL) in the nonrecana-

lizers (P � .05). The median posttreatment infarct volume in the

control arm in recanalizers was 18.1 mL (IQR � 8.4 –76.7 mL)

versus 52.8 mL (IQR � 18.5–109.5 mL) in the nonrecanalizers

(P � .02).

Baseline NIHSS score (P � .01), site of occlusion (P � .03),

baseline NCCT ASPECTS (P � .01), and recanalization status

(P � .02) were independently associated with posttreatment in-

farct volume (cube root–transformed), while age, sex, treatment

type, intravenous alteplase, and time from symptom onset to ran-

domization were not (P � .05). The baseline NIHSS score (P �
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.01), time from symptom onset to randomization (P � .02), treat-

ment type (P � .04), and recanalization status (P � .01) were

independently associated with the 24-hour NIHSS score, while

age, sex, site of occlusion, baseline NCCT ASPECTS, and intrave-

nous alteplase were not (P � .05). A significant correlation was

seen between posttreatment infarct volume and the 24-hour

NIHSS score (P � .01, Fig 2).

Distribution of posttreatment infarct volume versus 90-day

mRS is shown in Fig 3. Patients in the lowest quartile for post-

treatment infarct volume were 4 times more likely to achieve

functional independence at 90 days (mRS 0 –2) compared with

patients in the highest quartile (rate ratio � 3.92; 95% CI, 0.66-

23.16). Patients in the highest quartile of posttreatment infarct

volume were 4 times more likely to die at 90 days (mRS 6) com-

pared with patients in the lowest quartile

(risk ratio � 3.88; 95% CI, 1.39 –10.77).

In a parsimonious model obtained after

including all baseline clinical and imag-

ing variables, treatment type, and recan-

alization status with 90-day mRS as

outcome, treatment type was not inde-

pendently associated with 90-day mRS

(P � .81) after adjusting for posttreat-

ment infarct volume (P � .12), the 24-

hour NIHSS score (P � .01), and age

(P � .01). The Baron and Kenny medi-

ational analysis model suggests that the

24-hour NIHSS score strongly mediates

the relationship between treatment type

and 90-day mRS (P � .01 for indirect

effect when adjusted for age), while

posttreatment infarct volume does not

(P � .26).

DISCUSSION
Our results show that endovascular

treatment in subjects with acute isch-

emic stroke and proximal anterior cir-

culation occlusions was associated with

significantly smaller posttreatment in-
farct volumes only when recanalization was achieved. Subjects in
the control arm also achieved smaller posttreatment infarct vol-
umes with recanalization. Our results are therefore consistent

with the analysis from the ESCAPE trial that showed similar find-

ings.15 We also found that NIHSS measured at 24 hours, though

significantly correlated with posttreatment infarct volume, is a

better determinant of 90-day mRS than the posttreatment infarct

volume.

The causal chain in acute ischemic stroke that explains 90-day
clinical outcome is complex. Baseline clinical variables such as age

and baseline stroke severity as measured clinically (NIHSS) or on

imaging (NCCT ASPECTS and site of occlusion) are known prog-

nostic determinants. Early recanalization as a result of treatment

(EVT, intravenous alteplase) also affects 90-day clinical out-

comes. Outcomes measured earlier such as posttreatment infarct

volume or the 24-hour NIHSS score may only be used as surro-

gates for 90-day clinical outcome if they capture the effect of these

baseline clinical, imaging, and treatment variables on 90-day clin-

ical outcome almost entirely. Our analysis shows that the age-ad-

justed 24-hour NIHSS score strongly mediates the relationship be-

tween treatment type and 90-day outcome and that posttreatment

infarct volume does not contribute any further to mediating this

relationship. Although we found a robust relationship between the

24-hour NIHSS score and posttreatment infarct volume (Fig 2), the

effects of brain eloquence and other prognostic determinants such as

diabetes, hypertension, or other medical comorbidities are more

likely to be captured by a clinical measure such as the NIHSS com-

pared with an imaging measure like posttreatment infarct volume.

Of note, recent analysis from the ESCAPE trial showed that analysis

of NIHSS trajectories from baseline to day 5 may be better than the

24-hour NIHSS score alone in determining 90-day mRS.20

FIG 1. A pictorial representation of the causal pathway in patients with acute ischemic stroke.
Treatment type (EVT or control) determines posttreatment infarct volume and the 24-hour
NIHSS score along with other variables such as age, sex, baseline clinical and imaging markers of
stroke severity, time to treatment, and recanalization status (independent variables). Posttreat-
ment infarct volume and the 24-hour NIHSS score (mediator variables) likely then determine
90-day mRS (dependent variable). The total effect of the independent variables on the depen-
dent variables consists of a direct effect c� (as shown in the image) and indirect effects.1 The
indirect or mediating effect of each mediator variable on the association between independent
variables and dependent variables is determined by computing the product of the regression
coefficients a1 � b1 or a2 � b2 as appropriate. In our study, the 2 mediator variables (posttreat-
ment infarct volume and the 24-hour NIHSS score) are significantly correlated. Analysis suggests
that the age-adjusted 24-hour NIHSS score mediates strongly the relationship between treat-
ment type and 90-day mRS (P � .01 for indirect effect when adjusted for age), while posttreat-
ment infarct volume does not (P � .26).

FIG 2. Relationship between the 24-hour NIHSS score and posttreat-
ment infarct volume in milliliters.
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Aging is a complex medical phenomenon having effects on

health beyond direct effects exerted through increasing prevalence of

known diseases.21 Aging is an important determinant of clinical out-

comes in patients with acute ischemic stroke. Our analysis shows that

age influences 90-day clinical outcome that is independent of post-

treatment infarct volume and the 24-hour NIHSS score. Our analysis

therefore emphasizes that surrogate outcomes in stroke such as the

24-hour NIHSS score or even posttreatment infarct volume will lose

precision if patient age is not considered.

Our study has limitations. We could not do a complete explo-

ration of the effect of all independent and mediating variables on

90-day clinical outcomes due to the limited sample size. Posttreat-

ment infarct volumes were measured using 24- to 48-hour MR

imaging or CT. MR imaging may be more sensitive than CT, and

measuring infarct volumes late (even at 30 days) may offer more

precise estimates of dead tissue than at 24 – 48 hours. Finally, al-

though the 24-hour NIHSS score captures brain eloquence, we

did not use imaging measures to better delineate eloquence.

CONCLUSIONS
Our results support primary findings from the REVASCAT trial

that endovascular treatment saves brain and improves 24-hour

(imaging and clinical outcomes) and 90-day clinical outcomes.

The effect of EVT on 90-day clinical outcome is primarily medi-

ated through an effect on the 24-hour NIHSS score.
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ORIGINAL RESEARCH
INTERVENTIONAL

Two-Center Experience in the Endovascular Treatment of
Ruptured and Unruptured Intracranial Aneurysms Using the

WEB Device: A Retrospective Analysis
X J. Popielski, X A. Berlis, X W. Weber, and X S. Fischer

ABSTRACT

BACKGROUND AND PURPOSE: The safety and efficacy of the Woven EndoBridge (WEB) device for the treatment of cerebral aneurysms
has been investigated in several studies. Our objective was to report the experience of 2 neurovascular centers with the WEB device in the
treatment of broad-based intracranial aneurysms, including the technical feasibility and safety as well as short- and midterm angiographic
and clinical follow-up-results.

MATERIALS AND METHODS: We performed a retrospective analysis of all ruptured and unruptured aneurysms treated with a WEB
device (WEB Single-Layer and Single-Layer Sphere) between August 2014 and February 2017. Primary outcome measures included the
feasibility of implantation and the angiographic outcome. Secondary outcome measures included the clinical outcome at discharge and
procedural complications.

RESULTS: One hundred two aneurysms in 101 patients, including 37 (36.3%) ruptured aneurysms, were treated with the WEB device.
Implantation was successful in 98 (96.1%) aneurysms. Additional devices (stents/coils) were necessary in 15.3% (15/98) of aneurysms.
Procedural complications occurred in 4.9% (5/102). Of these, 4 were thromboembolic events and 1 was an intraprocedural rupture.
Angiographic follow-up at 3 and 12 months was available for 79.6% (78/98) and 50.0% (49/98) of all aneurysms to date, respectively,
showing a sufficient aneurysm occlusion in 80.7% (63/78) at 3 months and 77.6% (38/49) at 12 months. Delayed aneurysm ruptures have not
been observed during the follow-up period to date.

CONCLUSIONS: The WEB device offers a safe and effective treatment option for broad-based intracranial aneurysms without the need
for dual antiplatelet therapy.

ABBREVIATIONS: ASA � acetylsalicylic acid; WEB � Woven EndoBridge; DL � Dual-Layer; SL � Single-Layer; SLS � Single-Layer Sphere

Eendovascular occlusion of both ruptured and unruptured in-

tracranial aneurysms has developed to a standard treatment

with favorable results during the past decades.1-3 Standard coiling

of wide-neck bifurcation aneurysms has a relevant risk of throm-

boembolic complications with lower occlusion rates.4 Several en-

dovascular concepts address the problem of wide-neck aneu-

rysms, whereas stent-assisted coiling and flow diversion represent

the most popular techniques besides a growing number of inno-

vative endovascular concepts.5,6

Techniques that aim to reconstruct the parent artery with neo-

intimal growth over the aneurysmal orifice require an implant

inside the parent artery, with the imperative of using antiplatelet

medications. Stent-assisted coiling or flow diversion is therefore

limited to unruptured aneurysms in most cases.7 Piotin et al8

reported that stents were associated with increased morbidity

compared with standard coiling. While extra-aneurysmal flow di-

verters have proved their effectiveness in sidewall aneurysms, the

concept remains challenging in bifurcation aneurysms because 1

branch is covered by the device. Nevertheless, Yavuz et al9 pre-

sented a series of 25 MCA bifurcation aneurysms treated with the

Pipeline Embolization Device (Covidien, Irvine, California).

The introduction of the Woven EndoBridge (WEB) aneurysm

embolization system (Sequent Medical, Aliso Viejo, California) as

a self-expanding intra-aneurysmal flow diverter in 2010 offered

an innovative option for broad-based intracranial aneurysms

without the need for concomitant dual antiplatelet therapy.

Here we report our experience with the WEB Single-Layer
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reer, Universitätsklinik, Bochum, Germany; and Klinik für Diagnostische Radiologie
und Neuroradiologie (A.B.), Klinikum Augsburg, Augsburg, Germany.

Please address correspondence to Sebastian Fischer, MD, Knappschaftskranken-
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(SL) and Single-Layer Sphere (SLS) devices in the endovascular

treatment of ruptured and nonruptured intracranial aneurysms.

MATERIALS AND METHODS
WEB Devices Used in This Series
The WEB device is an intra-aneurysmal implant consisting of a self-

expanding nitinol braid. The device is electrothermally detachable

and is introduced through microcatheters with diameters dependent

on the size of the device. The initial version was introduced as the

WEB Dual-Layer (DL) in 2010, with a second mesh placed inside

the primary braid to achieve increased coverage at the neck region of

the aneurysm. This version was replaced by the WEB SL and WEB

SLS in 2013, which are devices with a single-layer mesh, whereas the

SLS version has a more spheric shape, designed for the treatment of

rounded aneurysms compared with the barrel-like shape of the SL

version. The available diameters of the recent versions range from 4

(144 wires) to 11 mm (216 wires) in 1-mm increments, with lengths

ranging from 3 to 7 mm for the SL version. The length of the SLS

device is determined by its diameter and results from a subtraction of

1.6 mm. Devices up to a diameter of 7 mm have been compatible

with a 0.021-inch microcatheter since 2015, whereas diameters of 8

and 9 mm need an 0.027-inch microcatheter, and the largest sizes of

10–11 mm require a 0.033-inch microcatheter.6,10 The VIA Micro-

catheter (Sequent Medical) is designed for the delivery of the WEB

device.

The aneurysms analyzed in the present study were exclusively

treated with WEB SL and SLS versions.

Inclusion and Exclusion Criteria
Each case was discussed at an institutional neurovascular board, in-

cluding neurosurgical, neurologic, and neurointerventional experts

at the 2 participating neurointerventional centers. The decision for

endovascular treatment was reached by consensus. The final endo-

vascular treatment strategy was determined by the operator.

Criteria to use the WEB device were a wide neck and a fundus

width between 3 and 10 mm. Arguments in favor of endovascular

treatment compared with neurosurgical clipping were an aneu-

rysm location in the posterior circulation and an anticipated sur-

gical difficulty. Saccular aneurysms with a maximum width below

3 mm or above 10 mm (�1/�1 rule described below), those with

a dome-to-neck ratio of �1 (missing stability for the WEB

device), and fusiform and extradural aneurysms were not

considered.

All patients were informed of the planned treatment usually be-

fore admission but at least 1 day before the procedure, except those

with an acute SAH. The clinical status of each patient with an unrup-

tured aneurysm was graded by the modified Rankin Scale on admis-

sion, at discharge, and at each follow-up visit by a neurovascular team

member. Patients with an acute SAH were graded by the Hunt and

Hess scale initially. All clinical and radiographic data were analyzed in

retrospect. Complications that resulted in a permanent clinical de-

cline were defined as relevant and were analyzed separately. The

study was approved by the local ethics committee.

Endovascular Procedure and Device Selection
Procedures were performed with the patient under general anes-

thesia by 4 experienced interventionalists. In elective procedures,

a dual antiplatelet medication with acetylsalicylic acid (ASA) and

clopidogrel was initiated at least 1 day before the procedure (500

mg of ASA and 600 mg of clopidogrel followed by a daily dose of

100 mg of ASA and 75 mg of clopidogrel) to permit the possibility

of stent-assisted coiling, if needed. The response to the antiplatelet

medication was not routinely tested. Single antiplatelet therapy

with 100 mg of ASA daily was continued for at least 1 month. All

procedures were performed with an initial intravenous bolus of

heparin (5000 IU).

An 8F/6F combination of guiding catheters or a 6F catheter

alone was introduced into the target artery. The aneurysm was

visualized in an angulation without superimposition of surround-

ing branches.

Size selection of the WEB resulted from exact calibrated

measurements of the aneurysm (width and height of the fun-

dus, width of the neck) in 2 orthogonal projections based on a

3D rotational angiographic dataset. Because a stable position

of the WEB inside the aneurysm results from a slight oversizing

of the device, 1 mm was added to the average width of the

aneurysms to assure good wall apposition of the device inside

the aneurysm. The height of the selected device was therefore 1

mm lower than the average height of the aneurysm to adjust for

the longitudinal increase caused by the horizontal compres-

sion (�1/�1 rule).11

An appropriate VIA microcatheter was placed inside the an-

eurysmal fundus followed by the deployment of the WEB, which

results from a combination of forward pushing of the device with

simultaneous withdrawal of the microcatheter.

At this point in the procedure, the appropriate position of the

WEB device was documented under fluoroscopy or an additional

angiographic run including 3D angiography. In procedures with

residual contrast filling between the device and the aneurysmal

wall (radial flow), the WEB was withdrawn and a larger device was

implanted. A slight extension of the mesh and the proximal de-

tachment marker into the parent artery was tolerated if no evi-

dence of flow compromise or thrombus formation occurred dur-

ing an observational period of at least 10 minutes. The device was

removed or a self-expanding stent was implanted to protect the

parent artery in cases of distinct malposition. The stable position

of the WEB was documented on a final angiographic run after

detachment under continuous fluoroscopy.

Follow-Up Schedule
Angiographic follow-up examinations were scheduled at 3 and 12

months after treatment. The angiographic results were evaluated

independently by 2 neuroradiologists on the basis of a 5-grade

scale as described by Caroff et al12: 1, no residual flow in aneu-

rysm/WEB; 2, opacification of the proximal recess of WEB; 3,

neck remnant; 4, residual flow inside the WEB; 5, aneurysm rem-

nant. Grades 1 and 2 were considered complete occlusion. Grades

1–3 indicated a sufficient aneurysm occlusion.

Statistical Analysis
The statistical analysis of all variables was performed indepen-

dently with Excel (Microsoft, Redmond, Washington). Continu-

ous variables were described by median and range. Independent

variables were characterized as percentages.
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Ethical Standards and Patient Consent
Wedeclare that all human and animal studies have been approved

by the ethics committee of Ruhr Universität Bochum, Germany,

and have therefore been performed in accordance with the ethical

standards laid down in the 1964 Declaration of Helsinki and its

later amendments. A separate informed consent from each pa-

tient before inclusion in this study was not required due to the

design of the study.

RESULTS
Patient Population
Between August 2014 and February 2017, one hundred one pa-

tients (median age, 58.6 years; range, 28 – 89 years) with 102 in-

tracranial aneurysms were treated.

Aneurysm Characteristics
Of the 102 aneurysms treated in this series, 37 were acutely rup-

tured (maximum of 7 days from SAH to treatment), 60 were

incidental findings, and 5 were remnants of previously coiled or

clipped aneurysms. The median fundus width of all aneurysms

was 6.0 mm (range, 4 –10 mm) with a median neck width of 4.6

mm (range, 4 –7 mm). Tables 1 and 2 summarize the locations

and baseline characteristics.

Procedural Results
Implantation was successful in all except 4 aneurysms (3.9%),

which were excluded from the follow-up analysis. In 2 cases of

MCA aneurysms, the WEB was withdrawn due to a flow deceler-

ation in the MCA branch originating from the aneurysm base.

Another MCA aneurysm was not accessible with the microcath-

eter because of a severe elongation of the ICA, and 1 anterior

communicating artery aneurysm was in a very tight angulation to

the parent artery. The treatment strategy was changed to stent-

assisted coiling in 3 procedures, and 1 aneurysm was finally

clipped.

The procedure was completed with a WEB device only as in-

tended in 83 (81.4%) aneurysms (Fig 1), whereas in 7 (6.9%),

additional coils were necessary to completely fill the aneurysm. In

another 8 (7.8%) procedures, a self-expanding stent was im-

planted to guarantee a stable position of the WEB. This was com-

bined with additional coiling in 1 aneurysm.

Immediate and Follow-Up Angiographic Results

In the Entire Series. A first follow-up angiography was available

for 78/98 (79.6%) aneurysms to date after a median of 3.5 months

(range, 1.0 –21.0 months), showing complete occlusion (grades 1

and 2) in 47/78 (60.2%) and sufficient aneurysm occlusion

(grades 1–3) in 63/78 (80.7%). Of the remaining 20 patients, 9

died as consequence of their SAH, 9 were lost to follow-up, 1

died of causes unrelated to the treated aneurysm, and 1 died of

causes related to the procedure (see below). A second fol-

low-up angiography was performed in 49/98 (50.0%) after a

median of 8.6 months (range, 2.0 –20.0 months), showing

complete occlusion in 29/49 (59.2%) and sufficient occlusion

in 38/49 aneurysms (77.6%). Retreatment has been necessary

in 10 aneurysms to date due to a regrowth of the aneurysms or

a clustering of the WEB.

In Unruptured Aneurysms. At least 1 follow-up angiography was

performed in 91.8% (56/61) of all unruptured aneurysms, showing

complete occlusion in 60.8% (34/56) and sufficient occlusion in

82.2% (46/56). Thirty-seven of the 61 aneurysms (60.7%) were eval-

uated in a second angiography to date. Of those, 59.4% (22/37) were

completely occluded and 78.3% (29/37) showed sufficient occlusion.

In Ruptured Aneurysms. Of the 37 an-

eurysms treated in the acute phase, 22

(59.5%) and 12 (32.4%) were exam-

ined at the first and second follow-ups.

At the first follow-up, complete oc-

clusion was 59.1% (13/22) compared

with 58.3% (7/12) at the second fol-

low-up. Accordingly, sufficient occlu-

sion was 77.3% (17/22) and 75.0%

(9/12).

Tables 3–5 summarize the immedi-

ate and follow-up angiographic results

depending on the status of rupture.

FIG 1. A, Incidental finding of an aneurysm of the origin of the superior cerebellar artery (antero-
posterior view). B, Implantation of a WEB SL 7– 4 without flow disturbance in the parent arteries
(anteroposterior view). C, Three-month follow-up angiography with complete occlusion of the
aneurysm and reconstruction of the neck area (anteroposterior view).

Table 1: Baseline patient (n � 101) characteristics
Without Hemorrhage SAH

Total 64 (100%) 37 (100%)
mRS 0 52 (81.3%) HH 1 10 (27.1%)
mRS 1 6 (9.4%) HH 2 9 (24.3%)
mRS 2 2 (3.1%) HH 3 5 (13.5%)
mRS 3 2 (3.1%) HH 4 5 (13.5%)
mRS 4 2 (3.1%) HH 5 8 (21.6%)
mRS 5 0 (0.0%)

Note:—HH indicates Hunt and Hess.

Table 2: Baseline aneurysm (n � 102) characteristics
Aneurysm No. (%) Unruptured Ruptured

Total 102 (100%) 65 (100%) 37 (100%)
Anterior circulation 88 (86.3%) 60 (92.3%) 28 (75.7%)
Posterior circulation 14 (13.7%) 5 (7.7%) 9 (24.3%)
AcomA 33 (32.4%) 21 (32.3%) 12 (32.4%)
MCA 44 (43.1%) 34 (52.3%) 10 (27.1%)
AchA 1 (1.0%) 0 (0.0%) 1 (2.7%)
ICA-T 7 (6.9%) 5 (7.7%) 2 (5.4%)
PcomA 3 (2.9%) 0 (0.0%) 3 (8.1%)
BA tip 12 (11.8%) 4 (6.2%) 8 (21.6%)
SCA 2 (1.9%) 1 (1.5%) 1 (2.7%)

Note:—AchA indicates anterior choroidal artery; AcomA, anterior communicating
artery; BA, basilar artery; ICA-T, terminus of internal carotid artery; PcomA, posterior
communicating artery; SCA, superior cerebellar artery.
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Peri- and Early Postprocedural Clinically Relevant
Complications
Clinically relevant complications occurred in 5 patients (4.9%),

resulting in morbidity and mortality rates of 4.0% (4/101 pa-

tients) and 1.0% (1/101 patients), respectively.

Of those, 4 were thromboembolic compared with 1 intrapro-

cedural rupture. One patient with an incidental middle cerebral

artery aneurysm (M1 segment) and the temporal branch arising

close to the aneurysm neck was treated with a WEB SL (6 � 3)

device. The proximal part of the device slightly extended into the

parent artery without evidence of thrombus formation. Neverthe-

less, the operator decided to place a self-expanding stent (LVIS;

MicroVention, Tustin, California) to stabilize the device. The

procedure was finished without flow compromise in the parent

artery or the temporal branch. Approximately 30 minutes later,

the patient developed a hemiparesis of the left arm. Angiography

revealed a thrombotic occlusion of the temporal branch with no

flow compromise in the M1 segment. The aneurysm showed

complete occlusion. After an interdisciplinary discussion, 20 mL

of alteplase (Actilyse; Boehringer Ingelheim Pharma, Germany)

was infused for 30 minutes with a microcatheter placed in the

proximal M1 segment, which resulted in a complete recanaliza-

tion of the branch. The decision to use alteplase was derived by

consensus, even though a recently published meta-analysis

showed lower morbidity rates with glycoprotein IIb/IIIa inhibi-

tors.13 The paresis of the left arm remained unchanged (mRS 3).

MR imaging performed 2 days later revealed an ischemic lesion in

the right MCA territory.

Another 89-year-old patient with a ruptured ICA posterior

communicating artery aneurysm was treated with a WEB SL

(5 � 3) without extension into the ICA; 30 minutes after the

procedure, the patient showed a left-sided hemiplegia. Angiog-

raphy revealed a thrombotic occlusion of the terminal ICA,

treated by an intra-arterial infusion of 33 mL of tirofiban with-

out complete resolution of the thrombus after an observational

period of 120 minutes. A mechanical thrombectomy with a

pREset system (phenox, Bochum, Germany) resulted in com-

plete recanalization. Another 20 minutes later, angiography

showed a recurrent thrombus formation at the aneurysm ori-

fice, which was successfully treated with a self-expanding stent

(Neuroform Atlas; Stryker Neurovascular, Kalamazoo, Michi-

gan). The patient was placed on ticagrelor thereafter. The pro-

cedure was terminated without evidence of further thrombus

formation or an intracranial hemorrhage. The hemiplegia re-

mained. One day later the patient declined finally to a coma-

tose status. CT revealed a complete infarction of the right MCA

and anterior cerebral artery territory with massive swelling. A

day later, the patient died.

The remaining thromboembolic complications both occurred

in incidental aneurysms (MCA and anterior cerebral artery)

treated with additional self-expanding stents (LVIS). Both pa-

tients showed clinically relevant strokes on postprocedural CT

scans without evidence of in-stent thrombosis, probably related

to distal emboli caused by the stent implantation resulting in an

mRS grade of 3.

In 1 case of a ruptured ICA aneurysm, a rerupture occurred

with a VIA 27 microcatheter. The microcatheter was left in place

followed by the implantation of a WEB (SL 8 � 6) partially out-

side the aneurysm, which resulted in prompt hemostasis. The

remaining aneurysm was then occluded by stent-assisted coiling

(Neuroform Atlas). A left-sided hemiparesis resolved completely

(Fig 2A–D).

Delayed Complications
Neither delayed aneurysm ruptures nor thromboembolic com-

plications have been observed during the follow-up period to

date.

Table 3: Immediate and follow-up results of ruptured aneurysmsa

Immediate
3-Month

Follow-Up
12-Month
Follow-Up

Total 37 (100%) 22 (59.5%) 12 (32.4%)
Grade

1 5 (13.5%) 11 (50.0%) 6 (50.0%)
2 1 (2.7%) 2 (9.1%) 1 (8.3%)
3 2 (5.4%) 4 (18.2%) 2 (16.7%)
4 29 (78.4%) 2 (9.1%) 1 (8.3%)
5 0 (0.0%) 3 (13.6%) 2 (16.7%)

Complete occlusion
(grades 1 and 2)

13 (59.1%) 7 (58.3%)

Sufficient occlusion
(grades 1–3)

17 (77.3%) 9 (75.0%)

a 1 indicates no residual flow in aneurysm/WEB; 2, opacification of the proximal recess
of the WEB; 3, neck remnant; 4, residual flow inside the WEB; 5, aneurysm remnant.

Table 4: Immediate and follow-up results of unruptured
aneurysmsa

Immediate
3-Month

Follow-Up
12-Month
Follow-Up

Total 61 (100%) 56 (91.8%) 37 (60.7%)
Grade

1 3 (4.9%) 22 (39.4%) 15 (40.5%)
2 5 (8.2%) 12 (21.4%) 7 (18.9%)
3 0 (0.0%) 12 (21.4%) 7 (18.9%)
4 53 (86.9%) 5 (8.9%) 3 (8.2%)
5 0 (0.0%) 5 (8.9%) 5 (13.5%)

Complete occlusion
(grades 1 and 2)

34 (60.8%) 22 (59.4%)

Sufficient occlusion
(grades 1–3)

46 (82.2%) 29 (78.3%)

a 1 indicates no residual flow in aneurysm/WEB; 2, opacification of the proximal recess
of the WEB; 3, neck remnant; 4, residual flow inside the WEB; 5, aneurysm remnant.

Table 5: Immediate and follow-up results of ruptured and
unruptured aneurysmsa

Immediate
3-Month

Follow-Up
12-Month
Follow-Up

Total 98 (100%) 78 (79.6%) 49 (50.0%)
Grade

1 8 (8.2%) 33 (42.3%) 21 (42.9%)
2 6 (6.1%) 14 (17.9%) 8 (16.3%)
3 2 (2.0%) 16 (20.5%) 9 (18.4%)
4 82 (83.7%) 7 (9.0%) 4 (8.1%)
5 0 (0.0%) 8 (10.3%) 7 (14.3%)

Complete occlusion
(grades 1 and 2)

47 (60.2%) 29 (59.2%)

Sufficient occlusion
(grades 1–3)

63 (80.7%) 38 (77.6%)

a 1 indicates no residual flow in aneurysm/WEB; 2, opacification of the proximal recess
of the WEB; 3, neck remnant; 4, residual flow inside the WEB; 5, aneurysm remnant.
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DISCUSSION
In this retrospective study, we analyzed the angiographic and clin-

ical results in the treatment of both ruptured and unruptured

intracranial aneurysms with the WEB device.

The technical success rate of 96.1% and the rate of thrombo-

embolic complications (3.9%) are comparable with those re-

ported in the literature.14-21

The main drawback of stent-assisted coiling is the need for

dual antiplatelet medication. Nishido et al22 compared the clinical

and angiographic results of 1815 saccular aneurysms treated with

stents (n � 299) with those treated without (n � 1492). They

found a lower rate of recurrence in the group treated with stents,

while the rate of complications was significantly higher (9.4%

versus 5.6%). Adeeb et al,23 in their series of 74 aneurysms treated

with a single stent, observed an immediate complete occlusion

rate of 52.7% with an improvement to 70.3% during the fol-

low-up period of 15.2 months. These results are comparable with

those in our series.

Our results are in line with those of previously published

series: Pierot et al17 presented the results of 55 aneurysms

treated at 10 neurointerventional centers. They found a 1-year

complete occlusion rate of 54.0% and a neck remnant in

26.0%. The rate of ruptured aneurysms in this series was 7.3%

(n � 4). The mortality rate at 1 year was 2.0%. The results of 2

good clinical practice studies with the WEB device (WEBCAST

and French Observatory) are analyzed in another publication

of Pierot et al.24 In the cumulated series of 114 aneurysms

treated with the WEB DL (n � 82) and the WEB SL/SLS (n �

32), 10 aneurysms were ruptured. The rate of thromboembolic

events was significantly higher in the group of 16 patients with-

out a prophylactic antiplatelet medication (56.3%) compared

with those with 1 antiplatelet agent 12% (6/50). These data

might diminish the advantage of the WEB device against stent-

assisted coiling and indicate the need for at least 1 antiplatelet

agent in elective procedures, but 71.9% of all aneurysms in this

series were treated with the WEB DL version, which might be

of a higher thrombogenicity, probability due to the double-

layer surface at the aneurysm orifice.

A dual antiplatelet therapy was initiated in all elective patients

of our series. The medication with ASA, 100 mg, was continued

for at least 4 weeks as described above. In patients with an acute

SAH, the procedure was performed without a periprocedural an-

tiplatelet medication followed by a monotherapy with 100 mg of

ASA for at least 4 weeks.

Fiorella et al18 presented the 30-day safety results of the WEB

Intrasaccular Therapy (WEB-IT) study. They recommended a

monotherapy with 100 mg of ASA before the procedure in less

complex cases, while in broad-based anatomies, they initiated a

dual antiplatelet therapy continued for 90 days if a protrusion of

the WEB into the parent artery occurred. They observed 7 minor

ischemic strokes during the follow-up period, with 2 of them re-

sulting in an mRS of 1. Adjunctive devices were used in 7 aneu-

rysms (2 stents, 7 balloons). Treatment with the WEB device

failed in 2 patients. The mortality rate in the entire series is 0% to

date.

Technical Aspects
As described above, we encountered 1 intraprocedural rupture.

Van Rooij et al21 in their series of 32 acutely ruptured aneurysms

treated with the WEB device observed no procedural perforation.

However, acutely ruptured aneurysms are generally known for

their higher risk of procedural perforations.16,25 Deployment of

the WEB should be performed without contact of the device to the

aneurysm wall until two-thirds of the mesh is unfolded. At this

point, the device engages a centered position inside the aneurysm

with invagination of its tip. The possibility of implanting a WEB

device with a 0.017-inch microcatheter (not used in our study)

might ease the procedure.

Thromboembolic Complications
The rate of thromboembolic complications in our cohort is sim-

ilar to that in other studies. Pierot et al17 observed thromboem-

bolic events in 9 of 51 (17.7%) patients. They found a trend to-

ward lower thromboembolic complications with the WEB SL/SLS

compared with the WEB DL version, which was not used in our

series. Most interesting, 3 of the thromboembolic complications

in our series occurred with self-expanding stents. This might in-

dicate the positive relation between adjunctive devices and

thromboembolic complications.

The importance of a meticulous case and device selection be-

comes clear against these findings because the need for additional

devices will be lower with an exact fitting between the aneurysm

and the WEB device.

Lawson et al15 in their series of 22 aneurysms treated with the

WEB device observed 1 symptomatic ischemic event. The WEB

used is this case was oversized. These findings are similar to those

of Caroff et al,20 who found 2 strokes in their series due to the use

FIG 2. A, Acutely ruptured broad-based ICA posterior communicat-
ing artery aneurysm (anteroposterior view). B, Catheterization fol-
lowed by aneurysm rupture; VIA 27 microcatheter outside the aneu-
rysm (roadmap in the anteroposterior view). C, Placement of a WEB SL
8 – 6 partly outside the aneurysm showing a constriction of the WEB
at the point of rupture (single image without subtraction). D, Final
complete occlusion of the aneurysm by stent-assisted coiling (lateral
view).
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of oversized WEB devices. The authors concluded that undersiz-

ing can lead to recurrence and residual aneurysm, while excessive

oversizing may promote clot formation and thromboembolism.

Follow-Up Results
While standard coiling procedures result in an absence of contrast

media, aneurysms treated with the WEB frequently show a re-

maining perfusion after implantation. This impedes a direct com-

parison between the techniques and raises the question of suffi-

cient protection from further ruptures. We did not observe any

cases of aneurysm rupture during the follow-up period either in

the incidental or ruptured group.

We classified the angiographic results on the basis of a 5-point

scale as suggested by Caroff et al.12 This, in contrast to a 3-point

scale, allows differentiation between a typical aneurysm remnant,

which might require retreatment in the future, and an opacifica-

tion inside the mesh of the WEB, which might result in a contem-

porary intra-aneurysmal thrombosis without additional treat-

ment.26 Mine et al,27 in their recently published series of 49

aneurysms treated with the WEB device, demonstrated that a

small proximal recess related to the device should not be consid-

ered a remnant and remains stable with time. According to these

findings, the rate of complete aneurysm occlusion at 3 and 12

months is 60.2% (47/78) and 59.2% (29/49), respectively, in our

series.

Our results with a sufficient occlusion of almost 80% are com-

parable with those in previously published series. We have ob-

served no major difference between ruptured and unruptured

aneurysms during the follow-up period to date, though the com-

parability of the 2 groups is restricted due to the different sample

sizes.

Advantages and Disadvantages in Ruptured Aneurysms
The main advantage is the possibility of treating ruptured aneu-

rysms without periprocedural antiplatelet medication. Another

major benefit consists of the reduced overall procedure time. An

analysis of the WEB-IT study showed that one-third of all proce-

dures were completed in �20 minutes.18 This is in line with our

experience, though we did not analyze the procedure times. We

observed 1 intraprocedural rupture that was rapidly stopped by

the implantation of the WEB, similar to the findings in the

WEB-IT cohort with 2 hemorrhages. The capability of the

WEB to induce hemostasis promptly is another advantage.

The limitation in size and the learning curve with this new

device might be considered a temporary drawback compared

with standard concepts.

Limitations of the Study
Our study has several limitations. The retrospective character of

the study with 2 different centers might cause inhomogeneity of

the data. Factors such as the number of attempts before implan-

tation of the device, duration of the procedure, and the learning

curve were not considered. The limited number of treated aneu-

rysms and follow-up data impedes a separate analysis of ruptured

and unruptured aneurysms. The angiographic results were classi-

fied without an independent assessment.28

CONCLUSIONS
The WEB device offers a safe and effective treatment option for

broad-based aneurysms, independent of the status of rupture,

without the need for a dual antiplatelet therapy. Proper device

selection appears to be a key factor in minimizing the risk of

thromboembolic complications and may increase the rate of

sufficient aneurysm occlusion. Further studies with longer fol-

low-up data will prove the significance of the presented

therapy.
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Hemodynamic Changes Caused by Multiple Stenting in
Vertebral Artery Fusiform Aneurysms: A Patient-Specific

Computational Fluid Dynamics Study
X N. Lv, X W. Cao, X I. Larrabide, X C. Karmonik, X D. Zhu, X J. Liu, X Q. Huang, and X Y. Fang

ABSTRACT

BACKGROUND AND PURPOSE: The multiple stent placement technique has largely improved the long-term outcomes of intracranial
fusiform aneurysms, but the hemodynamic mechanisms remain unclear. In this study, we analyzed the hemodynamic changes caused by
different stent-placement strategies in patient-specific models using the computational fluid dynamics technique, aiming to provide
evidence for clinical decision-making.

MATERIALS AND METHODS: Ten vertebral artery fusiform aneurysms were included, and their patient-specific computational fluid
dynamics models were reconstructed. A fast virtual stent placement technique was used to simulate sequential multiple stent placements
(from a single stent to triple stents) in the vertebral artery fusiform aneurysm models. Hemodynamic parameters, including wall shear
stress, pressure, oscillatory shear index, relative residence time, and flow pattern, were calculated and compared among groups with
different numbers of stents.

RESULTS: Virtual stents were deployed in all 10 cases successfully, consistent with the real stent configuration. Wall shear stress decreased
progressively by 7.2%, 20.6%, and 25.8% as the number of stents increased. Meanwhile, relative residence time and pressure increased on
average by 11.3%, 15.4%, and 45.0% and by 15.7%, 21.5%, and 28.2%. The oscillatory shear index showed no stable variation trend. Flow
patterns improved by weakening the intensity of the vortices and displacing the vortex center from the aneurysmal wall.

CONCLUSIONS: Stent placement modifies hemodynamic patterns in vertebral artery fusiform aneurysms, which might favor thrombosis
formation in the aneurysmal sac. This effect is amplified with the number of stents deployed. However, a potential risk of rupture or recanaliza-
tion exists and should be considered when planning to use the multiple stent placement technique in vertebral artery fusiform aneurysms.

ABBREVIATIONS: CFD � computational fluid dynamics; OSI � oscillatory shear index; RRT � relative residence time; VAFA � vertebral artery fusiform aneurysm;
WSS � wall shear stress

Vertebral artery fusiform aneurysm (VAFA) is the most fre-

quent type of intracranial fusiform aneurysm, which is often

associated with nerve compression or ischemia, but bleeding is

relatively rare.1,2 However, in case of rupture, the mortality and

early rebleeding rate of fusiform aneurysms are even higher than

for saccular aneurysms.3 Since the development of neuroimaging

techniques and interventional devices, endovascular treatment

has been the primary method for VAFAs. Although flow diverters

have shown their effectiveness in treating aneurysms, the risk of

ischemic events in posterior circulation cannot be ignored, espe-

cially when vital branches are covered.4 Therefore, stepwise over-

lapping stent placement is still a safer and more effective choice

for VAFAs than flow diverters, and the long-term improvement

has been demonstrated.5

Hemodynamic studies of saccular aneurysms have revealed

that stent placement can reduce the impinge flow and wall shear

stress (WSS); this effect may favor thrombus formation and con-

sequently cure the aneurysm.6 However, the morphology of fusi-

form aneurysms is entirely different from that of saccular aneu-

rysms; this difference may result in unique flow patterns before

and after stent placement. Most important, gaining knowledge of
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how intra-aneurysmal flow patterns change when the number of

overlapping stents increases is of great importance because it may

provide some evidence for optimizing stent-placement strategies.

In this study, we compared the hemodynamic changes caused

by an increasing number of stents in patient-specific cases with

measured boundary conditions with the computational fluid dy-

namics (CFD) technique, aiming to provide evidence for clinical

decision-making for fusiform aneurysms.

MATERIALS AND METHODS
The institutional review board of the Second Military Medical

University–affiliated Changhai Hospital approved this retrospec-

tive study, and the requirement for informed consent was waived.

In addition, we have not conducted research outside our country

of residence.

Patients and Imaging Acquisition
From January 2015 to December 2015, nineteen VAFAs in 19

patients were diagnosed in our hospital by 3D rotational angiog-

raphy. Four patients were excluded because the lesion involved

the extracranial V3 portion or basilar artery; and 5 patients were

excluded because a double lumen sign was observed by DSA. Fi-

nally, 10 patients (male/female ratio � 8:2; mean age, 48.6 years)

with 4 ruptured and 6 unruptured

VAFAs were included in the study. The

clinical data of the patients are shown in

Table 1.

3D rotational angiography was per-

formed with the Artis zee biplane angio-

graphic system (Siemens, Erlangen,

Germany). A 5-second DSA acquisition

protocol was adopted, and 18 mL of

contrast agent was injected through the

vertebral artery at a rate of 3 mL/s. Dur-

ing the 5-second acquisition after a

1-second delay, a 200° rotation of the

C-arm was performed to obtain 133

frames. All acquired 5-second DSA data

were transferred to the syngo X Work-

place (Siemens) for reconstruction of

the 3D artery vessel tree and exported

into a stereolithography format.

Models of VAFAs and Stents
The stereolithography models were seg-

mented and smoothed by Geomagic

Studio 9.0 software (Geomagic, Morris-

ville, North Carolina) and then im-

ported into ICEM CFD 11.0 (ANSYS,

Canonsburg, Pennsylvania) to create

volume grids for the CFD simulations.

The vessel wall was divided into 3 parts:

aneurysm, parent artery, and other

vessels.

The virtual stent model simulated

the Enterprise self-expanding stent

(Codman & Shurtleff, Raynham, Massa-

chusetts), which is one of the most

widely used commercial self-expanding stents. Three different

stent sizes were constructed, including 4.5 mm (diameter)/22 mm

(length), 4.5/28 mm, and 4.5/37 mm. The porosity and metal-

coverage rates were 94% and 6%, respectively. The stents were

reconstructed using the fast virtual stent method and deployed in

the VAFA models as previously described by Larrabide et al.7 The

proximal and distal ends of the virtual stents were determined

according to the realistic locations on 2D angiographic imaging of

each patient. We simulated 3 scenarios: single stent, 2 overlapping

stents, and 3 overlapping stents, as well as the prestenting status

(Fig 1).

CFD Analysis and Hemodynamic Parameters
CFD simulations were performed by CFX 11.0 (ANSYS). The ves-

sel was considered a rigid wall with no-slip boundary conditions.

The governing equations underlying the calculation were the Na-

vier-Stokes formulations, with an assumption of a laminar and

incompressible blood flow (density, � � 1050 kg/m3; dynamic

viscosity, � � 0.00345 Pa � s). Inlet boundary conditions for all

scenarios were imposed by a pulsatile velocity waveform obtained

from transcranial Doppler sonography, and to account for the

effect of autoregulation of flow in the brain, we defined the outlet

FIG 1. Process of virtual stent deployment. A–C, Three virtual Enterprise stents were deployed
one by one. D and E, Location of real stents in 2D angiography and DynaCT (Siemens). F, Virtual
stents deployed in a similar location with the real counterparts.

Table 1: Clinical data of 10 patients with VAFAs
Patient No. Age (yr) Sex Ruptured Treatment Follow-Up
Case 1 46 Male No 3 EP 8 mo, cured
Case 2 53 Male No 2 EP 12 mo, thrombosis formation
Case 3 39 Female Yes 2 EP�coils Withdraw
Case 4 37 Male Yes 2 EP�coils 6 mo, cured
Case 5 51 Male No 2 EP�coils 7 mo, thrombosis formation
Case 6 59 Male No 3 EP 13 mo, cured
Case 7 49 Female Yes 2 EP�coils 12 mo, cured
Case 8 46 Male Yes 3 EP�coils 12 mo, cured
Case 9 60 Male No 2 EP 6 mo, stable
Case10 46 Male No 2 EP 12 mo, thrombosis formation

Note:—EP indicates Enterprise self-expanding stent.
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as the opening boundary condition with zero static pressure, as-

suming no downstream hemodynamic resistance. The cardiac cy-

cle of 0.8 seconds was discretized at a time-step of 0.001 seconds

for the numeric simulations. For each model, we simulated 3 con-

tinuous cardiac cycles to ensure the numeric stability of the sim-

ulation, and results are reported from the last cycle. The results

were postprocessed and visualized with CFX 11.0.

Several hemodynamic parameters were calculated in this

study: normalized wall shear stress, pressure of the aneurysmal

wall, oscillatory shear index (OSI), and relative residence time

(RRT). The time-averaged WSS was further averaged over the

dome area (the entire luminal surface of the aneurysm sac) and

then normalized by the average parent vessel WSS in the same

patient to allow comparison among different patients. OSI, a non-

dimensional parameter, measures the directional change of WSS

during the cardiac cycle. RRT, a combination of WSS and OSI,

reflects the residence time of blood near the wall:

1) WSS �
1

T�
0

T

�WSS i� dt,

2)

OSI �
1

2�1 �

��
0

T

WSS i dt�
�

0

T

�WSS i� dt � ,

3) RRT �
1

�1 � 2 � OSI� � WSS

�
1

1

T��
0

T

wss i dt�
,

where wssi is the instantaneous WSS

vector and T is the duration of the cycle.

The OSI was averaged over the dome

area.

Statistical Analysis
Statistical analyses were performed by

using Excel 2003 (Microsoft, Redmond,

Washington) and SAS 9.1 (SAS Insti-

tute, Cary, North Carolina). Hemody-

namic parameters were normalized by

the prestenting status values in each case

to investigate the rate of variation caused

by different stent placement strategies.

Then the Kruskal-Wallis H test was used, followed by the Nem-

enyi test for multiple comparisons. P � .05 (2-sided) was the

criterion for statistical significance.

RESULTS
All the virtual stents were deployed successfully in the 10 VAFA

models with the 3 different strategies. Their locations (beginning

and end of the stent) were consistent with the realistic stents de-

rived from the 2D DSA images (Fig 1).

As the number of stents increased, WSS was observed to de-

crease gradually by 7.2%, 20.6%, and 25.8%; and after the third

stent was implanted, the variation reached a significantly different

level compared with the prestenting status. Meanwhile, the RRT

revealed progressive elevation by 11.3%, 15.4%, and 45.0% and

obtained a significant difference after the third stent used. The

pressure on the aneurysmal wall increased by 15.7%, 21.5%, and

28.2% as 3 stents were implanted sequentially. The variation rate

of the pressure was significantly different from the prestenting

status, even when only 1 stent was deployed. As to the OSI, the

modification was revealed to be fluctuant, without any significant

difference compared with the prestenting status (Fig 2). The me-

dian variation of each parameter is shown in Table 2. Further

comparison of different stent placement strategies with the pre-

stenting status is shown in Table 3.

Changes of the flow patterns before and after stent implanta-

tion were observed by plotting the speed vector field. The results

showed that the flow patterns were not significantly changed after

stent implantation. However, the intensities of the vortices were

FIG 2. Box figure of hemodynamic analysis results. The asterisk indicates that the parameter was
significantly different from the prestenting status.

Table 2: Hemodynamic parameters of VAFAs with different stenting strategiesa

Parameters 0 Stent 1 Stent 2 Stents 3 Stents P Value
Wall shear stress (%) (n � 10) 100 92.8 79.4 74.2 .003
Oscillatory shear index (%) (n � 10) 100 56.5 50.5 62.6 .169
Pressure (%) (n � 10) 100 115.7 121.5 128.2 �.001
Relative residence time (%) (n � 10) 100 111.3 115.4 145.0 .004

a Data are expressed as the median of the variation rate.

Table 3: P values of multiple comparisons among different
stenting strategies

Parameters
0 Stent vs

1 Stent
0 Stent vs
2 Stents

0 Stent vs
3 Stents

WSS (n � 10) .498 .063 .007
Pressure (n � 10) .037 .001 �.001
RRT (n � 10) .904 .251 .009
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reduced, and the number of vortices in some cases was decreased

(Fig 3).

DISCUSSION
Intracranial fusiform aneurysms are dilations of the parent artery

without a clear aneurysmal neck. Similar to the widespread appli-

cation of intracranial stent placement, endovascular treatment of

fusiform aneurysms has been an important method and has

greatly improved the long-term prognosis.8 This effect was even

more significant when multiple overlapping stents were used.9,10

Although flow-diverter stents have been demonstrated to be an

efficient treatment for aneurysms, their safety in posterior fusi-

form aneurysms still needs to be established by more evidence,

especially because some important branches of smaller arteries

might become covered.11 Therefore, stepwise overlapping stent

placement is still a safe and feasible choice when dealing with

posterior fusiform aneurysms.

In saccular aneurysm studies, both in vivo and in silico

experiments have demonstrated that multiple stent implanta-

tions can reduce injective blood flow and create a hemody-

namic environment, which will promote thrombus formation

and finally cure the aneurysm.12 However, few hemodynamic

studies have focused on intracranial fusiform aneurysms, in

which hemodynamic patterns are different from those of sac-

cular lesions. The application of the CFD technique makes

hemodynamic studies in aneurysms more feasible and measur-

able. The fast virtual stent technique, first introduced by

Larrabide et al,7 provides an accurate and efficient method to

consider the behavior of stents in patient-specific aneurysm

models. Being different from previous finite element analysis

and porous medium methods, the fast virtual stent method

shows a high consistency with real stents and an impressive

efficiency.5,13 On the basis of this technique, we simulated the

Enterprise stent and investigated the performance of different

stent-placement strategies in 10 patient-specific VAFA models,

aiming to obtain more evidence for clinical decision-making.

Thrombus formation in the aneurysm sac and consequent re-

construction of the parent artery are the

primary goals of stent placement in fusi-

form aneurysms. The stents should in-

crease the time of blood flow staying in

the aneurysm to create an environment

for thrombosis, to achieve these goals.14

RRT is an important parameter that re-

flects the disturbed blood flow and its

prolonged residence time in the aneu-

rysmal sac. Tanemura et al6 demon-

strated that a single Enterprise stent

could increase the RRT by 20% in a pre-

vious CFD study. Our study further

demonstrated that the RRT gradually

increases by sequential stent placements,

which would likely provide a better en-

vironment for thrombus formation.

WSS is the most studied hemody-

namic parameter that has been dem-

onstrated to play an important role in

aneurysm initiation, rupture, and re-

canalization.15 Previous studies on saccular aneurysms sug-

gested that stent implantation can lead to reduction of WSS

and that this effect is related to the stent porosity—the lower

the stent porosity, the more significantly the WSS decreased,

and the distribution of WSS of the aneurysm became more

uniform.16 In our study, progressive reduction of WSS was

observed in VAFAs as the number of stents increased, which

was similar to that in saccular aneurysms. However, lower WSS

might also increase the risk of aneurysmal growth and even

rupture, which has been shown in our previous CFD studies in

saccular lesions. We therefore deduce that if thrombosis does

not occur in a relatively short time, the aneurysms would be at

risk of deterioration.

Another concern is the observed elevation of the pressure in

every case and even for only a single stent. In a hemodynamic

study of flow diverters by Cebral et al,17 a significant increase

in pressure in some cases was observed after flow-diverter im-

plantation, which, as those authors wrote, might lead to aneu-

rysm rupture. However, some researchers had reported con-

troversial results of a pressure decrease through virtual stent

implantation in a fusiform aneurysm.18 These findings indi-

cate that the modification of pressure may be related to pa-

tient-specific characteristics, which, in turn, might be related

to the morphologic differences of aneurysms and stents. The

average elevation of pressure in this study was 28.2%. Coils

might play a protective role in these VAFAs and should be

considered, especially in cases in which CFD indicates a pres-

sure increase.

The intra-aneurysmal flow pattern, reflecting the overall he-

modynamic characteristics of an intracranial aneurysm, is re-

ported to be more complex in ruptured aneurysms.17 Stent im-

plantation might modify the complex flow pattern into a

simplified pattern by reducing the power of vortices and second-

ary flows, which may create favorable conditions for intra-aneu-

rysmal thrombosis. In the present study, most of the cases had �2

independent vortices before stent placement and the number of

FIG 3. Flow patterns of 2 vertebral artery fusiform cases with different stent-placement strate-
gies. One and 2 represent 2 individual cases. From left to right, flow patterns before and after
implantation of 1–3 stents. The yellow dotted lines represent the positions of the stents. As the
number of stents increased, blood flow inside the stent lumen concentrated and the flow rate
accelerated, while the flow rate inside the aneurysmal sacs slowed and the vortex intensity
weakened.
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vortices changed during the cardiac cycle in the most complex

situations. After stent deployment, weakening of the intensity of

the vortices and shifting of the vortex center from the aneurysmal

wall were observed in most cases, indicating an improvement of

the flow pattern.

According to the results of multiple comparisons among dif-

ferent groups, single stents might not affect the hemodynamics as

significantly as multiple stents. This possibility is consistent with

clinical experience in that multiple stents improved the long-term

results in VAFAs. However, as the number of stents increases,

lower WSS and higher pressure might amplify the risk of rupture

and recanalization; moreover, there was a greater theoretic chance

for occlusion of some vital perforating branches. Although no

hemorrhage or ischemic events were encountered in these pa-

tients, careful decision-making for the stent-placement strategy

and timely follow-up are required.

There are several limitations in this study that might influ-

ence the results. First, because this is a patient-specific study

and each case might have its own characteristics, the small

sample size may be the main limitation. Second, the boundary

conditions of the simulations were unified, and some perforat-

ing branches were neglected artificially. We did not consider

potential changes of the inflow and outflow conditions, which

might occur after stent placement. Changes of these boundary

conditions will modify the absolute values of the investigated

hemodynamic parameters. The observed trends however (ie,

decrease in WSS, OSI, and RRT and an increase in pressure) are

mostly driven by the separation of the hemodynamic environ-

ment of the aneurysmal sac from the parent artery and there-

fore should remain valid in a small or moderate variation of the

boundary conditions. Absolute values derived from computa-

tional simulations should always be considered with caution

and should be confirmed with actual measurements. In addi-

tion, the biologic process of thrombosis formation was too

complex to simulate and was omitted.

CONCLUSIONS
The hemodynamic mechanism of endovascular stent placement

in treating fusiform aneurysms can be explored with the virtual

stent-placement technique. Stent placement modified hemody-

namic patterns in VAFAs toward favoring thrombosis conditions

in the aneurysmal sac. This effect was amplified with increasing

numbers of stents. However, the potential risk of rupture or re-

canalization exists and should be considered when planning to

use the multiple-stent technique in VAFAs.
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ORIGINAL RESEARCH
EXTRACRANIAL VASCULAR

Lower Arterial Cross-Sectional Area of Carotid and Vertebral
Arteries and Higher Frequency of Secondary Neck Vessels Are

Associated with Multiple Sclerosis
X P. Belov, X D. Jakimovski, X J. Krawiecki, X C. Magnano, X J. Hagemeier, X L. Pelizzari, X B. Weinstock-Guttman, and X R. Zivadinov

ABSTRACT

BACKGROUND AND PURPOSE: Arterial and neck vessel system characteristics of patients with multiple sclerosis have not been previ-
ously investigated. Therefore, the aim of this study was to examine the frequency of neck vessels and their cross-sectional areas (in square
millimeters) between patients with MS and healthy controls.

MATERIALS AND METHODS: In this study, 193 patients with MS and 193 age- and sex-matched healthy controls underwent 2D TOF
venography at 3T. The main arterial (carotid and vertebral), venous (internal jugular), and secondary neck vessels were examined at 4
separate cervical levels (C2/3, C4, C5/6, and C7/T1). The ANCOVA adjusted for age, body mass index, smoking status, hypertension, and
heart disease was used to compare the differences between patients with MS and healthy controls.

RESULTS: After controlling for all confounding factors, patients with MS had significantly lower cross-sectional areas of the carotid
arteries at the C2/3 (P � .03), C5/6 (P � .026), and C7/T1 (P � .005) levels as well as of the vertebral arteries at the C2/3 (P � .02), C4 (P �

.012), and C7/T1 (P � .006) levels, compared with healthy controls. A higher frequency of secondary neck vessels was found at all 4 levels
in patients with MS: C2/3 (12.9 versus 10, P � .001), C4 (9.1 versus 7.5, P � .001), C5/6 (7.8 versus 6.8, P � .012), and C7/T1 (8.8 versus 6, P � .001).
The total cross-sectional areas of secondary neck vessels were also significantly higher at all 4 levels (P � .03). No significant differences in
the cross-sectional areas of jugular veins were found between patients with MS and healthy controls.

CONCLUSIONS: Patients with MS showed lower cross-sectional areas of the carotid and vertebral arteries and a higher frequency of
secondary neck vessels and their cross-sectional areas compared with healthy controls.

ABBREVIATIONS: BMI � body mass index; CCA � common carotid artery; CSA � cross-sectional area; ECA � external carotid artery; HC � healthy controls; IJV �
internal jugular vein; VA � vertebral artery

Multiple sclerosis is the most common neurologic disease re-

sponsible for disability in the active working population.

Overlapping mechanisms of chronic autoimmune demyelination

and progressive neurodegeneration are hallmarks of the disease

pathophysiology, which is highly variable through the spectrum

of the MS course.1 Due to the vast heterogeneity of the disease

presentation, research has taken different routes to understanding

the potential multifactorial interplay of the autoimmune, degen-

erative, environmental, genetic, and cardiovascular factors.2

Evidence is mounting that increased MS prevalence and dis-

ease severity are associated with more frequent cardiovascular risk

factors, such as obesity and hypertension.3 Sedentary lifestyle,

lack of exercise,4 hypertension,5,6 smoking status,7 altered lipid

metabolism,8 and especially obesity in the early developmental

stages9 have all been consistently associated with an earlier MS

disease onset, accelerated disability progression, and worse in-

flammatory and neurodegenerative disease outcomes. A recent
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nationwide study in Denmark that included 8947 patients with

MS and 44,735 healthy controls (HC) showed a lower occurrence

of cerebrovascular comorbidities before MS onset, followed by a

higher occurrence after the MS disease onset.10 Therefore, there is

an increasing interest in understanding pathophysiologic mecha-

nisms by which cardiovascular factors may influence the MS dis-

ease course and severity.

Investigating the head and neck vascular circulation is the cru-

cial common ground for better understanding of the association

between cardiovascular comorbidities and MS. Because this sys-

tem is a constitutional member of the blood-brain barrier, any

alteration in its integrity may have a deleterious impact on both

systems. Therefore, examining information about the neck vessel

cross-sectional area (CSA) is crucial to further understanding the

associations between the extracranial and intracranial vascular

changes observed in MS. However, a comprehensive all-inclusive

approach to studying the CSA of the arterial and venous systems

of neck vessels is generally lacking. In addition, the extent of nor-

mal vascular variation due to age, sex, and body mass index (BMI)

has not been fully investigated, to our knowledge.

Previous studies examined the importance of some vascular

aspects of MS using perfusion imaging.11 Both positron-emission

tomography12 and dynamic-susceptibility contrast perfusion MR

imaging studies showed a widespread reduction in cerebral blood

flow affecting both the white and gray matter.11 Reports of im-

pairment in cerebrovascular coupling and reactivity13 may addi-

tionally explain the cause of the neurodegenerative processes in

MS. Patients with MS also demonstrated cerebrovascular reactiv-

ity impairment in different brain networks, notably within the

default mode networks.14 While the pathogenesis of these intra-

cerebral perfusion alterations is unknown, it may be due to car-

diovascular comorbidities or chronic high nitric oxide levels as-

sociated with the disease pathology.15

Against this background, we aimed to examine the frequency

of the neck vessels and their CSA (in square millimeters) between

patients with MS and HC. Additionally, we explored possible con-

founding factors such as age, vascular comorbidities, and BMI in

comparing the neck vascular systems in patients with MS and HC.

MATERIALS AND METHODS
Study Participants
Study participants included in this study are part of an ongoing

prospective study of the cardiovascular, environmental, and ge-

netic risk factors in MS that enrolled �1000 subjects with MS and

HC.16 Inclusion criteria for this substudy investigating the

characteristics of neck vessels in MS were the following: 1) MR

venography examination performed within 30 days of the clin-

ical examination, 2) age range of 18 – 80 years, 3) MS defined by

the 2010 revised McDonald criteria,17 or 4) being a healthy

control without a known history of neurologic disorder. Ex-

clusion criteria were the following: 1) known history of mor-

phologic vascular abnormalities (Klippel-Trenaunay-Weber,

Parkes Weber, Servelle-Martorell, or Budd-Chiari syndromes), 2)

secondary-progressive or primary-progressive MS, and 3) pregnant

or nursing mothers.

One hundred ninety-three patients with MS and 193 age- and

sex-matched HC underwent health screening and physical, neu-

rologic, and MR imaging examinations. Histories of smoking,

heart disease, and hypertension were also collected using struc-

tured questionnaires in concordance with cross-examination of

hospital medical records for all subjects. The subjects were di-

vided into never/ever smokers. Active smokers were classified as

individuals who smoked �10 cigarettes per day in the 3 months

before the start of the study. Subjects were classified as past smok-

ers if they smoked consecutively for a minimum of 6 months at

some point in the past.7 Heart disease included diagnosis of con-

gestive heart failure, heart attack, arrhythmia, valvar disorders,

heart murmurs, or heart surgery. Diagnosis of hypertension was

performed according to the Seventh Report of the Joint National

Committee on Prevention, Detection, Evaluation, and Treatment

of High Blood Pressure.18 Subjects with stage 1 (systolic blood

pressure of 140 –159 mm Hg or diastolic blood pressure of 90 –99

mm Hg) and stage 2 (systolic blood pressure �160 mm Hg or

diastolic blood pressure of �100 mm Hg) were classified as hy-

pertense. BMI was assessed in all subjects. Patients with MS were

examined using the Expanded Disability Status Scale by an expe-

rienced neurologist.

The study was approved by the institutional review board of

State University of New York at Buffalo, and all subjects signed the

written informed consent form.

MR Imaging Acquisition and Analysis
All scans were acquired on a 3T Signa Excite HD 12.0 Twin Speed

scanner (GE Healthcare, Milwaukee, Wisconsin) using an 8-channel

head and neck coil. Both neck vessel frequency and the CSAs of the

vessels were measured using a 2D-MRV sequence that consisted of

150 slices (1.5 mm thick) using a 320 � 192 matrix and a 22.0-cm

FOV. The phase FOV was 75% for a resolution of 0.69 � 1.15 � 1.5

mm3. Imaging parameters were TE/TR/flip angle of 4.3 ms/14 ms/

70° and total acquisition time of 5 minutes 19 seconds.

Neck vessels were examined at 4 separate cervical levels, in-

cluding C2/C3, C4, C5/C6, and C7/T1. At first, 2 trained opera-

tors (P.B. and C.M., each with a minimum of 5 years of experi-

ence) determined the CSA of the common carotid (CCA),

internal carotid, external carotid (ECA), and vertebral arteries

(VA) and the internal jugular veins (IJVs). In cervical sections

above the bifurcation of the CCA (C4 or C2/C3), the CSAs of both

the ICA and the ECA were added together. The total CSA of each

vessel was calculated by summing values from both the corre-

sponding left- and right-sided measurements. Because the verte-

bral vein is not commonly present in all subjects,19 it was classified

as an accessory drainage pathway and included in the segmenta-

tion of secondary vessels. Due to the possible presence of slow and

tortuous flow that might create signal saturation within very small

vessels, the secondary vessel inclusion threshold was set to 2.0

mm2. All visible neck vessels at the 4 cervical levels were marked,

their frequencies were manually counted, and their CSAs were

assessed. Additional vessel exclusion criteria were the following:

1) vessels that created loops in the rostrocaudal direction, and 2)

the operator not being able to trace the detected signal on slices

above and below the designated level.

The CSAs of all neck vessels were determined with the Java Image

Manipulation Tool (JIM), Version 7.0 (http://www.xinapse.com)

ROI Toolkit. For the best edge selection, the Contour ROI Tool, a
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part of the automated Preview Contours Toolbox was used. If neces-

sary, the operator manually adjusted the ROI boundary. The manual

adjustment was mainly used in the following: 1) MRV scans with

substantial image noise on the predetermined contrast, 2) to separate

2 close-but-different vessels when the automated contouring tool

highlighted both, and 3) to exclude signal from arising vessel

branches. The maximum contrast was preset at a 900 intensity. The

general rule of determining the ideal analysis contrast was based on

the stability of the signal boundaries. Meticulous segmentation of the

main arterial, venous, and secondary vessels at the 4 cervical levels

was performed, with high reproducibility (interclass correlation,

�0.818; P � .001) (On-line Table 1).20 The On-line Figure shows an

example of corresponding vessel selection and representative CSA

measurements in a healthy control.

Statistical Analysis
Statistical analyses were performed using SPSS, Version 24.0

(IBM, Armonk, New York). For clinical and demographic com-

parisons between the groups, �2 cross-tabulation and the Student

t test were used accordingly. To determine associations between

number of neck vessels and their cross-sectional areas with age

and BMI, we used a Spearman rank correlation.

The ordinal variables regarding the secondary vessel frequency

were transformed into a ranked-order type. Differences in neck

vessel frequency and size (CSA) between MS and HC groups were

assessed with analysis of covariance adjusted for age, BMI, smok-

ing history, heart disease, and hypertension. Radar plots were

used to visualize the data in a comprehensive manner (Fig 1). All

analyses were additionally repeated in subgroups of subjects with-

out the presence of cardiovascular comorbidities (obesity, heart

disease, hypertension, diabetes mellitus type 1), to further control

whether the findings were related to cardiovascular comorbidi-

ties. To examine the smoking effect on the CSA measures, we

performed additional supplemental analysis in patients with MS

who were smokers and nonsmokers.

In all analyses, a minimum significance level of P � .05 based

on a 2-tailed test was considered statistically significant.

RESULTS
Demographic and Clinical Characteristics
All 193 patients with MS had relapsing-remitting MS. Demo-

graphic and clinical information is summarized in Table 1. The

ratio of women within both groups was 130/193 (67.4%). Patients

with MS were 42.2 � 13.9 years of age, with a mean BMI of 26.8 �

5.8, a mean disease duration of 12 � 9.4 years, and a median

Expanded Disability Status Scale score of 2.0. The HC group was

42.9 � 17.5 years of age and had an average BMI of 26.8 � 5.7.

There were no significant differences between both groups re-

garding age (P � .676), sex (P � 1.000), and BMI (P � .940). Only

2 patients with MS and 1 healthy control had a diagnosis of type 1

diabetes mellitus. However, the cardiovascular burden was higher

in the MS group versus HC, including smoking history (P � .005)

and hypertension (P � .001), and there was a trend toward an

increased prevalence of heart disease (P � .053). The demo-

graphic and clinical information regarding the subgroup of sub-

jects without hypertension and heart disease is summarized in

On-line Table 2.

FIG 1. Radar plot representation of the neck vessel differences between patients with multiple sclerosis and healthy controls. Significant
correlations are in boldface.
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Age and BMI Associations with the Size and the Number
of Secondary Neck Vessels
The relationship between age and neck vessels is depicted in Table

2. Age showed a significant inverse correlation with the number of

secondary neck vessels in HC. The older HC population had fewer

vessels measured at the C2/3 (P � .039), C4 (P � .003), C5/6 (P �

.05), and C7/T1 (P � .031) levels. On the contrary, no significant

association of age and frequency of secondary neck vessels was

found in patients with MS. Age was not associated with total sec-

ondary vessel CSA in either patients with MS or HC. As shown for

the secondary vessels, the same analysis of correlations between

the arterial CSA and age was performed. No association was found

between age and arterial CSA at any cervical level, except at the

C2/3 level in both MS and HC cohorts (P � .031 and P � .023,

respectively). On the contrary, both patients with MS and HC

showed a significant association of age and increased IJV CSA.

BMI showed an even stronger inverse association with the fre-

quency of secondary neck vessels in HC and patients with MS

(Table 2). HC with lower BMIs had a higher frequency of second-

ary vessels measured at the C2/3 (P � .05), C4 (P � .001), C5/6 l

(P � .001), and C7/T1 (P � .025) levels. Similarly, a lower BMI in

patients with MS was associated with a higher frequency of sec-

ondary neck vessels at the C2/3 level (P � .007), C4 level (P �

.001), C5/6 level (P � .001), and C7/T1 level (P � .017). The CSA

of the secondary neck vessels showed an inverse association with

BMI in patients with MS at the C2/3, C4, and C5/6 levels (P �

.01).

Differences between MS and HC Cohorts in Arterial,
Venous, and Secondary Neck Vessel Frequency and
Cross-Sectional Area
The frequency and size of the arterial, venous, and secondary neck

vessels in both MS and HC groups are summarized in Tables 3 and

4 and Fig 1. Due to the age and BMI dependency exhibited by the

size and number of the secondary vessels in patients with MS and

HC, as well as cardiovascular risk factor differences between the 2

groups, all comparisons were adjusted for age, BMI, smoking his-

tory, heart disease, and hypertension.

After we controlled for these confounding factors, patients

with MS had a significantly lower CSA of the carotid arteries at

C2/3 (55.1 � 16.4 versus 60.9 � 17.9, P � .03), C5/6 (50.1 � 10.1

versus 53.9 � 12.5, P � .026), and C7/T1 (47.6 � 9.8 versus 52 �

9.9, P � .005) levels, as well as of the

vertebral arteries at the C2/3 (20.1 � 4.4

versus 21.8 � 5.8, P � .02), C4 (18.6 �

4.2 versus 20.3 � 5, P � .012), and

C7/T1 (16.3 � 4.5 versus 18.4 � 5.9, P �

.006) levels, compared with HC. A

higher frequency of secondary neck ves-

sels was found at all 4 levels in patients

with MS: C2/3 (12.9 versus 10, P �

.001), C4 (9.1 versus 7.5, P � .001), C5/6

(7.8 versus 6.8, P � .012), and C7/T1

(8.8 versus 6, P � .001). The total CSA of

Table 1: Demographic and clinical characteristics of patients with multiple sclerosis
(n � 193) and healthy controls (n � 193)a

MS (n = 193) HC (n = 193) P Value
Female (No.) (%) 130 (67.4) 130 (67.4) 1.000
Age (mean) (SD) (yr) 42.2 (13.9) 42.9 (17.5) .676
BMI (mean) (SD) 26.8 (5.8) 26.8 (5.7) .94
Disease duration (mean) (SD) (yr) 12.0 (9.4) NA –
EDSS (median) (range) 2 (0.0–6.5) NA –
Smoking history (No.) (%) 73 (46.8) 58 (32.4) .005b

Heart disease (No.) (%) 30 (19.7) 20 (12.4) .053
Hypertension (No.) (%) 38 (25.3) 19 (11.3) .001b

Note:—EDSS indicates Expanded Disability Status Scale; IQR, interquartile range; NA, not applicable.
a �2 and Student t test were used for comparing variables between groups.
b An � level of .05 was considered significant.

Table 2: Correlations of arterial, venous, and secondary neck vessel frequency and the cross-sectional area with age and BMI in study
groupsa

Age Body Mass Index

MS (n = 193) HC (n = 193) MS (n = 193) HC (n = 193)

R Value P Value R Value P Value R Value P Value R Value P Value
Arterial CSA (mm2)

C2/3 �0.156 .031b �0.163 .023b 0.130 .085 0.059 .449
C4 0.075 .298 0.045 .534 0.037 .626 �0.017 .830
C5/6 0.103 .156 0.122 .092 0.136 .073 0.095 .224
C7/T1 �0.049 .502 �0.003 .968 0.085 .266 0.047 .548

IJV CSA (mm2)
C2/3 0.257 �.001b 0.150 .37 0.098 .198 0.083 .287
C4 0.255 �.001b 0.177 .14b 0.146 .054 0.139 .075
C5/6 0.196 .006b 0.252 �.001b 0.339 �.001b 0.231 .003b

C7/T1 0.187 .009b 0.327 �.001b 0.375 �.001b 0.344 �.001b

Secondary CSA (mm2)
C2/3 0.039 .594 �0.060 .404 �0.192 .011b �0.074 .347
C4 0.112 .122 �0.040 .584 �0.229 .002b �0.121 .121
C5/6 0.047 .518 0.028 .696 �0.214 .004b �0.064 .417
C7/T1 0.061 .398 �0.049 .498 �0.078 .307 �0.065 .405

No. of vessels
C2/3 0.013 .860 �0.149 .039b �0.204 .007b �0.153 .050b

C4 �0.460 .527 �0.211 .003b �0.292 �.001b �0.316 �.001b

C5/6 �0.076 .294 �0.141 .050b �0.333 �.001b �0.251 .001b

C7/T1 �0.060 .406 �0.155 .031b �0.180 .017b �0.174 .025b

a Spearman ranked correlations between age/BMI and the corresponding vascular variable were used.
b An � level of .05 was considered significant.
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secondary vessels was also significantly higher at all 4 levels in

patients with MS (P � .03). The difference was most significant at

the C7/T1 level where the CSA of patients with MS was 71.1 �

40.5 mm2 compared with 56.7 � 32.5 mm2 in HC (P � .001). No

significant differences in the CSA of the IJVs were found between

MS and HC cohorts. Figure 2 shows an example of the differences

in vessel number and CSA observed in patients with MS and age-

and sex-matched HC.

In a subgroup of subjects without cardiovascular risk factors,

the comparison between patients with MS (n � 135) and HC (n �

142) yielded results like those in the main analyses for arterial,

venous, and secondary vessel frequency and their CSAs (On-line

Tables 3 and 4). Except for the number of secondary vessels on the

C5/C6 level (7.0 versus 8.3, P � .034), MS smokers showed no

significant differences compared with MS nonsmokers (On-

line Tables 5 and 6).

DISCUSSION
Two main findings were identified in this study. First, even after

adjusting for all cardiovascular factors including BMI, hyperten-

sion, heart disease, smoking history, and age, the MS cohort

showed a higher frequency of secondary neck vessels and larger

CSAs compared with HC. This finding was consistent through all

cervical levels examined. Most interesting, the patients with MS

also had a smaller arterial CSA of the main and secondary arterial

vessels (CCA, ICA, ECA, and VA, respectively). Furthermore,

these findings were reconfirmed in a subgroup of subjects (70%)

without the presence of cardiovascular comorbidities. In addi-

tion, we showed that demographic factors, such as age and BMI,
are essential confounders between patients with MS and HC when

considering the morphology of neck

vessels and should be controlled for in

future studies.

The finding that patients with MS
show different patterns of vascular neck
vessel morphology with respect to aging

compared with HC would suggest that

MS and cardiovascular disease have in-

tertwining pathways.10 Cardiovascular

risk factors are known to contribute to

MS disease severity. For example, smok-

ing has been associated with higher le-

sion burden and more severe brain atrophy in patients with MS.7

When several cardiovascular comorbidities are combined, this

relationship becomes even more robust.6 Two independent epi-

demiologic studies showed an interesting disparity of decreased

prevalence of ischemic heart disease and an increased prevalence

of stroke in patients with MS compared with HC.21,22 This finding

would suggest that the arterial vessels supplying the central ner-

vous system are possibly subject to particular atherosclerotic

harm.23 In fact, 1 study showed that patients with MS had de-

creased carotid compliance compared with HC.23 Although the de-

creased arterial lumen of the carotid and vertebral arteries found in

MS patients may suggest that inflammatory mechanisms contribute

to early atherosclerosis in MS patients,24 we found similar results in

the subgroup of MS patients without presence of cardiovascular dis-

eases. Other authors have also shown lower CCA values in patients

with MS compared with HC (65 versus 78 mm2).25 Another MS

study that used a phase-contrast MRV technique showed a some-

what higher CSA CCA area compared with our measurements using

time-of-flight MRV (65 versus 48.9 mm2, respectively).26 Heteroge-

neity of the population of patients with MS between the 2 studies can

also contribute to explanation of these findings. Therefore, future

studies should investigate this issue in more detail at disease onset,

when the presence of cardiovascular risks is minimal.

The hypoperfusion of the normal-appearing white matter

commonly detected in patients with MS may be partially linked to

the anatomic differences of the neck arterial system observed in

the present study.27 Decreased cerebral blood flow in both the

normal-appearing white matter and the gray matter has been pre-

viously reported.11 Distinct perfusion clusters in patients with MS

Table 4: Secondary neck vessel frequency and the cross-sectional area in the study groupsa

No. of Vessels CSA (mm2)

MS
(n = 193)

HC
(n = 193)

P
Value

MS
(n = 193)

HC
(n = 193)

P
Value

Secondary vessels
C2/C3 12.9 (5.4) 10 (4.2) �.001b 92.1 (40.6) 81.6 (35.5) .016b

C4 9.1 (4.2) 7.5 (3.3) �.001b 71.0 (33.7) 65.3 (28.7) .022b

C5/C6 7.8 (3.9) 6.8 (3.4) .012b 61.9 (32.2) 57.2 (28.2) .028b

C7/T1 8.8 (4.9) 6 (3.5) �.001b 71.1 (40.5) 56.7 (32.5) �.001b

a Analysis of covariance adjusted for age and BMI, smoking history, heart disease, and hypertension was used. In the
ANCOVA for frequency of vessels, ranked variables were used.
b An � level of .05 was considered significant.

Table 3: Arterial, venous, and secondary neck vessel frequency and the cross-sectional area in the study groupsa

Primary Vessel (CSA) (mm2)

Arterial and Venous Arterial (VAs)

MS (n = 193) HC (n = 193) P Value MS (n = 193) HC (n = 193) P Value
Arterial (CCA/ICA/ECA)

C2/C3 55.1 (16.4) 60.9 (17.9) .030b 20.1 (4.4) 21.8 (5.8) .02b

C4 60.8 (15.7) 63.4 (16.3) .229 18.6 (4.2) 20.3 (5.0) .012b

C5/C6 50.1 (10.1) 53.9 (12.5) .026b 18.1 (6.9) 19.3 (4.7) .341
C7/T1 47.6 (9.8) 52 (9.9) .005b 16.3 (4.5) 18.4 (5.9) .006b

Venous (IJVs)
C2/C3 64.9 (27.4) 66.0 (31.6) .621
C4 86.9 (35.9) 91.1 (41.0) .140
C5/C6 92.3 (57.1) 97.4 (60.2) .418
C7/T1 113.3 (67.0) 117.9 (79.3) .790

a Analysis of covariance adjusted for age and BMI, smoking history, heart disease, and hypertension was used. In the ANCOVA for frequency of vessels, ranked variables were
used.
b An � level of .05 was considered significant.
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showed associations of local hypoperfusion and formation of T1-

hypointense lesions, highlighting the need for better perfusion in

lesion repair.28 Most important, the hypoperfusion observed in

the GM, in an absence of volume loss, indicates that decreased

brain perfusion might be a temporal predecessor to brain atrophy

development in MS.29 Even though there is growing evidence of

coexisting vascular pathology in MS, the current perfusion studies

are generally of small sample size and limited effect size. There-

fore, caution in any interpretation of direct causality is warranted.

Neurovascular coupling is a physiologic mechanism responsi-

ble for increasing the cortical blood flow due to cell activation.30

In healthy individuals, this results in cerebral vasodilation that is

compensating for the increased demand of glucose and oxygen.31

A hypocapnic study showed that patients with MS are unable to

physiologically increase cerebral blood flow, which, in turn, leads

to global diffuse hypoperfusion.13 This abnormality has been pre-

viously linked as a triggering factor for MS lesion formation and

may explain, to some extent, the neurodegenerative aspect of the

MS disease process.32 Overall, the morphologic changes to the

neck arteries supplying the brain that were observed in this study

may be a consequence of prolonged normal-appearing white mat-

ter/GM hypoperfusion and impaired cerebrovascular reactivity,

which leads to accelerated neurodegeneration in MS.

An alternative inverse explanation for the decrease of arterial

CSA observed in this study could be related to the increase of

disability, which causes less physical activity in patients with MS.4

Because worsening disability causes a sedentary lifestyle, this will

eventually lead to an increase of the cardiovascular burden and

vascular complications.4 Additionally, measures to improve the

reserve-related activities and maintaining strenuous activities

have resulted in better clinical and MR imaging– derived MS out-

comes. While the present study cannot answer whether the mor-

phologic changes of the neck arteries observed are secondary or

primary to the MS disease process, future studies should extend

our preliminary findings in early and more advanced MS disease

stages using a longitudinal study design.

When the size of IJVs between the MS and HC cohorts was

compared, no differences were found between the 2 groups at any

cervical level. Therefore, our findings are in line with several re-

cent MRV studies showing no IJV anatomic differences between

patients with MS and HC,33,34 but contrary to some other studies

showing the opposite findings.26,35,36 Several recent studies dem-

onstrated that the IJV CSA has marked variability in its course

through the neck and increased narrowing with aging.20,37

Several studies used MRV to examine the prevalence and the

extent of secondary vessels in the necks of patients with MS. One

study showed an increased frequency of posterior paraspinal col-

laterals in patients with MS.36 In another study, there was a trend

toward greater occurrence of non-IJV collaterals.35 Yet another

study reported no differences between patients with MS and HC

in the secondary neck vessels using 5 mm2 as their cutoff for

identification.33 On the contrary, using 2 mm2 as a cutoff in the

present study, we showed that patients with MS had a significantly

increased frequency of secondary neck vessels and their CSAs. In

the present study, no phase-contrast imaging was used, which did

not allow us to characterize the secondary neck vessels with re-

spect to their arterial or venous components; therefore, the in-

creased frequency of secondary neck vessels may represent arterial

or venous collateralization. On the other hand, a large phase-

contrast MRV study showed that patients with MS had lower IJV

and higher paraspinal venous flow, compared with HC.38 While

our study cannot answer this question, one of the possible hy-

potheses could be that the decreased size of the carotid and verte-

bral arterial supply to the CNS could result in secondary arterial

compensation mechanisms.

Age is an important factor in the development of venous he-

FIG 2. Comparison of main and secondary vessel number and cross-sectional area on a 2D-MRV sequence at 4 cervical levels in patients with
multiple sclerosis (4 corresponding panels on the left) and age- and sex-matched healthy controls (4 corresponding panels on the right). VV
indicates vertebral vein; L, left; R, right. Green color represents the secondary vessels, red color represents the CCA, ICA, EAC, and VA, while blue
represents the IJV.
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modynamic changes in the neck. In this study, increased age

showed an association with fewer secondary vessels in the neck of

HC. In addition, an increase in the BMI showed an association

with a decreased frequency of neck vessels measured at all levels in

both MS and HC groups. The effects of age and BMI on morpho-

logic changes of the IJVs in a healthy aging population have been

previously described.20,39 Even when we corrected for the previ-

ously aforementioned risk factors, the MS cohort displayed an

increased secondary neck vessel frequency and secondary vessel

CSA, compared with HC. The differences were the most robust

both at the C2/C3 level, representing vessels at the base of the

skull, and at C7/T1 level, representing the level of the superior

thoracic outlet. Therefore, while in HC we found a decrease of the

number of secondary vessels with aging, this association was lack-

ing in patients with MS; this finding suggests a possible disease

effect on vascular recruitment.

The additional vascularization may be triggered by either the

recurrent hypoperfusion of the brain or inflammatory factors in-

volved in the complex remodeling of preexisting conduits run-

ning alongside the main arteries.40,41 For example, the T helper 17

cell subset and interleukin 17 have been linked as essential in both

the severity of MS and as an important factor in

neovascularization.41

Dynamic flow quantification of the secondary vasculature

could further aid in understanding the anatomic flow differences

of secondary neck vessels observed in this study, providing flow

data rather than purely structural measurements. Furthermore,

the current time-of-flight MRV technique allows segmentation of

only the luminal aspect of the vessel and not of the anatomic CSA.

Any regions of bidirectional flow, absence of flow, and flow non-

homogeneity may create partially inaccurate vessel-size estima-

tion. Regarding the hemodynamic properties, measuring the lu-

minal CSA might be a better anatomic proxy than inclusion of the

thickness of the vessel wall. Additionally, studies associating the

morphology of the neck vasculature with dynamic brain perfu-

sion will provide an important answer to the anatomic and dy-

namic vascular role of these vessels in the complex pathogenesis of

MS. The major strength of the study is the use of a large 1:1

matched sample of HC and patients with MS, which decreased the

potential comparison bias between the 2 study populations. An

additional longitudinal study, using phase contrast and examin-

ing the atherosclerotic burden, should further address the limita-

tions of the current study design. Because this was an observa-

tional study, we did not adjust for multiple comparisons in our

statistical analyses. Therefore, larger longitudinal studies should

confirm our preliminary findings.

CONCLUSIONS
Patients with MS showed lower CSAs of the carotid and vertebral

arteries and a higher frequency of secondary neck vessels and their

CSAs compared with HC. These findings may suggest that the

inflammatory mechanisms, which are present in patients with MS

from early onset, may contribute to accelerated atherosclerosis in

patients with MS. The higher frequency of secondary neck vessels

may suggest that the decreased size of the carotid and vertebral

arterial supply to the CNS could lead to the formation of second-

ary arterial compensation mechanisms. However, further replica-

tion and continuation of the research are warranted before final

conclusions can be drawn.
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CT Attenuation Analysis of Carotid Intraplaque Hemorrhage
X L. Saba, X M. Francone, X P.P. Bassareo, X L. Lai, X R. Sanfilippo, X R. Montisci, X J.S. Suri, X C.N. De Cecco, and X G. Faa

ABSTRACT

BACKGROUND AND PURPOSE: Intraplaque hemorrhage is considered a leading parameter of carotid plaque vulnerability. Our purpose
was to assess the CT characteristics of intraplaque hemorrhage with histopathologic correlation to identify features that allow for
confirming or ruling out the intraplaque hemorrhage.

MATERIALS AND METHODS: This retrospective study included 91 patients (67 men; median age, 65 � 7 years; age range, 41– 83 years) who
underwent CT angiography and carotid endarterectomy from March 2010 to May 2013. Histopathologic analysis was performed for the
tissue characterization and identification of intraplaque hemorrhage. Two observers assessed the plaque’s attenuation values by using an
ROI (� 1 and �2 mm2). Receiver operating characteristic curve, Mann-Whitney, and Wilcoxon analyses were performed.

RESULTS: A total of 169 slices were assessed (59 intraplaque hemorrhage, 63 lipid-rich necrotic core, and 47 fibrous); the average values of
the intraplaque hemorrhage, lipid-rich necrotic core, and fibrous tissue were 17.475 Hounsfield units (HU) and 18.407 HU, 39.476 HU and
48.048 HU, and 91.66 HU and 93.128 HU, respectively, before and after the administration of contrast medium. The Mann-Whitney test
showed a statistically significant difference of HU values both in basal and after the administration of contrast material phase. Receiver
operating characteristic analysis showed a statistical association between intraplaque hemorrhage and low HU values, and a threshold of
25 HU demonstrated the presence of intraplaque hemorrhage with a sensitivity and specificity of 93.22% and 92.73%, respectively. The
Wilcoxon test showed that the attenuation of the plaque before and after administration of contrast material is different (intraplaque
hemorrhage, lipid-rich necrotic core, and fibrous tissue had P values of .006, .0001, and .018, respectively).

CONCLUSIONS: The results of this preliminary study suggest that CT can be used to identify the presence of intraplaque hemorrhage
according to the attenuation. A threshold of 25 HU in the volume acquired after the administration of contrast medium is associated with
an optimal sensitivity and specificity. Special care should be given to the correct identification of the ROI.

ABBREVIATIONS: Az � area under the receiver operating characteristic curve; CEA � carotid endarterectomy; HU � Hounsfield unit; IPH � intraplaque hemor-
rhage; LRNC � lipid-rich necrotic core

During the past few years, several studies have demonstrated

that the occurrence of intraplaque hemorrhage (IPH) in the

carotid artery is linked with an increased risk of plaque rupture,1-3

and therefore, IPH is considered a fundamental parameter of the

so-called plaque vulnerability.4

Most of the research performed in the past 20 years was based

on results from autopsy studies or on the specimens taken from

carotid endartectomies.5,6 With the introduction of high-resolu-

tion black-blood MRI,7,8 it has become possible to identify non-

invasively the IPH with optimal correlation to histology, and past

literature has suggested an association between IPH and the oc-

currence of cerebrovascular events.9 In a recently published meta-

analysis by Saam et al,10 it was demonstrated that the presence of

IPH is associated with a 5- to 7-fold higher risk of cerebrovascular

events.

However, carotid arteries are frequently imaged by using CT,

which allows for characterizing the degree of stenosis11,12 with an

excellent level of detail. Further, it offers information related to

the risk of the plaque vulnerability such as the volume of the
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plaque and it subcomponents13,14 or the identification of ulcers in

the plaque.15,16 Moreover, CT provides a unique option in some

categories of patients who cannot be imaged by using MR imaging

(eg, those with a prosthesis or pacemaker). Therefore, the identi-

fication of the determinants of plaque vulnerability, and in par-

ticular IPH, could be extremely important.

The purpose of this study was to assess the CT characteristics

of the IPH with histopathologic correlation to identify features

that allow for confirming or ruling out the IPH.

MATERIALS AND METHODS
Study Design and Patient Population
The institutional review board of our hospital (Azienda Os-

pedaliera Universitaria di Cagliari) approved this retrospective

study protocol, and we included all the patients who under-

went carotid endarterectomy (CEA) and whose carotid speci-

men was analyzed by histologists. Therefore, 91 patients (67

men; median age, 65 � 7 years; age range, 41– 83 years) who

underwent CEA from March 2010 to May 2013 were included.

This research was conducted in accordance with the guidelines

of our institution’s research committee, and because of the

retrospective nature of the analysis, patient consent was

waived.

We considered as an inclusion criterion that the CEA was per-

formed within 10 days after the CTA, whereas we excluded those

patients who underwent CEA for restenosis or radiation therapy–

induced carotid stenosis. A further exclusion criterion was the

plaque’s rupture or fragmentation during the CEA procedure

and/or manipulation.

In our hospital, the quantification of the degree of stenosis and

the carotid artery plaque analysis is performed by using CTA ac-

cording to previously published inclusion criteria.17,18 Carotid

sonography is used as the first-line technique to assess the pres-

ence of atherosclerosis, and briefly, CTA of carotid arteries is per-

formed when 1) carotid sonography shows a pathologic stenosis

(� 50% measured with the NASCET criteria19) or features related

to plaque vulnerability (eg, ulcerations, irregular surface) and 2)

sonography cannot adequately assess the degree of stenosis and

the plaque’s characteristics because of anatomic conditions. Pa-

tients were also classified as symptomatic or asymptomatic ac-

cording to the neurologic assessment documented in the clinical

chart review by using the Trial of ORG 10172 in Acute Stroke

Treatment (TOAST) criteria. Part of the study population (n �

58) of this research was included in previously published

papers.20,21

CTA Technique
Patients were studied by using a 16 –multidetector row CT system

(Brilliance; Philips Healthcare, Best, the Netherlands). CT images

were obtained with coverage from the aortic arch to the carotid

siphon with caudocranial direction. Examinations were per-

formed before and after the administration of contrast material.

Angiographic phase was obtained with the administration of 80

mL of prewarmed contrast medium (Ultravist 370; Bayer Health-

Care, Berlin, Germany). CT technical parameters included: slice

thickness, 0.6 mm; interval, 0.3 mm; matrix size, 512 � 512; and

field of view, 14 –19 cm. A C-filter algorithm of reconstruction

was applied.

Carotid Endarterectomy
Two vascular surgeons (R.M. and R.S., with 25 and 16 years of expe-

rience, respectively) performed all the CEA procedures by using the

“en-bloc” technique by scoring the outer media and adventitia with a

scalpel and then removing the plaque as an intact tube. This ap-

proach was adopted to reduce the manipulation of the carotid artery

and avoid the potential rupture/fragmentation of the plaque.

In our hospital, patients underwent CEA according to the rec-

ommendations by the Asymptomatic Carotid Atherosclerosis

Study (ACAS),22 NASCET,19 Stroke Prevention and Educational

Awareness Diffusion (SPREAD),23 and European Carotid Sur-

gery Trial (ECST)3 after the exclusion of a cardioembolic source

of embolism.

Histologic Analysis of the Plaque
The methods used for the plaque processing and histologic analysis

have been described in a previously published paper.20 In summary,

the histologic analysis was performed by 2 histologists (G.F. and L.L.,

with 22 and 5 years of experience, respectively) who were blinded to

the radiologic findings. After the CEA, the excised “en-bloc” plaque is

immediately fixed in formalin, and it is sent to the laboratory directly

after the surgical procedure. Carotid plaques were decalcified and

embedded in paraffin wax. None of the CEA specimens showed dis-

ruption of the luminal surface of the plaque. The portion of the spec-

imen that showed the carotid plaque was divided transversely in sec-

tions having 3 mm intervals that were air-dried at 60°C for 45

minutes. After this phase, paraffin was removed by xylol, and the

sections were hydrated. Finally, endogenous peroxidase activity was

blocked by 2% hydrogen peroxide (H2O2). The transverse sections

were subjected to histologic examination to identify the plaque com-

ponents. Because the main focus of the study was to assess the atten-

uation characteristics of IPH, special care was used in the identifica-

tion of IPH. Finally, according to the histologic characteristics, the

plaque of each slice was categorized into one of 4 groups: IPH, lipid-

rich necrotic core (LRNC), fibrous, and calcified.

Co-Registration and Histology Matching
The co-registration between CTA and histologic slices represents

a key point of this paper, and special care was dedicated to avoid

misregistration. After the selection of the CTA slice, the corre-

sponding histologic section was identified by considering the fol-

lowing parameters: distance from the carotid bifurcation, lumen

shape, and presence of prominent areas of calcification. In partic-

ular, the location of the bifurcation was identified to measure the

length in the z-axis correctly. Moreover, given the difference in

thickness between the MDCTA image sections (0.625 mm) and

the histologic cross sections (5 �m), to further validate, 2–3 his-

tologic sections were compared with 1 cross-sectional MDCTA

image on the basis of the relative distance from the bifurcation.

IPH and Plaque Analysis Quantification
Two radiologists (L.S. and M.F., with 11 and 8 years of experience

in CTA, respectively) performed all measurements of Hounsfield

units (HU) by using as window-level settings a width of 850 and
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length of 300.24 In this study, the registration phase between CT

and histologic slices was fundamental, and special care was used.

The CT analysis was performed in 3 different phases. The first one

was conducted with both radiologists in consensus to assess the

image quality of the datasets and exclude those carotid arteries

that showed dental streak artifacts or movement artifacts that re-

duced the image quality. The second and third phases were per-

formed with radiologists who worked independently.

In the second phase, the angiographic dataset was assessed;

radiologists had histopathologic sections as well as the spatial co-

ordinates (slice number – Z distance from the carotid bifurca-

tion), and they were asked to trace a circular or elliptical ROI (�

1 mm2 and �2 mm2) in the plaque and to quantify the HU atten-

uation values in the analyzed slice. The shape of the vessel wall and

the lumen as well as the location of the bifurcation and the pres-

ence of calcifications in the plaque were used for matching. The

procedures were repeated for each slice of each patient where it

was possible to trace an ROI of at least 1 mm2.

In the third phase, radiologists selected the basal scan dataset

and identified the same slice corresponding to the angiographic

phase. To reach a correct registration between basal and angio-

graphic datasets, they visually verified if the slices were registered

or if it was necessary to select another slice along the z-axis. After

this “matching phase,” the same ROI used in the contrast phase

(duplicate option) was positioned in the same position of the

plaque to measure the attenuation values (Fig 1).

Statistical Analysis
In this study, the normality of each continuous variable group was

tested by using the Kolmogorov-Smirnov Z test, and appropriate

tests for Gaussian or non-Gaussian values were selected. The

Bland-Altman plot was calculated between the 2 readers to test the

attenuation values, and the averaged value for each section was

considered for the analysis. The Mann-Whitney test was calcu-

lated to test the difference of attenuation values between the dif-

ferent categories (IPH, LRNC, and fibrous tissue). Receiver oper-

ating characteristic curve analysis was performed, and the model

was characterized by the area under the receiver operating char-

acteristic curve (Az) with 95% CIs to test the relationship between

HU attenuation values in the ROI and IPH. Moreover, thresholds

derived from the ROC analysis were calculated. The Wilcoxon test

was applied to test the difference of attenuation values before and

after administration of contrast material for the plaques (IPH,

LRNC, and fibrous).

A P value �.05 was regarded as indicating a statistically signif-

icant association, and all values were calculated by using a 2-tailed

significance level. R statistical and computing software (www.r-

project.org) was used for statistical analyses.

RESULTS
General Results
The mean time interval between CT and CEA was 9 days (range,

3–14 days). No patients were excluded from the analysis. Twenty-

six cases of IPH were found (prevalence of 23.08%), and another

21 had LRNC without IPH (prevalence 23.07%). In 5 cases, along

the length of the plaque, there were histologic slices with LRNC

and other slices with IPH (prevalence of 5.45%). The other 39

plaques did not show IPH or LRNC and were mainly calcified

(n � 24) or characterized by fibrous tissue or myofibroblast pro-

liferation (n � 15).

In our cohort, we found 29 asymptomatic patients and 62

symptomatic patients. (In the 62 symptomatic patients, 25

strokes, 24 transient ischemic attacks, and 13 cases of amaurosis

fugax were observed.) The analysis of the association between IPH

FIG 1. A 67-year-old male patient. The images acquired before (A) and after the administration of contrast material (B) clearly show the carotid
artery plaques. The ROI analyses before (C) and after the administration of contrast material (D) show the HU attenuation of the plaque (13.267
HU and 14.067 HU, respectively). In panel E, the corresponding histologic slice is given.
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and the presence of cerebrovascular symptoms (including the 5

plaques where some histologic slices had LRNC and others had

IPH for a total of 31 subjects with IPH) revealed an association

between plaques with IPH and symptoms with a P value of .02

(17% of IPH in asymptomatic subjects [5/29] and 42% of IPH in

symptomatic subjects [26/62]).

A total of 435 histologic slices were recorded and measured

(the median number for each plaque was 5, ranging from 3–12).

We excluded 61 histologic sections because of suboptimal quality.

Another 129 histologic sections were excluded because they were

mainly calcified plaques, and in another 63 cases, a small amount

of calcium was found in the histopathologic examinations. There-

fore, 253 histologic sections were excluded.

Radiologists performed the CT matching in the remaining 182

histologic slices. They excluded 2 patients (with a total of 7 histo-

logic slices) because of streak artifacts and 1 patient who had

movement artifacts (6 histologic slices). The final number of as-

sessed slices was 169 (59 IPH, 63 LRNC, and 47 fibrous).

Plaque Analysis
Table 1 summarizes the results of the attenuation values accord-

ing to the histologic types in the arterial and venous phases. The

average values of the IPH were 17.475 HU and 18.407 HU before

and after the administration of contrast material, respectively.

The average values of the LRNC were 39.476 HU and 48.048 HU

before and after the administration of contrast material, respec-

tively, whereas for the fibrous plaque, the average values were

91.66 HU and 93.128 HU before and after the administration of

contrast material.

We found that the category that showed the bigger enhance-

ment was the LRNC (average increase of 8.54 HU) followed by

fibrous tissue (1.468 HU), whereas the IPH showed the smaller

variation (average increase, 0.932). The concordance between the

readers (measured by Bland-Altman plots) was good, with a sys-

tematic error (1.96 SD) between �2 HU and �3 HU for IPH,

between �4 HU and �5 HU for LRNC,

and between �6 HU and �12 for fi-

brous tissue.

Mann-Whitney Test
By comparing the attenuation values

among the 3 different analyzed catego-

ries (IPH, LRNC, and fibrous), we found

that there was a statistically significant

difference of HU values both before and

after the administration of contrast ma-

terial (Table 2). In Fig 2 a boxplot shows the attenuation values

according to the category.

Receiver Operating Characteristic Curve Analysis
The receiver operating characteristic curve analysis was per-

formed to test the association between the HU attenuation and

the presence or absence of IPH, shown in Fig 3. The Az for the

attenuation analysis performed in the basal scan was 0.944,

whereas the Az after the administration of contrast medium was

0.978 (difference between the Az; P � .026). From the receiver

operating characteristic curve analysis, we also tested multiple

thresholds to identify the best combination of sensitivity and

specificity value (Table 3). We found that a threshold of 25 HU in

the plaque (in the dataset after administration of contrast mate-

rial) has a sensitivity of 93.22% and a specificity of 92.73% for the

presence of IPH.

Wilcoxon Analysis
This test was used to check the effect of the contrast material in the

plaque categories. By comparing the overall attenuation of the

plaques (IPH, LRNC, and fibrous) before and after the adminis-

tration of contrast medium, we found a statistically significant

difference (P � .001). By assessing the attenuation of IPH, LRNC,

and fibrous tissue before and after contrast medium, we found P

values of .006, .0001, and .018, respectively, demonstrating that

the attenuation of the plaque before and after administration of

contrast material is different.

DISCUSSION
Recent published studies have demonstrated that the presence of

IPH is related to an increased risk of stroke independent of the

severity of luminal stenosis.25,26 Therefore, the identification of

IPH represents an important step to correctly stratify the risk of

potential cerebrovascular events of a subject.

CT is a widely used technique for the preoperative assessment

of the subject, which allows for obtaining information related to

other features related to the plaque’s vulnerability such as the

presence of ulcerations or large plaque volume.13,27 It is impor-

tant to remember that because of the radiation delivered, CT is

not considered the best tool for follow-up of patients with carotid

artery stenosis (unlike ultrasound), and that is one of its main

limitations as a diagnostic tool; however, the improvement in CT

technology with the introduction of dose-reduction techniques

results in a viable option. The purpose of this study was to assess

the CT characteristics of IPH with histopathologic correlation to

identify features that allow for confirming or ruling out the IPH.

Table 1: Summary of attenuation values

Type of Tissue N Mean HU SD Median
2.5–97.5

Percentiles
Normal

Distribution
Basal

Fibrous 47 91.66 17.7474 93 47.525–121.400 0.0052
LRNC 63 39.476 19.4529 34 16.075–87.625 0.0355
IPH 59 17.475 4.9283 17 8.975–26.025 0.0668

Contrast
Fibrous 47 93.128 16.3609 94 49.875–120.775 0.0003
LRNC 63 48.048 19.3811 43 21.000–85.925 0.1446
IPH 59 18.407 4.8428 18 10.975–27.000 0.0021

Table 2: Mann-Whitney analysis
Type of Tissue IPH LRNC Fibrous
Basal

IPH x 0.001 0.001
LRNC 0.001 x 0.001
Fibrous 0.001 0.001 x

Contrast
IPH x 0.001 0.001
LRNC 0.001 x 0.001
Fibrous 0.001 0.001 x

Note:—x indicates test is not applicable.
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To obtain correct data, our readers (histologists and radiolo-

gists) gave special attention to excluding all those slices or CT

datasets that were not optimal from a technical point of view.

Moreover, the calcified plaques or those plaques with a visible

cluster of calcium were excluded. First, the identification of the

calcium is extremely easy thanks to the big attenuation that this

tissue produces in the x-rays. For the same reason, those histologic

slices where calcium was visible in small amounts were excluded.

From the original 435 histologic slices, radiologists analyzed 169

slices (38.9%).

We found that the average value of

the IPH was extremely low, with an av-

erage basal value of 17.475 HU and av-

erage value of 18.407 HU after the ad-

ministration of contrast medium. In

2009, Adjuk et al28 found that the atten-

uation values of the American Heart As-

sociation plaque VIb (confluent extra-

cellular lipid core complicated by

hemorrhage) was lower compared with

the other types of plaque, with an aver-

age value of 22 HU compared with 59

HU for the other types of plaques, and

these data were confirmed in a further

publication performed by the same

group in 2013.29 Our values are lower

compared with those found by Adjuk et

al,28,29 and we think that this can be at-

tributed to 2 different causes. First, the

different selection criteria; in fact, we ex-

cluded all those plaques that also had a

small cluster of calcium that can justify

the raised attenuation values in the work

of Adjuk et al.28,29 Second, we did not

considered histologic slices with LRNC and IPH, but only those 2

features independently; this approach may explain the lower at-

tenuation values of our observations. In addition, a study pub-

lished by de Weert et al30 in 2006 demonstrated that the presence

of very hypoattenuated areas was associated with the presence of

plaques complicated by hemorrhage (�30 HU).

We also compared the attenuation values among the 3 differ-

ent analyzed categories (IPH, LRNC, and fibrous), and we found

that there was a statistically significant difference of HU values

(Table 2). This result demonstrates that the attenuation values are

different from the attenuation of LRNC and fibrous tissue. In

particular, hemorrhage has significantly lower attenuation values

compared with the other categories of tissues.

The receiver operating characteristic curve analysis confirmed

the strength of the association between the hypoattenuated values

and presence of IPH (Az � 0.944 in basal analysis and 0.978 after

contrast medium), and by considering a threshold value of 25 HU

(in the scans obtained after the administration of contrast mate-

rial), we obtained a sensitivity of 93.22% and a specificity of

92.73% for the presence of IPH. These results demonstrated that

it is possible to identify an attenuation threshold by identifying

the presence of IPH.

Our results are different from those observed by U-King-Im et

al31 where the authors compared CTA and IPH detected by MR

imaging and found that mean CT plaque attenuation was higher

for plaques with MR imaging– defined IPH (47 HU) compared

with plaques without IPH (43 HU). Moreover, they found a sig-

nificant overlap between the distributions of plaque densities by

concluding that mean plaque attenuation is of limited value in

distinguishing between the 2 groups. The differences between our

results and the paper by U-King-Im et al31 can be explained by the

different methodology applied. They used as reference standard

MR-defined IPH, whereas we considered the histopathologic

FIG 2. Boxplot with the attenuation values before and after the administration of contrast
material according to the type of tissue.

FIG 3. Receiver operating characteristic curve analysis that shows the
Az of the attenuation (basal and after the administration of contrast
medium) versus the presence/absence of IPH.
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slices. We excluded from the analysis all the slices where a cluster

of calcium was identified, and this explains the average lower CT

values found in our study in those plaques with IPH. Moreover,

we considered multiple sections for each plaque according to the

histopathologic category, and this is important because we found

10 plaques where there were areas with IPH and others without

IPH. These findings confirm that in the same plaques, there exist

different tissues, and they are not always represented in a single

axial section. For this reason, we suggest readers check the entire

length of the plaque and not only the thickened point and assess

with ROIs having different levels of the plaque. This is a significant

point because the plaques show a spatial heterogeneity other than

a temporal variability; therefore, the plaque should be considered

a dynamic process, and lack of IPH doesn’t mean that sometime

in the future IPH cannot appear.

We also tested the difference in attenuation before and after

the administration of contrast medium and found that there was

a statistically significant difference (.006, .0001, and .018 for IPH,

LRNC, and fibrous tissue, respectively), by confirming the fact

that the contrast material plays an important role in the attenua-

tion values of the carotid artery plaques.32-34

In this study, there are some limitations. First, this is a retro-

spective study, and this approach may determine a bias; however,

it is our opinion this can be a considered a minor limitation be-

cause our focus was to assess the attenuation value of the IPH, and

we would use the same paradigm in prospective approach. Sec-

ond, the registration between histologic sections and the CT da-

taset is fundamental to obtain correct as well as relevant data. We

tried to use our experience and all the potential tools to overcome

the problems related to the registration (spatial registration fea-

tures, manual and experienced correction, and the use of 2 differ-

ent readers). However, there are some limits that are not possible

to solve, in particular, the fact that the histologic preparation leads

to plaque shrinkage35; in the study by de Weert et al,30 the total

plaque area acquired in MDCTA images was 30% larger than the

histologic total plaque area.

CONCLUSIONS
The results of this preliminary study suggest that CT can be used

to identify the presence of IPH according to the attenuation.

A threshold of 25 HU in the volume acquired after the adminis-

tration of contrast medium is associated with an optimal sensitiv-

ity and specificity. Special care should be given to the correct

identification of the area to place the ROI.
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ORIGINAL RESEARCH
HEAD & NECK

Dynamic Contrast-Enhanced MRI–Derived Intracellular Water
Lifetime (�i): A Prognostic Marker for Patients with Head and

Neck Squamous Cell Carcinomas
X S. Chawla, X L.A. Loevner, X S.G. Kim, X W.-T. Hwang, X S. Wang, X G. Verma, X S. Mohan, X V. LiVolsi, X H. Quon, and

X H. Poptani

ABSTRACT

BACKGROUND AND PURPOSE: Shutter-speed model analysis of dynamic contrast-enhanced MR imaging allows estimation of mean
intracellular water molecule lifetime (a measure of cellular energy metabolism) and volume transfer constant (a measure of hemodynam-
ics). The purpose of this study was to investigate the prognostic utility of pretreatment mean intracellular water molecule lifetime and
volume transfer constant in predicting overall survival in patients with squamous cell carcinomas of the head and neck and to stratify
p16-positive patients based upon survival outcome.

MATERIALS AND METHODS: A cohort of 60 patients underwent dynamic contrast-enhanced MR imaging before treatment. Median,
mean intracellular water molecule lifetime and volume transfer constant values from metastatic nodes were computed from each patient.
Kaplan-Meier analyses were performed to associate mean intracellular water molecule lifetime and volume transfer constant and their
combination with overall survival for the first 2 years, 5 years, and beyond (median duration, �7 years).

RESULTS: By the last date of observation, 18 patients had died, and median follow-up for surviving patients (n � 42) was 8.32 years. Patients
with high mean intracellular water molecule lifetime (4 deaths) had significantly (P � .01) prolonged overall survival by 5 years compared
with those with low mean intracellular water molecule lifetime (13 deaths). Similarly, patients with high mean intracellular water molecule
lifetime (4 deaths) had significantly (P � .006) longer overall survival at long-term duration than those with low mean intracellular water
molecule lifetime (14 deaths). However, volume transfer constant was a significant predictor for only the 5-year follow-up period. There
was some evidence (P � .10) to suggest that mean intracellular water molecule lifetime and volume transfer constant were associated with
overall survival for the first 2 years. Patients with high mean intracellular water molecule lifetime and high volume transfer constant were
associated with significantly (P � .01) longer overall survival compared with other groups for all follow-up periods. In addition, p16-positive
patients with high mean intracellular water molecule lifetime and high volume transfer constant demonstrated a trend toward the longest
overall survival.

CONCLUSIONS: A combined analysis of mean intracellular water molecule lifetime and volume transfer constant provided the best
model to predict overall survival in patients with squamous cell carcinomas of the head and neck.

ABBREVIATIONS: CRT � chemoradiation therapy; DCE-MRI � dynamic contrast-enhanced MR imaging; HNSCC � squamous cell carcinomas of the head and neck;
HPV � human papillomavirus; HR � hazard ratio; Ktrans � volume transfer constant; OS � overall survival; �i � mean intracellular water molecule lifetime

Patients with squamous cell carcinomas of the head and neck

(HNSCC) are usually associated with a poor prognosis, and

the presence of metastatic lymph nodes is considered a negative

prognostic indicator.1 Consequently, there is an unmet need to

understand the tumor biology to improve clinical management.

Dynamic contrast-enhanced MR imaging (DCE-MRI) allows

estimation of volume transfer constant (Ktrans),2,3 an efflux rate

constant of gadolinium-based contrast agent from the intravas-
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cular compartment to tumor interstitium. The potential of pre-

treatment Ktrans in predicting short-term response4-7 as well as

overall survival (OS) in patients with HNSCC has been re-

ported.8,9 Patients treated with chemoradiation therapy (CRT)

and with high baseline Ktrans from metastatic nodes were associ-

ated with an improved prognosis compared with patients with

low baseline Ktrans.8,9 In addition to Ktrans, shutter-speed model

analysis of DCE-MRI derives a novel imaging biomarker known

as mean intracellular water lifetime (�i),10-12 which has been sug-

gested to be a metabolic marker.12 The unique strength of �i lies in

the fact that it is less sensitive to arterial input function scaling varia-

tions than Ktrans,13 indicating that �i is a more reproducible and reli-

able marker. The parameter �i has been used to characterize breast,14

prostate,15,16 esophageal,17 and hepatocellular cancer.18 A recent

study19 also demonstrated the prognostic utility of �i in predicting

survival in patients with hepatocellular carcinomas.

Although Ktrans reflects tumor perfusion and vascular permeabil-

ity,3 �i provides unique information related to tumor cell character-

istics such as cell size, cell membrane permeability, and cellular met-

abolic activity.12 Given that Ktrans and �i provide complementary

information about the tumor microenvironment, we believe that a

combined analysis may be more useful than individual parameters in

predicting prognosis in patients with HNSCC.

Thus, the purpose of the present study was to assess the prog-

nostic value of pretreatment �i and Ktrans in predicting OS in

patients with HNSCC. In addition, in a subset of patients, we

explored the prognostic potential of �i and Ktrans in p16-associ-

ated HNSCC given the fundamental differences in tumor biology

and prognosis of these patients.20-22

MATERIALS AND METHODS
Patients
This retrospective analysis of pre-existing imaging and clinical

data was institutional review board–approved and was compliant

with the Health Insurance Portability and Accountability Act. On

the basis of previous CT/MR imaging reports, all patients were

assessed for the presence of at least 1 metastatic cervical lymph

node measuring �1 cm3 and biopsy-proved histopathologic di-

agnosis of HNSCC. The exclusion criteria included prior CRT or

a history of cancer other than HNSCC. A total of 72 patients with

newly diagnosed HNSCC met the inclusion criteria and were re-

cruited between January 2005 and August 2009. TNM staging was

used to determine the disease status. Each patient received appro-

priate therapy to deliver the maximum clinical benefit, which in-

cluded upfront neck dissection (n � 3), concurrent CRT (n � 46),

or induction chemotherapy followed by CRT (n � 23). Three

patients who underwent upfront neck dissection and 9 patients

who had either corrupted MR imaging data or insufficient clinical

data were excluded from the data analysis. Therefore, OS analyses

were performed on the remaining 60 patients (mean age � SD,

62.34 � 9.18 years; 49 men, 11 women). Tumor location and

staging from these patients at the initial presentation are summa-

rized in the Table.

Data Acquisition
All patients underwent MR imaging before surgery and CRT on a

1.5T Sonata scanner (Siemens, Erlangen, Germany; n � 37) or on

a 3T Magnetom Trio scanner (Siemens; n � 35). Structural im-

aging included axial T2-weighted and T1-weighted images with

standard parameters. Inversion-recovery–prepared T1-weighted

images were acquired by using TIs of 60, 200, 400, 800, and 1600

ms before the acquisition of DCE-MRI data for T1 quantification.

As described previously,5 DCE-MRI was performed by using a

rapid 3D-spoiled gradient-echo sequence modified to acquire 8

angle-interleaved subaperture images from the full-echo radial

data.23 Imaging parameters were: TR, 5.0 ms; TE, 4.2 ms; 256

readout points per view; 256 views (32 views per subaperture, 8

subapertures); field of view, 260 � 260 mm2; number of sections,

8; section thickness, 5 mm. Fat saturation was applied once every

8 excitations. Spatial saturation was applied once every 32 excita-

tions to minimize the flow effect while minimizing acquisition

time. This scheme resulted in a temporal resolution of 2.5 seconds

for each subaperture image with full spatial resolution of 256 �

256 by using a dynamic k-space–weighted image reconstruction

contrast algorithm.

Image Processing
All images (T2, T1, postcontrast T1-weighted, and DCE-MRI)

were coregistered by using a 2-step nonrigid image registration

technique.5 The ROIs were drawn on the solid portion of the

largest nodal mass by using anatomic images. Care was taken to

avoid necrotic/cystic or hemorrhagic parts as well as surrounding

blood vessels. Pharmacokinetic analysis of DCE-MRI data was

performed for each voxel in the selected ROIs by using a shutter-

speed model.5,10 Estimation of arterial input function was per-

Patient characteristics and treatment modalities
Characteristics

Number of patients 60
Mean age, yrs � SD 62.34 � 9.18
Sex

Male 49 (81.7%)
Female 11 (18.3%)

Primary tumor site
Base of tongue 24 (40.0%)
Tonsil 14 (23.3%)
Larynx 7 (11.7%)
Less common/unknown sites 15 (25.0%)

T staging
Tx 14 (23.3%)
T0 2 (3.3%)
T1 2 (3.3%)
T2 15 (25.0%)
T3 9 (15.0%)
T4 18 (30.0%)

N staging
N1 2 (3.3%)
N2 51 (85.0%)
N3 7 (11.7%)

M staging
M0 60 (100%)

p16 expression
Positive 21 (35.0%)
Negative 11 (18.3%)
Unknown (insufficient specimen) 28 (46.7%)

Treatment
Radiotherapy � concurrent chemotherapy 39 (65.0%)
Induction chemotherapy � radiotherapy �

concurrent chemotherapy
21 (35.0%)
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formed semiautomatically from an ROI on one of the carotid

arteries located near the metastatic lymph node.5,10 Median pre-

treatment �i and Ktrans were computed by using only the central 4

sections to avoid erroneous results from wraparound artifacts in

the edge sections.

Clinical Follow-Up and Data Analysis
The clinical follow-up period was measured from the end date of

CRT to the date of death for deceased patients or to the date of last

observation for surviving patients.

Median pretreatment �i and Ktrans values were 0.125 seconds

and 0.409 minutes�1, respectively, and were used as thresholds to

divide patients into 2 groups (at or above and below the threshold

value). Patients in the high �i group had a mean � SD �i of 0.276 �

0.086 seconds and a median of 0.269 seconds. Patients in the low

�i group had a mean � SD �i of 0.070 � 0.028 seconds and a

median of 0.071 seconds. Similarly, patients in the high Ktrans

group had a mean � SD Ktrans of 0.90 � 0.54 minutes�1 with a

median of 0.88 minutes�1, whereas patients in the low Ktrans

group had a mean � SD Ktrans of 0.188 � 0.108 minutes�1 and a

median of 0.196 minutes�1.

Using the 2-year (short-term), 5-year (intermediate-term),

and all available follow-up (long-term [median, 7.83 years; range,

0.07–10.7 years]) as clinical end points, OS was analyzed. In ad-

dition to using �i and Ktrans as independent predictors, combina-

tions of these parameters (high �i/high Ktrans, high �i/low Ktrans,

low �i/high Ktrans, and low �i/low Ktrans) were used. Kaplan-Meier

survival curves were plotted and compared by using log-rank

tests. Using a Cox regression model, hazard ratios (HRs) of deaths

and associated 95% CI were estimated for �i and Ktrans first sepa-

rately, and then for the different combinations of these parame-

ters (high �i/high Ktrans, high �i/low Ktrans, low �i/high Ktrans, and

low �i/low Ktrans). In addition, a Wald test was performed to eval-

uate the joint effect of these combinations. A P value �.05 was

considered significant. All data analyses were performed by using

SPSS for Windows version 18.0 (IBM, Armonk, New York).

Stratifying HPV/p16-Positive and p16-Negative Patients
Human papillomavirus (HPV) status was determined from tissue

specimens by immunohistochemical evaluation of p16 expression by

using a commercially available monoclonal antibody. Tissue samples

were available from only 32 patients, and these were divided into 2

groups: positive (n � 21) or negative (n � 11) for p16 expression.24

There were no significant differences (P � .05) in age, treatment

regimen, �i, and Ktrans between patients who had and those who did

not have tissue specimens for p16 expression. Using p16 as an inde-

pendent variable, OS analyses were performed from these 32 pa-

tients. To further stratify p16-positive and p16-negative patients, sep-

arate OS analyses were performed by using �i and Ktrans as

independent variables and by using combinations of these

parameters.

RESULTS
Representative anatomic images and �i and Ktrans maps from a

patient who was alive by the last date of observation with a fol-

low-up duration of 8.19 years and from a patient who died 2.12

years after the end of CRT are shown in Figs 1 and 2, respectively.

In the first 2-year follow-up period, 13 of 60 patients died of the

disease. In 5 years, the number of deceased patients was 17,

whereas a total of 18 patients died by the last date of observation.

The median follow-up for surviving patients (n � 42) was 8.32

years (range, 5.42–10.7 years).

Prognostic Utility of �i

In the first 2 years, a trend toward longer OS was noted for

patients with higher �i (4 deaths) compared with those with

lower �i (9 deaths; log-rank P � .09). The probability for sur-

vival in patients with high �i was 86.7% (95% CI, 68.3%–

94.8%), whereas it was 70% (95% CI, 60.3%– 83.1%) for pa-

tients with low �i.

Interestingly, by 5 years, significantly longer OS was observed

for patients with higher �i (4 deaths) compared with those with

lower �i (13 deaths; log-rank P � .01). Similarly, patients with

higher �i (4 deaths) had significantly prolonged OS compared

with those with lower �i (14 deaths; log-rank P � .006; Fig 3) when

long-term follow-up duration was considered (median duration,

�7 years). At 5 years, survival probability for patients with high �i

was 86.7% (95% CI, 68.3%– 94.8%), and for patients with low �i,

it was 56.8% (95% CI, 37.4%–72.1%).

Cox regression analysis demonstrated a nonsignificant differ-

ence (P � .13) in OS between the 2 groups for the 2-year fol-

low-up period, with an HR of 2.43 (95% CI, 0.75–7.92). However,

a P value of .02 with HR of 3.71 (95% CI, 1.20 –11.39) for 5 years

and a P value of .01 with HR of 4.24 (95% CI, 1.38 –12.97) were

observed in predicting long-term OS.

FIG 1. Representative images from a patient exhibiting long survival
(follow-up duration of 8.19 years). Axial T2-weighted image (A) dem-
onstrates an enlarged heterogeneous hyperintense metastatic left
level IIa lymph node (arrow). This appears hypointense on a coregis-
tered T1-weighted image (B), with heterogeneous enhancement on
the corresponding postcontrast T1-weighted image (C). DCE-MRI– de-
rived �i (0.136 seconds [D]) and Ktrans (0.882 minutes�1 [E]) maps are
shown as color images overlaid on postcontrast T1-weighted images.
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Prognostic Utility of Ktrans

At 2 years, patients with higher Ktrans (4 deaths) had longer but

nonsignificant OS compared with those with lower Ktrans (9

deaths; log-rank P � .07). At 2 years, survival probability was

87.1% (95% CI, 69.2%–95.0%) for patients with high Ktrans and

69.0% (95% CI, 48.8%– 82.5%) for patients with low Ktrans.

By 5 years, significantly prolonged OS for patients with higher

Ktrans (5 deaths) was noted compared with those with lower Ktrans

(12 deaths; log-rank P � .03). Survival probability for patients

with high Ktrans was 83.9% (95% CI, 65.5%–93.0%) and for pa-

tients with low Ktrans was 58.6% (95% CI, 38.8%–74.0%). How-

ever, only a trend toward prolonged OS was observed for patients

with higher Ktrans (6 deaths) compared with those with lower

Ktrans (12 deaths; log-rank P � .06) when long-term OS was eval-

uated (Fig 4).

Cox regression analyses showed nonsignificant differences

between the 2 groups for 2 years (P � .09) with HR of 2.78

(95% CI, 0.85–9.05) and for long-term periods (P � .06) with

HR of 2.52 (95% CI, 0.94 – 6.72). However, a P value of .04 with

HR of 3.04 (95% CI, 1.07– 8.64) was observed in predicting

5-year OS.

Prognostic Utility of Combined Analysis Involving �i and
Ktrans

By 2 years, the longest OS was observed for patients with high

�i/high Ktrans (n � 15, 2 deaths). On the other hand, patients with

low �i/low Ktrans (n � 14, 7 deaths) had the shortest OS (log-rank

P � .02). In the group of patients (n � 31) who had either high

�i/low Ktrans or low �i/high Ktrans, 4 patients died. Moreover, pa-

tients with high �i/low Ktrans had longer OS than patients with low

�i/high Ktrans. Similarly, at 5 years, patients with high �i/high Ktrans

(n � 15, 2 deaths) had the longest OS, whereas patients with low

�i/low Ktrans (n � 14, 10 deaths) had the shortest OS (log-rank

P � .0001). Of the remaining 31 patients, 5 patients were deceased

and patients with high �i/low Ktrans had longer OS than patients

with low �i/high Ktrans.

A similar pattern was observed for long-term analysis. Patients

with high �i/high Ktrans (n � 15, 2 deaths) had the longest OS, and

patients with low �i/low Ktrans (n � 14, 10 deaths) had the shortest

OS (log-rank P � .0001). Of the remaining 31 patients, 6 died, and

again, patients with high �i/low Ktrans had longer OS than patients

with low �i/high Ktrans (Fig 5).

FIG 2. Representative images from a patient who died 2.12 years after
the end of CRT. Axial T2-weighted image (A) demonstrates a hetero-
geneous hyperintense metastatic left level IIb lymph node (arrow). It
appears hypointense on a coregistered T1-weighted image (B) with
heterogeneous enhancement on postcontrast T1-weighted image (C).
DCE-MRI– derived �i (0.031 seconds; [D]) and Ktrans (0.135 minutes�1 [E])
maps overlaid on postcontrast T1-weighted images demonstrating
lower �i and Ktrans values from the node compared with the patient
with longer survival as shown in Fig 1.

FIG 3. Kaplan-Meier plot for �i. Patients with higher pretreatment �i
(solid curves) demonstrate longer OS compared with patients with
lower �i (broken curves) for first 2-year (solid vertical line, P � .09),
5-year (dotted vertical line, P � .01), and long-term (median duration,
�7 years; P � .006) follow-up periods.

FIG 4. Kaplan-Meier plots for Ktrans. Patients with higher pretreat-
ment Ktrans (solid curves) demonstrate longer OS compared with pa-
tients with lower Ktrans (broken curves) at the 2-year (solid vertical
line; P � .07), 5-year (dotted vertical line; P � .028), and long-term
(median duration, �7 years; P � .06) follow-up periods.
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For the first 2-year follow-up period, multivariate Cox regres-

sion analyses revealed a P value of .048 with HRs of 0.21 (95% CI,

0.04 –1.00; P � .05), 0.22 (95% CI, 0.05–1.07; P � .06), and 0.20

(95% CI, 0.04 – 0.95; P � .04) for patients with high �i/high Ktrans,

high �i/low Ktrans, and low �i/high Ktrans, respectively, with respect

to patients with low �i/low Ktrans. Similarly, a P value of .003 with

HRs of 0.13 (95% CI, 0.03– 0.60; P � .009), 0.14 (95% CI, 0.03–

0.63; P � .01), and 0.19 (95% CI, 0.05– 0.69; P � .01) for the first

5 years, and P value of .003 with HRs of 0.12 (95% CI, 0.03– 0.58;

P � .007), 0.13 (95% CI, 0.03– 0.61; P � .01), and 0.26 (95% CI,

0.08 – 0.82; P � .02) for long-term OS were observed.

When all the combinations of variables (high �i/high Ktrans,

high �i/low Ktrans, low �i/high Ktrans) were considered together,

HRs of 1.84 (95% CI, 1.05–3.23; P � .03), 2.32 (95% CI, 1.35–

3.97; P � .002), and 2.31 (95% CI, 1.38 –3.87; P � .001) for the

first 2 years, 5 years, and long-term OS, respectively, were ob-

served. Overall, combination of the �i and Ktrans groups demon-

strated differential OS (Wald test, P � .003).

Stratifying HPV/p16-Positive and p16-Negative Patients
Of 32 patients with the availability of p16 status, 13 died by the date of

last observation. Patients with p16-positive status had significantly

longer OS than p16-negative patients (P � .05; Fig 6A). Noticeably,

no significant difference (P � .17) in OS was observed between pa-

tients in whom p16-expression data were or were not available.

Patients with p16-positive status with higher �i demonstrated

nonsignificantly longer OS (P � .20) than patients with lower �i.

Similarly, nonsignificant (P � .61) differences were observed for

Ktrans. Moreover, p16-positive patients with high �i/high Ktrans had

the longest OS, and patients with low �i/low Ktrans had the shortest

OS. However, these findings were also not significant (Fig 6B; P �

.05). In addition, patients with p16-negative status and higher �i

demonstrated nonsignificantly (P � .12) longer OS than those with

lower �i. We could not compare OS by using Ktrans because all pa-

tients in this subgroup had Ktrans higher than the median value.

DISCUSSION
Our observations suggest that patients with higher pretreatment

�i and Ktrans from metastatic nodes exhibit longer OS. These re-

sults are particularly encouraging given the adverse prognosis as-

sociated with nodal metastases and offer potential opportunities

to develop alternative therapeutic approaches in the poor prog-

nosis cohort.

Earlier studies12,25,26 have reported that �i is inversely corre-

lated with cell membrane ion-pump ac-

tivity, a measure of mitochondrial me-

tabolism

suggesting that �i might be a sensitive

indicator of cellular energy turnover.

Similarly, some studies have reported

that increased metabolic activity is asso-

ciated with lower �i (median, 0.16 –1.03

seconds) in regions of prostrate15,16 and

esophageal cancer17 compared with

normal tissues. In yet another study,18

lower �i (0.11 � 0.02 seconds versus

0.29 � 0.53 seconds) was observed from

normal liver parenchyma (a metaboli-

cally more active region) compared with

hepatocellular carcinomas. The inverse

correlation between �i and tumor me-

tabolism was corroborated when higher

�i was observed in complete responders

compared with poor responders with

breast carcinomas.12,14 Taken together,

these studies imply that malignant cells

FIG 5. Kaplan-Meier plots for combinations of �i and Ktrans. Patients
with high �i/Ktrans (thick broken curve) had the longest OS, and pa-
tients with low �i/Ktrans (thin broken curve) had the shortest OS for
the first 2-year (solid vertical line; P � .02), 5-year (dotted vertical line;
P � .0001), and long-term (median duration, �7 years; P � .0001)
follow-up periods. In addition, patients with high �i/low Ktrans (thick
solid curve) exhibited longer OS than patients with low �i/high Ktrans

(thin solid curve) at all clinical end points.

FIG 6. Kaplan-Meier plots for p16 expression. (A) Patients with p16-positive expression (solid
curve) exhibited significantly longer long-term (median duration, �7 years) OS (P � .05) than
patients with p16-negative expression (broken curve) (B). Patients with positive p16 expression and
high �i/high Ktrans (thick broken curve) had longer OS than p16-positive patients with low �i/low
Ktrans (thin broken curve). In addition, patients with high �i/low Ktrans (gray solid curve) exhibited
longer OS than patients with low �i/high Ktrans (black solid curve) at all clinical end points.
However, these differences were not significant (P � .05).
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from tumors with high �i have reduced metabolic energy available

for their growth relative to malignant cells from tumors with

low �i.

In the present study, patients with HNSCC with higher pre-

treatment �i from the metastatic nodes were associated with pro-

longed OS measured at 3 different clinical end points, suggesting

that malignant cells were associated with reduced metabolic en-

ergy. An inverse correlation of �i with EF5, a marker of hypoxia,

and direct correlation of elevated �i regions with high blood flow

have been reported.27 An earlier study28 reported that tumors

with relatively higher blood flow and reduced hypoxia are associ-

ated with increased oxygenation, resulting in better access to che-

motherapeutic drugs and radiosensitivity. Taken together, these

studies and our observations suggest that tumors with higher �i

may harbor a favorable microenvironment for CRT. We postulate

that the combined effect of lower hypoxia and reduced metabolic

activity of the tumor cells might have contributed to higher pre-

treatment �i that led to better treatment response and prolonged

OS in patients with HNSCC. This notion is supported by a HR of

4.24 that was observed at the long-term follow-up period, imply-

ing a 4-fold higher risk of death in patients with low �i than in

patients with high �i.

Pretreatment Ktrans (median value, 0.19 – 0.64 minutes�1) has

been reported to predict treatment response to CRT,4-6 induction

therapy,7 and short-term survival in patients with HNSCC.8,9 We

also observed that higher pretreatment Ktrans was associated with

better OS. Because Ktrans reflects a combination of tumor perfu-

sion and microvascular permeability, our results and those of ear-

lier published reports support the notion that tumor vascularity

might be an important predictor of disease control in HNSCC.

The fact that Ktrans predicted only 5-year OS while �i was useful in

predicting both 5-year and long-term OS suggests that �i is a more

robust prognostic imaging biomarker in evaluating HNSCC.

When �i and Ktrans were combined, significantly longer OS was

observed for patients with high �i/high Ktrans for all clinical end

points. We believe that synergistic interaction between these 2

parameters in predicting OS was greater than what would be ex-

pected from an individual parameter. The fact that patients with

high �i/high Ktrans demonstrated the longest OS agrees with the

hypothesis that these patients may have had the most favorable

conditions such as elevated tumor blood flow, lower hypoxia, and

lower cellular metabolic energy for optimal therapeutic benefit of

CRT. Another interesting finding was that patients with high �i/

low Ktrans exhibited longer OS than patients with low �i/high

Ktrans at all clinical end points. This indicates that �i was a more

dominant factor than Ktrans in the synergistic interaction leading

to longer OS, further substantiating that �i is a robust prognostic

indicator in HNSCC.

We performed an exploratory analysis to investigate if �i and

Ktrans could predict OS in HPV/p16 patients because HPV/p16 is

a key etiological factor in HNSCC, with distinct epidemiologic,

clinical, and molecular characteristics.21,22 Patients harboring the

p16 gene are generally more sensitive to CRT and are associated

with improved prognosis and prolonged survival.20 The favorable

outcome in p16-positive patients may be attributed to fewer and

distinct somatic genetic alterations and positive immunologic re-

sponse.21,22 In agreement with prior studies,20,21 significantly

longer OS was observed for p16-positive patients compared with

p16-negative patients in our study. A nonsignificant, but positive

trend toward longer OS for p16-positive patients harboring high

�i and Ktrans suggests the prognostic utility of �i and Ktrans may

also be valid in stratifying p16-positive patients. We recognize

that these results may be subject to selection bias inherent to the

availability of tissue specimens. However, a nonsignificant differ-

ence in OS between patients who had and those who did not have

tissues for p16 expression indicated that there was a minimal in-

fluence of sample size in the determination of OS.

While predicting short-term (6 months) treatment response

to CRT, no significant differences in pretreatment �i were ob-

served between complete and partial responders.5 However, in

the present study, patients who had higher pretreatment �i were

associated with prolonged OS. The difference might be related to

different follow-up duration, assessment of clinical outcome (lo-

cal regional recurrence/evidence of residual disease on pathology

versus OS), and different number of patients (n � 33 versus n �

60) enrolled between these 2 studies. We focused on assessing

nodal metastases in predicting OS because lymphadenopathy in

the neck is a well-known prognostic determinant in patients with

HNSCC.29 A DCE-MRI analysis of primary tumors would also be

important; however, artifacts induced by physiologic motion pre-

cluded the analysis of primary tumors. We combined DCE-MRI

data from MR systems with 2 different field strengths (1.5T and

3T). To account for this variability, blood T1 and contrast agent

relaxivities corresponding to the field strengths were used for con-

verting signal intensity curves to concentration curves and esti-

mating pharmacokinetic parameters. Previously,5 we reported

similar trends for Ktrans in predicting treatment response in pa-

tients scanned at 2 different field strengths, suggesting that DCE-

MRI– derived parameters are independent of magnetic field. Our

supposition is corroborated by a study30 in which no significant

differences in signal enhancement ratio, time to peak enhance-

ment, uptake, and washout rates were observed for breast lesions

scanned with 1.5T and 3T MR systems.

CONCLUSIONS
Our data indicate that shutter-speed model analysis of DCE-MRI

provides 2 important imaging biomarkers (�i and Ktrans) present-

ing complementary physiologic information about the tumor mi-

croenvironment. Although �i may be a potential independent

prognostic imaging biomarker for predicting OS, combined anal-

ysis of �i and Ktrans greatly improves the predictive power of these

parameters in determining OS in HNSCC. Future prospective

trials involving a larger patient population are required to con-

firm our findings.
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ORIGINAL RESEARCH
HEAD & NECK

Diffusion-Weighted Imaging of the Head and Neck: Influence
of Fat-Suppression Technique and Multishot 2D Navigated

Interleaved Acquisitions
X Y.J. Bae, X B.S. Choi, X H.-K. Jeong, X L. Sunwoo, X C. Jung, and X J.H. Kim

ABSTRACT

BACKGROUND AND PURPOSE: DWI of the head and neck can reveal valuable information, but the effects of fat suppression and
multishot acquisition on image quality have not been thoroughly investigated. We aimed to comprehensively compare the quality of head
and neck DWI at 3T using 2 fat-suppression techniques, STIR, and spectral presaturation with inversion recovery, which were used with
both single- and multishot EPI.

MATERIALS AND METHODS: Sixty-five study participants underwent 3 DWI sequences of single-shot EPI–STIR, single-shot EPI–spectral
presaturation with inversion recovery, and multishot EPI–spectral presaturation with inversion recovery of the head and neck. In multiple
anatomic regions, 2 independent readers assessed 5-point visual scores for fat-suppression uniformity and image distortion, and 1 reader
measured the contrast-to-noise ratio and ADC.

RESULTS: The mean visual score for fat-suppression uniformity was higher in single-shot EPI–STIR than in other sequences (all regions
except for the orbital region, P � .05). The mean visual score for image distortion was higher in multishot EPI–spectral presaturation with
inversion recovery than in single-shot EPI sequences (all regions, P � .001). Contrast-to-noise ratio was mostly lower in single-shot EPI–STIR
than in other sequences (P � .001), and ADC was significantly higher in multishot EPI–spectral presaturation with inversion recovery than
in single-shot EPI sequences (P � .001).

CONCLUSIONS: Overall, multishot EPI–spectral presaturation with inversion recovery provided the best image quality, with relatively
homogeneous fat suppression, less image distortion than single-shot EPI sequences, and higher contrast-to-noise ratio than single-shot
EPI–STIR. The measured ADC values can be higher in multishot EPI–spectral presaturation with inversion recovery, which necessitates
cautious application of the previously reported ADC values to clinical settings.

ABBREVIATIONS: IRIS � image reconstruction using image-space sampling; msEPI � multishot EPI; RESOLVE � readout-segmented EPI using parallel imaging and
a 2D navigator; SPIR � spectral presaturation with inversion recovery; ssEPI � single-shot EPI; CNR � contrast-to-noise ratio

DWI can measure differences in tissue microstructure based

on the random displacement of water molecules.1,2 The dif-

ferences in water mobility are quantified by the ADC, which is

inversely correlated with tissue cellularity.2,3 Using this property,

DWI can offer additional information about lesion characteristics

in different regions of the body, including the head and neck.2,4-8

In clinical practice, DWI is usually performed with a single-

shot EPI (ssEPI) sequence.2,4-8 To obtain good ssEPI quality, ef-

fective fat suppression is essential to eliminate the lipid signal and

reduce ghost artifacts.4 Previous studies conducted on breast tis-

sue have demonstrated that uniformity of fat suppression, SNR,

contrast-to-noise ratio (CNR), and even ADC are affected by the

choice of the fat-suppression technique.4,9-13 There has been only

1 study of the head and neck region that evaluated the effect of the

fat-suppression technique on ssEPI-DWI.4 The authors suggested

that STIR offered better image quality, but they assessed the im-

ages on a single level using an ROI covering the entire area of the

depicted structure, a technique that failed to consider the complex

anatomy of the head and neck.4 In addition, they did not compare

the ADC among different fat-suppression techniques.

Multishot EPI (msEPI) is an imaging technique that reduces

magnetic susceptibility artifacts and T2* blurring in DWI.5,14-16

Because the head and neck region has substantial magnetic field

inhomogeneity due to air-containing structures, the utility of
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msEPI-DWI has been proved effective in decreasing geometric

distortion.5,17 However, msEPI-DWI requires spectral-selective

saturation such as spectral presaturation with inversion recovery

(SPIR) for optimal fat suppression, not STIR.15 Two studies have

compared the image quality between ssEPI-DWI and msEPI-

DWI in the head and neck,5,17 but neither considered fat-suppres-

sion techniques.

The aim of this study was to perform a comprehensive com-

parison of the quality of DWI in the head and neck using different

fat-suppression techniques and to determine the utility of the

msEPI sequence. Specifically, we adopted 2D navigated inter-

leaved msEPI-DWI with image reconstruction using image-space

sampling (IRIS) functions,15,16 which has been known to reduce

ghosts and off-resonance artifacts but has not yet been used to

study the head and neck region. We performed ssEPI-DWI with

STIR (ssEPI-STIR), ssEPI-DWI with SPIR (ssEPI-SPIR), and

msEPI-DWI with SPIR (msEPI-SPIR) in the head and neck re-

gion using a 3T MR imaging scanner. The purpose of our study

was to compare both qualitative and quantitative measurements

of the image qualities of the above 3 sequences.

MATERIALS AND METHODS
Subjects
The institutional review board of our hospital approved this ret-

rospective study; the requirement for informed consent was

waived. Between July and December of 2016, one hundred thirty-

nine subjects with various pathologies underwent head and neck

MR imaging at our institution. We excluded subjects who did not

undergo the 3 DWI sequences of interest (ssEPI-STIR, ssEPI-

SPIR, and msEPI-SPIR) (n � 69), and who were younger than 19

years of age (n � 5). As a result, 65 subjects (43 men and 22

women; age range, 26 – 85 years; mean age, 57.4 years) were in-

cluded. The underlying pathologies of the included subjects were

as follows: abscess (n � 2), dentigerous cyst (n � 1), invasive

fungal sinusitis and/or skull base osteomyelitis (n � 3), inverted

papilloma (n � 2), lipogranuloma (n � 1), metastatic squamous

cell carcinoma (n � 2), nasal hemangioma (n � 1), neurogenic

tumor (n � 2), squamous papilloma (n � 1), parapharyngeal

tumor (n � 2), parotid tumor (n � 7), posttreatment status of

cancer including basal cell carcinoma (n � 1), lymphoma (n � 3),

malignant melanoma (n � 1), maxillary sinus cancer (n � 2),

nasal cavity cancer (n � 3), nasopharynx cancer (n � 11), olfac-

tory neuroblastoma (n � 1), oral cavity cancer (n � 11), temporal

bone metastasis (n � 1), and tonsillar cancer (n � 7).

MR Imaging Protocol
MR imaging was performed with a 3T instrument (Ingenia;

Philips Healthcare, Best, the Netherlands) with a 32-channel sen-

sitivity encoding head coil. DWI was performed in the axial plane

using b-values of 0 and 1000 s/mm2, and 3 orthogonal directions

of diffusion gradients. Other imaging parameters for ssEPI-STIR,

ssEPI-SPIR, and msEPI-SPIR are summarized in On-line Table 1.

Regarding z-axis scan coverage, we obtained axial images center-

ing the lesion of interest depending on each subject. Therefore,

the scan range for the z-axis varied among the subjects. Thus, we

did not fully cover the following structures: the orbital region in

15 subjects, the pons in 7 subjects, and the cerebellum in 3 sub-

jects. In addition, the larynx was covered in 21 subjects, and the

shoulder was covered in 12 subjects, respectively. Besides the

DWI, the following sequences were obtained using routine pro-

tocols for head and neck MR imaging: axial TSE T2WI with and

without fat suppression, axial TSE T1WI, coronal TSE T2WI with

fat suppression, and axial/coronal/sagittal TSE post-contrast-en-

hanced T1WI with fat suppression.

Qualitative Imaging Analysis
Image quality in relation to the means of fat-suppression unifor-

mity and image distortion was evaluated with a 5-point visual

scale. Two board-certified neuroradiologists (Y.J.B. and B.S.C,

with 8 and 18 years of experience, respectively), who were blinded

to the clinical information and the imaging methods, indepen-

dently visually inspected the 3 DWI sequences from all study

subjects.

Visual scoring for fat-suppression uniformity was as follows:

5, homogeneous fat suppression; 4, a few artifacts from insuffi-

cient fat suppression; 3, heterogeneous fat suppression without

impairment of lesion analysis; 2, mostly not suppressed, making

lesion identification unfeasible due to ghost artifacts; 1, no fat

suppression. Fat-suppression uniformity was assessed in the ana-

tomic orbital, buccal, and mental regions and the posterior neck

and shoulder. A 5-point scale for image distortion was as follows:

5, excellent image quality with no geometric distortion or suscep-

tibility artifacts; 4, good image quality with little distortion and

few artifacts; 3, fair image quality, some distortion and artifacts; 2,

poor image quality, with substantial distortion and many arti-

facts; 1, unacceptable. The anatomic regions for the assessment of

image distortion were the orbit–sphenoethmoid sinus level, pos-

terior fossa, nasal cavity–maxillary sinus level, pharynx, oral cav-

ity, larynx, posterior neck, and shoulder. Due to short scan cov-

erage, the assessment of the orbital region failed in 15 subjects,

and the larynx and shoulder were assessed in 21 and 15 subjects.

Quantitative Imaging Analysis

CNR Calculation. The ROI allocation for quantitative imaging

analysis was performed by 1 neuroradiologist (Y.J.B). On ssEPI-

STIR, ssEPI-SPIR, and msEPI-SPIR with a b-value of 1000 s/mm2,

smoothed polygonal ROIs were drawn in the pons, cerebellar

white matter, parotid gland, lymph node, palatine tonsil, semispi-

nalis capitis muscle, and orbital fat, while attempting to include as

much of the anatomic structure as possible (On-line Fig 1). The B0

maps of the 3 DWI sequences and the axial T2WIs were used as

references to identify the anatomic points for ROI placement. The

CNR was calculated using the automatically measured signal in-

tensities in each ROI as follows: CNR � (Signal Intensity in Tar-

geted Structure � Signal Intensity in Orbital Fat)/Signal Intensity

in Orbital Fat.

Among the study subjects, ROI placement failed in the pons of

7 subjects and in the cerebellum of 3 subjects due to short scan

coverage, in the lymph node of 2 subjects due to lack of the pres-

ence of a feasible lesion, in the palatine tonsil of 26 subjects due to

the small volume of tonsillar tissue or posttreatment status, and in

the orbital fat of 15 subjects due to short scan coverage.

ADC Measurement. The above ROIs were copied and pasted
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onto the corresponding ADC maps from 3 DWI sequences with

the same coordinates and areas, excluding orbital fat. The ADC

was measured automatically; however, for the same reasons, it

was not possible to measure the ADC in the pons of 7 subjects, the

cerebellum of 3 subjects, the lymph nodes of 2 subjects, and the

palatine tonsil of 26 subjects.

Statistical Analysis
Continuous variables were expressed as mean � SD. � statistics and

the McNemar test were performed to assess the interobserver agree-

ment of the 5-point scale visual scores between the 2 readers. We

considered � of �0.75 as excellent agreement, 0.40–0.75 as fair to

good, and �0.40 as poor.18 Visual scores for fat-suppression unifor-

mity and image distortion among the 3 DWI sequences were com-

pared using repeated-measures ANOVA. Then, pair-wise compari-

son was performed using the paired t test with a Bonferroni

correction among 1) ssEPI-STIR and ssEPI-SPIR, 2) ssEPI-STIR and

msEPI-SPIR, and 3) ssEPI-SPIR and msEPI-SPIR. The CNR and

ADC of the 3 DWI sequences were compared using repeated-mea-

sures ANOVA. The Mauchly test of sphericity was used to test the

assumption of the repeated-measures ANOVA, and the Green-

house-Geissler correction method was

considered if sphericity was violated. Pair-

wise comparison was also performed us-

ing a paired t test with a Bonferroni correc-

tion between each 2 DWI sequences. A P

value � .05 indicated statistical signifi-

cance, and for pair-wise comparison, a P

value � .017 was considered statistically

significant based on the Bonferroni cor-

rection. All statistical analyses were per-

formed with SPSS software (Version 24.0;

IBM, Armonk, New York).

RESULTS
Qualitative Assessment
Reliabilities of visual scores are ex-

plained in the On-line Appendix (On-

line Tables 2 and 3).

Visual scores for fat-suppression uni-

formity are summarized in On-line Table

4. In both readers, the mean visual score

was higher in ssEPI-STIR than in msEPI-

SPIR and ssEPI-SPIR in all regions (all,

P � .05) (Fig 1) except for the orbital re-

gion. In the orbital region, all 3 sequences

showed excellent fat-suppression unifor-
mity with visual scores higher than 4,

which made no significant difference

(reader 1, P � .370; reader 2, P � .363). In

the buccal and mental regions, mean

scores were significantly higher in msEPI-

SPIR than in ssEPI-SPIR (reader 1, P �

.005 and �.001; reader 2, P � .008 and

�.001). Mean scores in the posterior neck

and shoulder were not significantly differ-

ent between msEPI-SPIR and ssEPI-SPIR

in both readers (all, P � .05).

On-line Table 5 summarizes visual scores for image distortion.
Mean visual scores for image distortion were significantly higher

in msEPI-SPIR than in ssEPI-STIR and ssEPI-SPIR (both readers,

all regions, P � .001) (Fig 2). The mean scores between ssEPI-

STIR and ssEPI-SPIR showed no significant differences for both

readers (all, P � .05).

Quantitative Assessment
Quantitative results for CNR and ADC measurements are pro-

vided in Table 1.

CNR. CNR was significantly lower in ssEPI-STIR than in ssEPI-

SPIR and msEPI-SPIR in all targeted structures (all, P � .001).

There was no significant difference in CNR between msEPI-SPIR

and ssEPI-SPIR in all regions other than the parotid gland where

CNR was significantly higher in msEPI-SPIR than in ssEPI-SPIR

(P � .001).

ADC. ADC was significantly higher in msEPI-SPIR than in

ssEPI-STIR and in ssEPI-SPIR in all targeted structures (all, P �

.001). In the cerebellar white matter, parotid gland, and semispi-

FIG 1. Fat-suppression uniformity of DWI. A 49-year-old man underwent MR imaging for staging
of left maxillary sinus cancer (A, post-contrast-enhanced T1WI, arrow). On ssEPI-STIR (B), fat
suppression is homogeneous without disrupting the original mass (arrow). On ssEPI-SPIR (C),
unsuppressed fat signal (arrows) in the subcutaneous layer creates ghost artifacts that obscure
the original mass, making the lesion assessment unfeasible. Unlike ssEPI-SPIR, unsuppressed fat
signal (arrow) does not shift much to cover the mass on msEPI-SPIR (D).
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nalis muscle, the ADC was highest in msEPI-SPIR, lower in ssEPI-

SPIR, and lowest in ssEPI-STIR with statistical significance (all,

P � .001). There was no significant difference in the ADC between

ssEPI-STIR and ssEPI-SPIR in the pons, lymph nodes, and tonsil

(all, P � .017).

DISCUSSION
This study was a comprehensive com-

parison among 3 DWI sequences, ssEPI-

STIR, ssEPI-SPIR, and msEPI-SPIR, in

the head and neck using both qualitative

and quantitative measurements. Our re-

sults showed that fat-suppression uni-

formity was significantly better in ssEPI-

STIR than in the 2 sequences using SPIR,

but image distortion was significantly

improved in msEPI-SPIR compared

with ssEPI sequences. The CNR was sig-

nificantly lower in ssEPI-STIR than in

msEPI-SPIR and ssEPI-SPIR. The ADC

was significantly higher in msEPI-SPIR

than ssEPI sequences.

Homogeneous fat suppression in

DWI is essential to avoid ghost arti-

facts.4,19 Another concern regarding fat

suppression in DWI is that not only visual

quality but also SNR, CNR, and even ADC

could be altered according to the choice of

fat-suppression technique.4,10-13,19 Thus,

selecting the optimal fat-suppression tech-

nique is a major determinant of the image

quality of DWI.

Among fat-suppression techniques,

SPIR is widely used on the basis of

the frequency-selective radiofrequency

pulse that excites only fat spins using

chemical shift differences between lipid

and water protons.4,10,11,13 However,

this technique often fails to provide ho-

mogeneous fat suppression in regions of

the body where field inhomogeneity is

substantial.4,10-12,20,21 On the other

hand, the STIR method uses a nonselec-

tive 180° inversion pulse and the rela-

tively short T1 relaxation time of the

lipid proton to nullify the fat signal.

Thus, it is less sensitive to field heteroge-

neity.4,10-12 Therefore, STIR is known to

be a more reliable imaging technique for

large body parts such as the breast.4,10,11

The head and neck region has large

susceptibility effects due to air-contain-

ing structures. However, few studies

have investigated the effects of fat-sup-

pression techniques on the image qual-

ity of DWI. In 2014, Maehara et al4 re-

ported that STIR provided good image

quality for visual inspection, despite

SNR and CNR being higher when the chemical shift selective

method, based on frequency-selective pulse, was used. However,

this study had several limitations that could hamper its general

application. First, the number of study subjects was relatively

small (n � 25). Second, the authors did not consider the complex

FIG 2. Image distortion of DWI. An 85-year-old man underwent MR imaging for the evaluation of
a left premaxillary abscess (A, post-contrast-enhanced T1WI, arrow). Image distortion is increased
on ssEPI-STIR (B, arrow) and ssEPI-SPIR (C, arrow) and decreased on msEPI-SPIR (D, arrow). The left
premaxillary abscess is not distorted by the susceptibility artifacts only on msEPI-SPIR.

Table 1: Quantitative assessment of DWIa

ssEPI-STIR ssEPI-SPIR msEPI-SPIR P Valuesb

CNR
Pons 4.45 � 0.84 8.29 � 1.62 7.69 � 1.90 .001/.001/.022
Cerebellar white matter 3.86 � 0.73 8.78 � 1.53 8.52 � 2.13 .001/.001/.294
Parotid gland 0.43 � 0.41 1.21 � 0.68 1.74 � 0.82 .001/.001/.001
Lymph node 4.55 � 1.59 6.61 � 2.02 7.06 � 2.56 .001/.001/.104
Palatine tonsil 4.46 � 2.47 6.37 � 2.27 6.55 � 2.12 .001/.001/.61
Semispinalis muscle 0.40 � 0.22 0.87 � 0.31 1.00 � 0.50 .001/.001/.05

ADC (� 10�3 mm2/s)
Pons 0.737 � 0.042 0.743 � 0.033 0.799 � 0.083 .236/.001/.001
Cerebellar white matter 0.636 � 0.039 0.655 � 0.030 0.691 � 0.061 .001/.001/.001
Parotid gland 0.771 � 0.170 0.867 � 0.147 0.907 � 0.141 .001/.001/.001
Lymph node 0.900 � 0.321 0.915 � 0.349 1.028 � 0.341 .300/.001/.001
Palatine tonsil 0.753 � 0.325 0.748 � 0.321 0.846 � 0.310 .818/.001/.001
Semispinalis muscle 0.881 � 0.187 1.118 � 0.115 1.360 � 0.107 .001/.001/.001

a Data are given as mean � SD.
b P values are derived from pair-wise comparison using a paired t test with a Bonferroni correction among ssEPI-STIR
and ssEPI-SPIR/ssEPI-STIR and msEPI-SPIR/ssEPI-SPIR and msEPI-SPIR.
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anatomy of the head and neck; instead, they measured SNR and

CNR in 2 ROIs allocated in the semispinalis capitis muscle and the

whole area of depicted structures. Third, they did not measure

and compare the ADC according to fat-suppression techniques,

which could be affected by fat suppression.12,13,21

We must also consider msEPI when evaluating the image qual-

ity of head and neck DWI. The msEPI technique acquires only a

subset of k-space samples per each excitation, thereby reducing

bandwidth-related EPI artifacts and phase errors.5,15-17 Two pre-

vious studies have used readout-segmented EPI using parallel im-

aging and a 2D navigator (RESOLVE) to assess its advantage when

applied to head and neck DWI.5,17 These studies have discovered

that image quality was significantly improved in RESOLVE by

reducing susceptibility artifacts, geometric distortion, and blur-

ring, resulting in homogeneous images.5,17 Nevertheless, we

should consider that msEPI should be coupled with the fat-sup-

pression technique SPIR, not STIR.15,16 The use of STIR for each

shot on msEPI would cause substantial signal loss or a significant

increase in scan time.

Our study was the first to consider both fat suppression and

msEPI acquisition when performing a comprehensive compari-

son of the quality of DWI in the head and neck. In addition, our

study has several other advantages. We enrolled by far the largest

number of study subjects among head and neck DWI studies, and

we assessed both qualitative and quantitative measurements in

multiple segmented regions of the head and neck with consider-

ation of anatomic structures. Our study was also the first to adopt

the 2D navigated interleaved msEPI-DWI with IRIS of the head

and neck. Similar to RESOLVE, msEPI-DWI with IRIS acquires

2D navigator echoes to permit further correction of motion-in-

duced phase errors.15,16 Moreover, when used in conjunction

with parallel imaging methods, an efficient reconstruction

method for interleaved msEPI acquisitions (ie, IRIS) was pro-

vided to enhance phase correction and achieve high spatial

resolution.15,16

Our results of the qualitative imaging assessment showed that

fat suppression was more homogeneous in ssEPI-STIR than in

msEPI-SPIR and ssEPI-SPIR (On-line Table 4). This result agrees

with previous studies, which reported that STIR could provide

more homogeneous fat suppression in body parts with severe field

inhomogeneity than SPIR.4,10-12,19 With the same use of SPIR,

msEPI-SPIR had a higher visual score for fat-suppression unifor-

mity than ssEPI-SPIR in the buccal and mental regions. We be-

lieve that this result was due to the reduction of ghost artifacts

from unsuppressed fat signals on the msEPI sequence compared

with the ssEPI sequence (Fig 1).5,15-17 Unlike ssEPI-SPIR, the re-

duction of ghost artifacts could eliminate the obscuring of tar-

geted structures by unsuppressed fat signals on msEPI-SPIR. The

difference between msEPI-SPIR and ssEPI-SPIR was not signifi-

cant in the orbital region and posterior neck where fat suppres-

sion was equally excellent and in the shoulder where both se-

quences failed in homogeneous fat suppression. In the orbital

region, all 3 sequences showed comparably excellent fat-suppres-

sion homogeneity. More important, regarding image distortion,

the distortion was much more reduced in msEPI-SPIR than in

ssEPI-STIR and ssEPI-SPIR (On-line Table 5 and Fig 2). Taken

together with the above results, we concluded through visual as-

sessment that msEPI-SPIR provided the best image quality with

relatively homogeneous fat suppression and less image distortion

compared with ssEPI-STIR and ssEPI-SPIR, but for imaging the

shoulder region, msEPI-SPIR could be more limited than

ssEPI-STIR.

In quantitative measurements, CNR was significantly lower in

ssEPI-STIR than in msEPI-SPIR and in ssEPI-SPIR, regardless of

the anatomic structures (Table 1). With the STIR method, the

SNR and CNR are lower than with the spectral-selective presatu-

ration methods because the STIR method uses a nonselective 180°

inversion pulse and most tissues recover more slowly than

fat.4,10,12 In accordance with previous reports of head and neck

DWI,5,17 no significant difference in CNR between msEPI-SPIR

and ssEPI-SPIR was observed in most anatomic structures. How-

ever, in the parotid gland, CNR was significantly higher in msEPI-

SPIR than in ssEPI-SPIR. Because our study included a much

larger number of study subjects than previous reports and we

were the first to use interleaved msEPI-DWI with IRIS in lieu of

RESOLVE, the difference in the CNR result may be acceptable

with the following explanation: We assumed that the higher CNR

in the msEPI sequence was due to the reduction of the blurring

effect from T2 decay in the msEPI sequence, which resulted from

a smaller echo-train length than in the ssEPI sequence.15,16 Along

with the qualitative assessment, we could certify that msEPI-SPIR

provided the best image quality for head and neck DWI.

The ADC was significantly higher in msEPI-SPIR than in

ssEPI-STIR and ssEPI-SPIR. This result also seemed to contradict

previous reports,5,17 but it may be explained in several ways. First,

the STIR method may lead to an underestimation of measured

ADC values due to lower SNR than the SPIR method.12,13,21 In

addition, considering the possibility of a higher CNR of the

msEPI-SPIR than of the ssEPI sequence, we could easily assume

that the ADC could be higher in msEPI-SPIR than in ssEPI-SPIR.

Second, various motion artifacts from cardiac motion, respiratory

movement, or swallowing could affect the measurement of ADC

values. Our msEPI sequence used a 2D navigator to correct in-

plane motion, but it could be affected by through-plane motion

along the z-axis.15,16 In fact, 1 study applying the msEPI sequence

in DWI of the liver22 resulted in a higher value of ADC in msEPI

than in ssEPI, which is in accordance with our results. Because the

head and neck region has a high possibility of motion artifacts,

motion artifacts may be the causative factor for determining ADC

values. Last, interleaved msEPI-SPIR with IRIS and RESOLVE are

applicable in different vendors that use different diffusion gradi-

ents. Different imaging gradients can influence the actual b-values

and subsequently the ADC, due to so-called cross-term interac-

tions.23 As a result, the ADC value could vary depending on the

choice of fat-suppression technique and msEPI acquisition, and

we should be cautious when applying the previously reported

ADC values to lesion characterization in our own DWI.

Our study has some limitations. First, the number of study

subjects whose DWI scans covered the larynx and shoulder was

small. Further study with larger numbers of DWI scans including

the lower neck area will be needed. Second, the 3 DWI sequences

have not been applied in clinical usage such as the characteriza-

tion between benign and malignant lesions or monitoring re-

sponses after cancer treatment. Thus, future studies regarding the
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clinical use of the 3 DWI sequences should be performed to fur-

ther evaluate their diagnostic values. Third, we used a b-value of

1000 s/mm2 in our study. To our knowledge, there has been no

study regarding the optimal b-value for DWI in the head and

neck. Therefore, future studies are needed to verify this issue.

CONCLUSIONS
Our results indicate that msEPI-SPIR could provide the best im-

age quality with relatively few artifacts from insufficient fat sup-

pression except for the shoulder region, less image distortion than

ssEPI sequences, and higher CNR than ssEPI-STIR and/or ssEPI-

SPIR. The measured ADC values can be higher in msEPI-SPIR

than in other sequences depending on the effect of the fat-sup-

pression technique used and the msEPI acquisition, which neces-

sitates cautious application of the previously reported ADC values

in the individual clinical settings.
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ORIGINAL RESEARCH
HEAD & NECK

Effect of an Arm Traction Device on Image Quality and
Radiation Exposure during Neck CT: A Prospective Study

X Y.J. Choi, X J.H. Lee, X D.H. Yoon, X H.J. Kim, X K.J. Seo, X K.-H. Do, and X J.H. Baek

ABSTRACT

BACKGROUND AND PURPOSE: The image quality of neck CT is frequently disturbed by streak artifact from the shoulder girdles. Our aim
was to determine the effects of an arm traction device on image quality and radiation exposure in neck CT.

MATERIALS AND METHODS: Patients with lymphoma with complete remission who were scheduled to undergo 2 consecutive follow-up
neck CT scans for surveillance within a 1-year interval were enrolled in this prospective study. They underwent 2 consecutive neck CT scans
(intervention protocol: patients with an arm traction device; standard protocol: no positioning optimization) on the same CT system. The
primary outcome measures were image noise in the lower neck and dose-length product. Secondary outcomes were streak artifacts in the
supraclavicular fossa, volume CT dose index, and the extent of the biacromial line shift.

RESULTS: Seventy-three patients were enrolled and underwent 2 consecutive CT scans with a mean interval of 155 days. In the interven-
tion protocol, a mean noise reduction in the lower neck of 25.2%–28.5% (P � .001) was achieved, and a significant decrease in dose-length
product (413 versus 397, P � .001) was observed. The intervention protocol significantly decreased streak artifacts (P � .001) and volume CT
dose index (13.9 versus 13.4, P � .001) and could lower the biacromial line an average of 2.1 cm.

CONCLUSIONS: An arm traction device can improve image quality and reduce radiation exposure during neck CT. The device can be
simply applied in cooperative patients with suspected lower neck lesions, and the approach offers distinct advantages over the conven-
tional imaging protocol.

ABBREVIATIONS: CTDIvol � volume CT dose index; DLP � dose-length product

The image quality of CT in the lower neck is frequently dis-

turbed by streak artifacts from the shoulder girdles and

iodinated contrast media remaining in the subclavian vein. CT

image-quality improvement strategies can involve trade-offs,

including factors that increase the radiation exposure or the

manufacturing cost related to CT hardware or software im-

provement.1-7 Previous studies have tried to improve image

quality by optimization of the shoulder position without the

need for increased radiation exposure or the additional cost

requirements of complex data processing.8-11 One such study

demonstrated that an arm traction device combined with au-

tomatic tube current modulation reduced the image noise and

streak artifacts in the lower neck, while also decreasing the

radiation exposure level.9 Although the authors suggested the

potential utility of an arm traction device that worked by low-

ering the shoulder level, the patient characteristics demon-

strated considerable heterogeneity and the CT machines varied

between the control and intervention groups; it is possible that

these may have influenced the study results. Therefore, the

purpose of this study was to prospectively determine any ad-

ditive effects of an arm traction device and automatic tube

current modulation on the image quality and radiation expo-

sure of CT of the neck region. This was performed by imaging

the same subjects in both the intervention protocol (using the

arm traction device) and the standard protocol and perform-

ing all acquisitions on the same CT scanner.

MATERIALS AND METHODS
The prospective study protocol was reviewed and approved by the

hospital review board, and the requirement for informed consent

for data evaluation was waived. Written informed consent to un-
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dergo the CT protocol was obtained from all patients before each

examination.

Study Patients
Patients were eligible if they met the following criteria: older than

18 years of age; able to follow commands and cooperate with the

use of the arm traction device; and patients with lymphoma with

complete remission who were scheduled to undergo 2 consecutive

follow-up neck CT scans within a 1-year interval for surveillance

purposes. Complete remission of lymphoma was defined as no

evidence of disease, as indicated by radiologic imaging, such as CT

or [18F]fluorodeoxyglucose positron-emission tomography. Pa-

tients were excluded from the study if they met any of the follow-

ing criteria: a previous history of surgery or radiation therapy to

the neck; vascular or bone-related medical implants such as a

central line or a metallic plate in the neck, upper arms, or shoul-

der; suspicious disease progression on follow-up CT; or an inter-

val of �1 year between the 2 consecutive CT scans.

Outcome Measures
This study had 2 primary outcomes: the image quality and radia-

tion exposure from the CT scan. CT image quality was measured

by image noise at the level of the lower neck, while radiation

exposure was measured by the dose-length product (DLP). Sec-

ondary outcomes were streak artifacts in the supraclavicular fossa,

image noise in the midneck, volume CT dose index (CTDIvol),

effective diameter, and the extent of shoulder level lowering mea-

sured by the extent of the biacromial line shift.

CT Protocol and Analysis
Patients underwent 2 consecutive neck CT scans (intervention

and standard protocol). In the standard protocol, patients were

positioned on the CT table with the shoulders lowered as much as

possible and told to maintain the position throughout the scan. In

the intervention protocol, a custom-made arm traction device

was applied to the patients. This device

was placed and secured by a radiologic

technologist (Fig 1).

All patients underwent CT examina-

tions on the same 128-channel multide-

tector CT system (Somatom Definition

Edge; Siemens, Erlangen, Germany).

Imaging variables were as follows: 120

kV; 200 effective mAs; axial scan mode;

display FOV, 22 cm; large-body scan

FOV, 50 cm; pitch, 1; gantry rotation

time, 0.5 seconds; detector collimation,

128 � 0.6 mm; and 3-mm axial recon-

structed section thickness with a soft-tis-

sue algorithm. Real-time automatic tube

current modulation software (CARE

Dose 4D; Siemens) was used to regulate

the tube current, depending on the pa-

tient’s anatomy. Images were obtained

from the upper margin of the frontal si-

nus to the top of the aortic arch, either

with or without an IV injection of con-

trast media. Contrast-enhanced CT scans were acquired after 70

seconds following the administration of 150 mL of intravenous

ioversol (Optiray-320; Mallinckrodt, St. Louis, Missouri) at a rate

of 2.5 mL/s via the right antecubital vein. Radiologic images were

reviewed with a PACS.

One neuroradiologist with 7 years of dedicated head and neck

experience assessed the image noise by calculating the SD of the

CT values in Hounsfield units for pixels within an ROI fitted

within the relevant structures (as outlined below). CT values were

measured at the mid- and lower neck levels contralateral to the

side used for the intravenous contrast media administration. The

ROIs were placed on the internal jugular vein and sternocleido-

mastoid muscle at the level of the cricoid cartilage (midneck) and

the thyroid gland and internal jugular vein at the level of the first

costovertebral joint (lower neck).

For the evaluation of streak artifacts, 2 board-certified neuro-

radiologists with 15 and 8 years of experience independently an-

alyzed the axial CT images on a PACS screen, with the scanning

parameters removed from the screen to blind the reviewers to

whether the arm traction device was being used. All image assess-

ment was performed with a standard soft-tissue setting (window

width: 300/window level: 35). The degree of streak artifacts in the

supraclavicular fossa was evaluated and scored as follows: 1, no or

minimal artifacts with no image obscuration; 2, mild artifacts

causing partial obscuration of subcutaneous fat or skin without

diagnostic interference; and 3, severe artifacts causing obscura-

tion of deep cervical structures with diagnostic interference.9 The

supraclavicular fossa was defined on each axial scan when any

portion of the clavicle was identified on 1 side of the neck.12

Radiation exposure was evaluated with DLP and CTDIvol. Po-

tential confounds, including the effective diameter of the neck

and the z-axis scan range, were also assessed. The effective diam-

eter of the neck was calculated from an axial CT image at the level

of the lower margin of the cricoid cartilage using the following

equation: Effective Diameter � �Anteroposterior Diameter �

FIG 1. Patient position for neck CT imaging. Patients in the intervention CT protocol were exam-
ined with the arm traction device (A). Patients in the standard CT protocol were examined in a
relaxed supine position (B). Reprinted with permission from Choi et al.9
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Transverse Diameter.13 The total scan length was assessed for each

patient by multiplying the total number of axial images acquired

by the section thickness. To measure the degree of shoulder-level

shift, we determined the C7-biacromial line distance. Two

straight lines were drawn on the anteroposterior scout image: One

was the line connecting the upper margin of the shoulder acro-

mion bilaterally (biacromial line),14 while the other line was par-

allel to the middle of the upper endplate of C7. The C7-biacromial

line distance was defined as the distance between the 2 straight

lines (Fig 2). The measurement was expressed as negative if the

biacromial line was located caudal to the upper margin of C7 and

positive if the line was located cranial to the upper margin of C7.

After the CT scans with the intervention protocol, the patients

were asked to fill in a questionnaire and rate the discomfort on a

10-cm visual analog scale (grades 0 –10), with 0 representing “no

discomfort” and 10 representing “the worst discomfort imagin-

able.” Patients were also asked if they would be willing to accept

the arm traction device at the next CT follow-up.

Statistical Analysis
A sample size of 59 would achieve 80% power to detect a mean of

paired differences of �9.0 with an estimated SD of differences of

20.0 and a significance level (�) of .0125 using a 2-sided paired t

test (ie, the paired difference of DLP between the standard and inter-

vention protocols). This sample size would achieve 89% power to

detect a mean of paired differences of �3.5 with an estimated SD of

differences of 7.0 and a significance level (�) of .0125 using a 2-sided

paired t test (ie, the paired difference between the standard and in-

tervention protocols of the image noise on the thyroid gland at the

position of the lower neck). Therefore, with consideration of a 15%

follow-up loss, we planned to collect data from 70 patients to esti-

mate the double primary end points (DLP and image noise on the

thyroid gland at the lower neck) in each subject from application of

the intervention and standard CT protocols.

Data for continuous variables were presented as means and

SDs, and for categoric variables, as the number of subjects. Paired

t tests were used to analyze the differences between the 2 protocols

with respect to image noise, DLP, CTDIvol, effective diameter,

C7-biacromial line distance, and z-axis scan range. A marginal

homogeneity test and visual grade characteristics method were

used to compare the streak artifact levels between the 2 protocols.

The interobserver agreement for subjective evaluation of streak

artifacts was calculated with � statistics, and estimation of the

overall � was as follows: slight agreement (0 – 0.20), fair agree-

ment (0.21– 0.40), moderate agreement (0.41– 0.60), substantial

agreement (0.61– 0.80), and almost perfect agreement (0.81–

1.00). All statistical analyses were performed with MedCalc for

Windows, Version 15.0 (MedCalc Software, Mariakerke, Bel-

gium) and SPSS, Version 23.0 for Windows (SPSS, Armonk, New

York), with a P value of .05 considered statistically significant.

RESULTS
From March 2015 to April 2016, we screened 123 patients, of

whom 84 were eligible. After we excluded 4 patients who declined

to use the arm traction device, 80 patients were included and

underwent CT with the intervention protocol. Seven of these pa-

tients (8.8%) who were nonadherent to the study protocol for

measurement of study outcomes were excluded. Finally, 73 pa-

tients (mean age, 50.6 years; age range, 19 –76 years) were enrolled

and underwent consecutive CT scans with the standard protocol

(Fig 3). The baseline characteristics of the patients enrolled in this

FIG 2. Representative neck CT images obtained with the intervention (A–D) and standard (E–H) protocols. The images demonstrate
the measurements for image noise at the lower neck (first costovertebral joint level, A and E) and midneck (cricoid cartilage level, B and F), and
the effective diameter measurement at the midneck (C and G). The C7-biacromial line distance was determined as illustrated on images D and
H. The white line indicates the biacromial line; arrow, the C7-biacromial line distance; SCM, sternocleidomastoid; IJV, internal jugular vein; HU,
Hounsfield units.

FIG 3. Study flow diagram.
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study are summarized in Table 1. Among 73 patients, 4 patients

(5.5%) underwent nonenhanced CT, with a mean interval be-

tween the intervention and standard CT protocol of 155 days.

Primary and Secondary Outcomes
Image-quality measures based on the assessment of image noise

showed that the intervention protocol resulted in statistically sig-

nificant improvement in CT image quality in the lower neck in

comparison with the standard protocol (P � .001). A mean noise

reduction of 28.5% (from 17.2 to 12.3 HU; group mean SD of the

values within the ROI) was measured at the thyroid gland and

25.2% (from 14.3 to 10.7 HU) at the internal jugular vein in the

lower neck. A statistically significant decrease in the DLP was also

measured in the intervention protocol compared with the stan-

dard protocol (P � .001, Table 2).

The evaluation of the streak artifacts in the supraclavicular

fossa showed a significant decrease in the intervention protocol in

comparison with the standard protocol (a mean score of 1.6 ver-

sus 1.9; test of marginal homogeneity, P � .001). The area under

the visual grade characteristics curve was determined as 0.61 (95%

confidence interval, 0.519 – 0.702) and was statistically significant

(P � .02). The interobserver agreement for streak artifacts was

substantial (� value � 0.66; 95% confidence interval, 0.537–

0.794). CTDIvol and effective diameter were also significantly

lower in the intervention protocol than in the standard protocol

(for both, P � .001; Table 2). The intervention protocol could

lower the biacromial line by an average of 2.1 cm in comparison

with the standard protocol (P � .001). There was no statistical

difference in the z-axis scan range between the 2 protocols (inter-

vention versus standard, 27.2 � 3.1 cm versus 26.8 � 2.7 cm; P �

.14; Table 2). A representative case is illustrated in Fig 2.

Questionnaire on Intervention Protocol
All 80 patients filled out the questionnaire given after the neck CT

that used the intervention protocol. The mean score on the visual

analog scale was 0.6 (range, 0 – 8). Sixty-two patients (77.5%)

showed no discomfort (score 0), while 3 patients (3.8%) rated dis-

comfort as �3. Seventy-seven patients (96.2%) responded that they

would be willing to accept the intervention CT protocol again.

DISCUSSION
We prospectively assessed the effect of an arm traction device

combined with automatic tube current modulation on the image

quality and radiation exposure level of neck CT. Application of

the arm traction device lowered the shoulder level and reduced

both the dimension of the volume of tissue of imaging interest and

the radiation attenuation from the shoulder and upper thorax. As

a result, we could reduce not only the image noise and streak

artifacts in the mid- and lower neck but also the radiation expo-

sure level. Our current results suggest that the use of an arm trac-

tion device in routine practice could easily improve neck CT im-

age quality while, at the same time, reducing radiation exposure.

In the present study, the main eligibility criterion was patients

with lymphoma with complete remis-

sion who were scheduled to undergo

consecutive neck CT scans within a

1-year interval. The National Compre-

hensive Cancer Network guidelines for

patients with lymphoma recommend

surveillance CT scans every 6 or 12

months for 2 years after completion of

treatment.15 We therefore considered

these patients ideal for our study de-

sign—that is, the same patients would

be eligible for both intervention and

standard CT protocols. Even though the

main eligibility criterion in this study

was patients with lymphoma with com-

plete remission, the arm traction device

could be applied to any patient who

would be cooperative in routine prac-

tice because this device is easy to use

and causes little discomfort for most

patients.

Previous studies have investigated

several techniques to prevent image deg-

radation in the lower neck and supracla-

Table 1: Baseline characteristics of the patients enrolled in the
study

Parameter Value
Age (yr)

Mean 50.6
Range 19–76

Sex (No.) (%)
Men 39 (53.4)
Women 34 (46.6)

Body weight (kg)
Mean 64.7
Range 35.7–98.1

Interval of CT scans (days)
Mean 155
Range 58–355

Table 2: Clinical outcomes in the intervention and standard CT protocolsa

Outcome
Intervention CT
Protocol (n = 73)

Standard CT
Protocol (n = 73) P Value

Primary end points
Image noise, lower neckb

Thyroid gland 12.3 � 5.1 17.2 � 5.5 �.001
Internal jugular vein 10.7 � 4.4 14.3 � 5.1 �.001

DLP (mGy � cm) 397.6 � 52.8 413.9 � 56.3 �.001
Secondary end points

Streak artifactsc 1.6 � 0.5 1.9 � 0.4 �.001
1 26 (35.6%) 11 (15.1%)
2 46 (63.0%) 59 (80.8%)
3 1 (1.4%) 3 (4.1%)

Image noise, midneckb

Internal jugular vein 7.1 � 3.7 9.1 � 5.8 .009
SCM muscle 5.6 � 2.4 7.3 � 4.0 �.001

CTDIvol (mGy) 13.4 � 0.9 13.9 � 0.9 �.001
Effective diameter (cm)d 16.2 � 4.4 19.6 � 4.9 �.001
C7-biacromial line distance (cm)e �2.4 � 1.1 �0.3 � 1.1 �.001

Note:—SCM indicates sternocleidomastoid.
a Data are expressed as mean � SD.
b Based on the evaluation of image noise, by measurement of the SD of the CT values in Hounsfield units.
c Streak artifacts at the supraclavicular fossa (1, none or minimal; 2, mild; and 3, severe).
d Effective diameter of the neck at the level of the lower margin of the cricoid cartilage.
e The C7-biacromial line distance was defined as the distance from the intersection of a line connecting the acromion
processes to the upper endplate of C7. Negative values indicate that the biacromial line was located caudal to the
upper margin of C7, and positive values, that it was located cranial of the upper margin of C7.
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vicular fossa. Some of the studies suggested the potential utility of

lowering the shoulder level to reduce image degradation. How-

ever, the subjects or CT machines used in the studies demon-

strated considerable heterogeneity between the control and inter-

vention groups,8-10 which may have greatly influenced the study

results. We therefore designed a prospective study that used the

same CT scanner for all acquisitions and enrolled the identical

study subjects in both the intervention and control groups, to test

the exact effect of the arm traction device on CT image quality and

radiation exposure. This study revealed that the arm traction de-

vice we designed lowered the biacromial line an average of 2.1 cm,

which lessened image degradation from the bony shoulder girdles

and the abrupt size increase from the circular neck to the broad-

ened chest in the mid- and lower neck scan sections. Given that

the automatic tube current modulation technique allows mainte-

nance of constant image quality within a maximum radiation

exposure level by rapidly responding to large variations in beam

attenuation, reducing the dimensions of the tissue of interest to be

scanned (ie, effective diameter) should be a basic step toward the

reduction of radiation exposure, as demonstrated in this study.

This study has several limitations. First, our subjects under-

went imaging with a single CT machine to reduce any influence

on the results related to the intrinsic properties of different CT

systems. To generalize the study results, further studies on differ-

ent CT machines are required, even though we speculate that

future study results will be similar to ours, because the basic prin-

ciple is similar across CT machines. Second, we did not consider

the possibility of thyroiditis in the measurement of the ROIs. Any

chronologic changes in thyroiditis could have influenced the im-

age noise in the thyroid gland. However, we believe that any ef-

fects from thyroiditis must be extremely small because the image

noise of both the thyroid gland and the internal jugular vein in the

lower neck showed similar tendencies (reductions of 25.2%–

28.5% in the intervention protocol). Third, we could not assess

the size-specific dose estimate, which is the estimate of the ab-

sorbed radiation dose in an individual patient. A recent recom-

mendation for studies evaluating the CT dose level suggested that

the following 4 parameters be assessed to provide an accurate

estimation of the dose absorbed by an individual patient: 1)

CTDIvol, 2) DLP, 3) effective diameter, and 4) size-specific dose

estimates.13 However, we did not report the size-specific dose

estimates in the present investigation because conversion factors

for this calculation are currently available for only the torso

(chest-abdomen and/or pelvis), not for the neck region.16,17 Fi-

nally, the clinical applicability of the arm traction device is limited

to cooperative patients with no physical disability in either arm.

CONCLUSIONS
An arm traction device improves the image quality and reduces

radiation exposure during neck CT. This arm traction device can

be simply applied in cooperative patients with suspected lower

neck lesions, and the approach offers distinct advantages over the

conventional imaging protocol.

Disclosures: Jung Hwan Baek—UNRELATED: Consultancy: STARmed, RF Medical Co.
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ORIGINAL RESEARCH
HEAD & NECK

Patterns of Sonographically Detectable Echogenic Foci in
Pediatric Thyroid Carcinoma with Corresponding

Histopathology: An Observational Study
X I. Erdem Toslak, X B. Martin, X G.A. Barkan, X A.I. Kılıç, and X J.E. Lim-Dunham

ABSTRACT

BACKGROUND AND PURPOSE: Small echogenic foci within pediatric thyroid nodules are commonly seen by ultrasound and are one of
the features used to determine the level of suspicion for malignancy. These are sometimes termed “microcalcifications,” but their relation
with malignancy is controversial due to the lack of standard terminology. Our aim was to evaluate sonographic patterns of echogenic foci
in malignant pediatric thyroid nodules and describe the distribution of corresponding psammoma bodies and other histopathologic
findings in thyroidectomy specimens.

MATERIALS AND METHODS: Ultrasounds of 15 pathologically proved malignant thyroid nodules in children were retrospectively re-
viewed by 2 radiologists who separately classified echogenic foci into the 4 morphologic patterns described in the American College of
Radiology Thyroid Imaging, Reporting and Data System and noted their presence and distribution. Interobserver agreement was assessed,
and consensus was reached for nodules for which there was disagreement. Surgical pathology findings from thyroidectomy specimens
were retrospectively reviewed for the presence and distribution of psammomatous and dystrophic/stromal calcifications and eosino-
philic/sticky colloid. Ultrasound and histopathologic ratings were compared, and frequencies and percentages corresponding to observed
agreement levels were calculated.

RESULTS: Interobserver agreement between radiologists’ sonographic assessments for the presence and distribution of echogenic foci
ranged from 53% to 100% for all categories. Punctate echogenic foci were present in all nodules, and macrocalcifications, in 27%.
Histopathology of the 15 nodules revealed that only 4 (27%) had psammomatous calcifications, while 9 (60%) had stromal calcifications and
8 (53%) had sticky colloid.

CONCLUSIONS: Sonographically detectable echogenic foci in malignant pediatric thyroid nodules can be reliably classified on the basis
of American College of Radiology Thyroid Imaging, Reporting and Data System, with punctate echogenic foci composing the most
common subtype. These echogenic foci do not represent psammomatous calcifications most of the time; instead, more than half of the
malignant thyroid nodules with echogenic foci contained stromal calcifications or sticky colloid.

ABBREVIATIONS: ACR TI-RADS � American College of Radiology Thyroid Imaging, Reporting and Data System; PTC � papillary thyroid carcinoma; US �
ultrasound; USFNAB � US-guided fine-needle aspiration biopsy

Punctate echogenic foci of �1 mm are commonly seen by ul-

trasound (US) in thyroid nodules. These are often termed

“microcalcifications” and are relevant because their presence

within a nodule is one of several US features known to increase the

likelihood of malignancy in both the pediatric and adult popula-

tions.1-4 Microcalcifications are generally assumed to represent

psammoma bodies, which are considered specific for papillary

thyroid carcinoma (PTC) but may also be found in follicular or

medullary thyroid carcinoma and thyrotoxicosis.5 Nevertheless,

many PTCs do not contain psammoma bodies, which are found

in only 25%–37% of PTCs.5,6 Moreover, other histologic features

such as dystrophic or stromal calcifications and eosinophilic or

“sticky colloid” may be seen in PTC and other types of thyroid

malignancies.5-7

The importance of sonographically detectable microcalcifica-

tions in thyroid nodules is controversial.3,8-12 This controversy

may be partially due to lack of standard terminology and of

proper subclassification of the calcifications on the basis of mor-

phologic features. Several US categorization systems for echo-
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genic foci in thyroid nodules have been developed, with some

studies showing that echogenic foci previously termed “microcal-

cifications” were present not only in malignant thyroid nodules

but also in benign nodules.11,12 A recent study on adults that

subclassified echogenic foci reported that what many authors

called microcalcifications did not exclusively represent psam-

moma bodies, but rather other entities including stromal calcifi-

cations and sticky colloid.7 On the basis of these findings, the

recently proposed American College of Radiology Thyroid Imag-

ing, Reporting and Data System (ACR TI-RADS) terminology

used to describe echogenic foci in thyroid nodules has removed

the word “microcalcification” from its lexicon and replaced it

with more precise descriptors.4

To our knowledge, no dedicated study has previously been

undertaken in the pediatric population of patterns of sonographic

echogenic foci and corresponding histopathology. We hypothe-

sized that as in adults, echogenic foci in malignant thyroid nod-

ules may not always represent psammomatous calcifications.

Therefore, the aim of this observational investigation was to eval-

uate echogenic foci in malignant pediatric thyroid nodules ac-

cording to ACR TI-RADS and to describe the distribution of

corresponding psammoma bodies and other histopathologic

findings in thyroidectomy specimens.

MATERIALS AND METHODS
Ethics Statement
This retrospective study was approved by the institutional review

board of Loyola University Medical Center, and written informed

consent was waived. Patient records and information were ano-

nymized and randomized before analysis.

Patient Selection
The study cohort included 29 consecutive pediatric patients, 18

years of age and younger, who underwent total thyroidectomy for

thyroid malignancy between 1996 and 2016. Ten patients were

excluded due to the lack of preoperative US images, and 4 patients

were excluded due to the lack of surgical specimens, leaving 15

patients composing the final study group.

Ultrasonography and Image Analysis
All individuals underwent diagnostic gray-scale ultrasonography

performed on a variety of US systems (Acuson Sequoia 512,

XP128 and Aspen, Siemens, Erlangen, Germany; and Logic E9,

GE Healthcare, Milwaukee, Wisconsin) using high-frequency

(8 –15 MHz) linear array transducers. Still and cine US images of

the thyroid, including any focal nodules, were stored electroni-

cally in DICOM format on the PACS server. These images were

independently evaluated by 2 radiologists (J.E.L.-D., I.E.T.),
each with �10 years of experience and each blinded to the
pathologic diagnosis. For nodules for which there was dis-
agreement, consensus was reached in a separate session.

Echogenic foci in each nodule were classified into 1 of 4 mor-

phologic categories on the basis of ACR TI-RADS lexicon descrip-

tions4,13: echogenic foci with large V-shaped comet-tail artifacts

measuring �1 mm; macrocalcifications, defined as coarse echo-

genic foci accompanied by acoustic shadowing; peripheral rim

calcifications located along the margin of the nodule; and punc-

tate echogenic foci with no or small (�1-mm) comet-tail arti-

facts. Typical examples of each category found in our patient pop-

ulation are illustrated in Fig 1. Examples of echogenic foci with

large comet-tail artifacts and peripheral calcifications were not

included because these were not found in any of our patients. If a

nodule contained �1 type of echogenic focus, all relevant catego-

ries were applied.

The distribution of the echogenic foci was then analyzed.

Sparse was defined as 1–3 scattered echogenic foci; focal, as �3

foci in a local cluster; and diffuse, as innumerable echogenic foci

scattered throughout the nodule, in accordance with the system

described by Tahvildari et al.7 Typical examples of distribution

are also demonstrated in Fig 1.

Tissue Diagnosis
Before thyroidectomy, 14 of the 15 nodules underwent US-guided

fine-needle aspiration biopsy (USFNAB). The decision to proceed

to thyroidectomy was made by the endocrine surgeon on the basis

of USFNAB results for 12 patients. For the other 3 patients, in-

cluding the patient who did not undergo USFNAB, thyroidec-

FIG 1. Typical sonography samples of categories of ACR TI-RADS echogenic foci and types of distribution. A, Macrocalcifications with posterior
acoustic shadowing (arrow) in a left-sided 4.7-cm thyroid nodule in an 18-year-old girl with histologically proved papillary thyroid carcinoma. The
distribution is classified as sparse. B, Punctate echogenic foci with small, 0.7-mm comet-tail artifacts in the same patient as in A. The distribution
is diffuse. Pathology revealed stromal calcifications and sticky colloid, both sparsely distributed, and the absence of psammomatous calcifica-
tions. C, Punctate echogenic foci with no posterior artifacts (arrows) in a left-sided 3.5-cm thyroid nodule in a 12-year-old girl with a histologically
proved follicular variant of papillary thyroid carcinoma. The distribution is sparse. Histology revealed no corresponding calcifications or sticky
colloid.
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tomy was performed according to clinical and US findings.

USFNAB cytology results were retrieved from the medical re-

cords; 9 (60%) of the cytology slides were available for review by a

board-certified pathologist (G.A.B.).

The Bethesda System for Reporting Thyroid Cytopathology

was used to classify the thyroid nodules as follows: nondiag-

nostic, benign, atypia or follicular lesion of undetermined sig-

nificance, follicular neoplasm/suspicious for follicular neo-

plasm, suspicious for malignancy, or malignant.14 Surgical

pathology slides of the thyroidectomy specimens were retro-

spectively reviewed by the same pathologist. Care was taken to

ensure that each surgical pathology sample corresponded in

size and location to the designated nodule noted on the US

evaluation. Histology samples were evaluated for the presence

of psammomatous and stromal calcifications based on the pre-

vious descriptions in the literature, with a typical example

demonstrated in Fig 2.6 The distribution of each type of calci-

fication was characterized as sparse, focal, or diffuse. Sparse

was defined as rare calcifications that were detected only on close

screening; focal, as calcifications easily identified but localized to 1

area; and diffuse, as calcifications scattered throughout the tumor, as

described by Tahvildari et al.7 Colloid, if present, was characterized as

thin versus “sticky.”5

Statistical Analysis
Descriptive statistics included a demographic analysis by patient

sex, age, histology outcome, and nodule size. Patient age and nod-

ule size were expressed as medians and interquartile ranges due to

the small sample size.

Weighted � coefficients were initially generated with Cic-

chetti-Allison weights to assess interobserver reliability between

the 2 radiologists’ ordinal ratings of the sonographic echogenic

foci morphologic type and distribution of each nodule. However,

the small sample size coupled with high levels of observed agree-

ment ultimately precluded the use of � coefficients in the final

analysis. Thus, frequencies and percentages corresponding to ob-

served agreement levels were reported for this observational

study.

Radiologists’ consensus ratings for the presence and distribu-

tion of echogenic foci of the various morphologic types on US

were then compared with the observation of psammomatous cal-

cifications, stromal calcifications, and sticky colloid on the surgi-

cal specimens. As before, these findings were presented as cross-

tabulations of patient counts due to the small sample size and

substantial levels of observed agreement. All statistical analyses

were conducted with SAS 9.4 (SAS Institute, Cary, North

Carolina).

RESULTS
The 15 patients (14 female and 1 male) included in the study each

had 1 thyroid nodule. The median age was 15 years (interquartile

range, 13–18 years), and the median nodule size was 3.2 cm (in-

terquartile range, 2.1– 4.7 cm). Of the 14 nodules that underwent

USFNAB, results were classified according to the Bethesda System

as malignant in 9 (60%), follicular neoplasm/suspicious for fol-

licular neoplasm in 3 (20%), and benign in 2 (13%). Diagnosis on

thyroidectomy specimens was as follows: PTC in 10 (67%), follic-

ular variant of PTC in 1 (6.5%), follicular thyroid carcinoma in 3

(20%), and poorly differentiated carcinoma in 1 (6.5%). Two

cases reported as benign on cytology were identified on thyroid-

ectomy specimens as PTC in one case and poorly differentiated

carcinoma in the other. On retrospective review of the slides, this

discrepancy was attributed to sampling error.

Observed agreement between the radiologists for the presence

of echogenic foci ranged from 53% to 100%, with agreement low-

est for macrocalcifications and highest for punctate echogenic

foci and peripheral rim calcifications (Table 1). Both raters agreed

in 14 nodules (93%) on the distribution of the punctate echogenic

foci and agreed in all 15 nodules that peripheral rim calcifications

were absent. There was a lower concordance for the macrocalci-

fication subtype (8/15, 53%) (Table 1).

The radiologists’ consensus rating regarding the presence of

echogenic foci revealed that all 15 nodules contained punctate

echogenic foci, of which 14 were diffusely distributed. Four nod-

ules (27%) had macrocalcifications, of which 3 were sparsely dis-

tributed. Considering all patterns of echogenic foci and that some

nodules contained �1 type of echogenic focus, there were 19

unique occurrences of echogenic foci; of these, 14 (74%) were

rated as diffusely distributed, and 4 (21%), as sparsely distributed.

There were no echogenic foci with large comet-tail artifacts or

peripheral rim calcifications detected in any of the nodules.

Histologic examination revealed that 12 of the 15 (80%) nod-

FIG 2. Examples of psammomatous (thick arrows) and stromal calci-
fications (thin arrows) from a thyroidectomy specimen of a 16-year-
old girl showing papillary thyroid carcinoma in a background of lym-
phocytic thyroiditis (hematoxylin-eosin stain, 20�).

Table 1: Observed agreement between radiologists for presence
and distribution of thyroid nodule echogenic focia

US Classification

Agreement for
Presence or

Absence (No.) (%)

Agreement for
Distribution

(No.) (%)
Punctate echogenic foci 15/15 (100%) 14/15 (93%)
Echogenic foci with large

comet-tail artifacts
11/15 (73%) 11/15 (73%)

Macrocalcifications 8/15 (53%) 8/15 (53%)
Peripheral rim calcifications 15/15 (100%) 15/15 (100%)

Note:—No. indicates number of nodules.
a The valid number of observations is 15.
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ules had some type of calcification or sticky colloid, while 3 (20%)

nodules had none. Nine (60%) nodules had stromal calcifica-

tions, of which 4 were diffusely distributed and 4 were sparsely

distributed. All 4 (27%) nodules that contained psammomatous

calcifications were rated as diffusely distributed. Eight (53%)

nodules had sticky colloid, which was sparsely distributed in all.

Considering all patterns of calcification or sticky colloid and that

some nodules contained �1 type of abnormality, there were 21

unique occurrences; of these, 8 (38%) were rated as diffusely dis-

tributed, and 12 (57%), as sparsely distributed.

Radiologists’ consensus ratings for the presence of sono-

graphic echogenic foci were then compared with histologic find-

ings (Table 2). Radiologists detected the punctate echogenic foci

subtype in all 15 nodules. Histopathology revealed that among

these 15 nodules, 9 (60%) had stromal calcifications, 4 (27%) had

psammomatous calcifications, and 8 (53%) had eosinophilic/

sticky colloid. Thus, most (11/15, 73%) patients determined to

have punctate echogenic foci did not have psammomatous

calcifications.

The subtype of macrocalcifications were less commonly seen

by US (4/15, 27%) (Table 2). Pathology revealed that among these

nodules, all 4 (100%) had stromal calcification, 1 (25%) had

psammomatous calcifications, and 3 (75%) had sticky colloid.

Results confirmed the absence of psammomatous calcifications in

3 of the 4 (75%) patients determined to have macrocalcifications.

Analysis of sonographic patterns by final pathologic diagnosis

showed that all 10 PTC nodules were determined by US to have

punctate echogenic foci, while 4 of them (40%) had macrocalci-

fications. Of the 3 follicular thyroid carcinoma nodules, all had

punctate echogenic foci.

Analysis of histologic findings segregated by final pathologic

diagnosis showed that though all 4 psammomatous calcifications

detected by histopathology were present in PTC nodules, of the 10

PTC nodules, most (6/10, 60%) lacked psammomatous calcifica-

tions. This was the case even though all 10 nodules were rated by

radiologists’ consensus as having punctate echogenic foci. In-

stead, 9 (90%) of the PTC nodules were found to have stromal

calcifications, and 6 (60%), to have sticky colloid. Sticky colloid

was found in 1 of the 3 follicular thyroid carcinoma nodules and

in the single poorly differentiated carcinoma nodule. The nodule

with the follicular variant of PTC did not have any type of calcifi-

cation. None of the follicular thyroid carcinomas, poorly differ-

entiated carcinomas, or follicular variant of PTC nodules had

stromal or psammomatous calcifications.

DISCUSSION
As recommended by the 2015 American Thyroid Association

Management Guidelines for Children with Thyroid Nodules and

Differentiated Thyroid Cancer, small echogenic foci seen within

thyroid nodules by US are one of the features used to determine

the level of suspicion for malignancy.1 These are considered in

conjunction with other features like margin irregularity and solid

composition.3 These echogenic foci are often termed “microcal-

cifications,” though exact definitions are often not stated or vary

from study to study.3,8,10-12 Publications describing systems to

standardize terminology include Beland et al11 and the ACR TI-

RADS,4,13 both of which subclassified echogenic foci into 4 pat-

terns, and the study of Malhi et al,12 which classified echogenic

foci into 5 patterns.

Our study used the ACR TI-RADS lexicon for subclassifica-

tion of echogenic foci because the system is simple and widely

accepted. We found high interrater observed agreements up to

100% for the presence of almost all echogenic foci subtypes, indi-

cating that the application of TI-RADS was a reproducible

method.

Psammoma bodies are lamellated calcifications that may be

found in papillary types of tumors and are one of the features used

to make the histologic diagnosis of PTC.6 This type of calcification

is also important because PTC nodules that contain psammoma

bodies are associated with lower disease-free survival rates, higher

rates of lymph node metastasis, and a higher risk of pulmonary

metastasis.6 Stromal calcifications without lamellated morphol-

ogy did not have any impact on disease-free survival.6 Another

diagnostic feature that may be found in up to 13% of PTCs is

so-called “sticky colloid,” which stains more densely and deeply

eosinophilic than the typical “thin” or “watery” colloid, normally

found in benign thyroid conditions.5

Our study revealed that even though most malignant pediatric

nodules with punctate echogenic foci subtype were PTC, more

than half (11/15, 73%) lacked psammomatous calcifications on

pathologic examination. The absence of psammomatous calcifi-

cations by histology was also true for those with the macrocalcifi-

cation subtype (3/4, 75%). We conclude that in children, sono-

graphically detected punctate echogenic foci in malignant thyroid

nodules do not always represent psammomatous calcifications;

therefore, the term “punctate echogenic foci” may be more accu-

rate than “microcalcification.”

These results are like those from a recent study by Tahvildari et

al7 of 29 adult PTC nodules with sonographically detected punc-

tate echogenic foci classic for microcalcifications that showed that

Table 2: Thyroid nodule pathology as a function of US patternsa

Pathology Finding (No.)

Punctate Echogenic
Foci (No.) Macrocalcifications (No.)

Present (n = 15) Absent (n = 0) Present (n = 4) Absent (n = 11)
Stromal calcification present (9) 9 (60%) 0 (0%) 4 (100%) 5 (45%)
Stromal calcification absent (6) 6 (40%) 0 (0%) 0 (0%) 6 (55%)
Psammomatous calcification present (4) 4 (27%) 0 (0%) 1 (25%) 3 (27%)
Psammomatous calcification absent (11) 11 (73%) 0 (0%) 3 (75%) 8 (73%)
Sticky colloid present (8) 8 (53%) 0 (0%) 3 (75%) 5 (45%)
Sticky colloid absent (7) 7 (47%) 0 (0%) 1 (25%) 6 (55%)

Note:—No. indicates number of nodules.
a The valid number of observations is 15.
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6 (21%) did not contain any calcifications by histology. Only 14

(48%) contained psammomatous calcifications, either alone or in

combination with coarse calcifications; therefore, in more than

half (52%), psammoma bodies were absent.

Of the pathologic features examined in our thyroid nodules,

the most common was stromal calcifications, which were detected

in 9/15 (60%). Less commonly seen were sticky colloid in 8/15

(53%) and psammomatous calcifications in 4/15 (27%). Tahvil-

dari et al7 reported rates of 38%, 100%, and 42%, respectively,

indicating a similar low percentage of nodules containing psam-

momatous calcifications. Our study suggests that in children, like

adults, punctate echogenic foci in malignant nodules are more

often associated with, and presumably sometimes represent,

sticky colloid and stromal calcifications, rather than exclusively

psammoma bodies.6,7 A possible explanation for this pathologic

correspondence is that stromal calcifications and sticky colloid

may cause US artifacts like those caused by psammomatous cal-

cifications. Additionally, it has been proposed that in the absence

of any pathologically proved calcifications or sticky colloid, such

as observed in 3 (20%) of our patients, the presence of tiny cysts

beyond the resolution of US may cause specular reflection from

the cyst walls, thus producing bright echogenic foci on US.7,12,15

In addition to the lack of US and histologic concordance for

the presence of punctate echogenic foci, we also noted a mismatch

in the distribution. Most of our sonographically detected echo-

genic foci were diffusely distributed, while less than half of the

pathologically detected calcifications were diffusely distributed.

Prior studies found a similar overestimation of diffuse distribu-

tion of echogenic foci on US compared with histology.7 The dis-

crepancy might be partly due to inherent technical differences

between histology and radiology. During US examination, the

entirety of a nodule can be visualized in a global fashion on a cine

loop sweep, whereas histologic examination is limited to selected

sections of surgical specimens.

All 15 nodules, which were all malignant, contained punctate

echogenic foci. The observed rate of this pattern in children agrees

with the rate of 96% in adults reported previously.12 Past studies

concerning US of pediatric thyroid nodules reported rates of mi-

crocalcifications in malignant nodules ranging from 25% to 44%,

which are much lower than the rates found in our study.10,16 This

discrepancy might be due to variation in histologic types in the

study populations or sample size. Additionally, the US resolution

and/or definition of what constituted microcalcification may

have differed between the studies because the type of US equip-

ment and terminology used were not always explicitly stated.10,16

Because psammomatous calcifications are generally associated

with the PTC type of thyroid malignancy, we also analyzed our

data for PTC nodules only. Ten nodules (67%) were PTC, which

is different from the past literature indicating that PTC composes

92%–100% of pediatric thyroid malignancies.10,16 Of our PTC

nodules, psammomatous calcifications were seen in only 40%.

This number agrees with the rates of 25%–37% reported in the

adult literature and argues against the assumption that psammo-

matous calcifications are a specific feature of PTC.5,6 On the other

hand, stromal calcifications were seen in 90% of our malignant

thyroid nodules, which underscores the standing of stromal cal-

cifications as a common finding in pediatric PTC nodules. The

preponderance of stromal calcifications in our pediatric popula-

tion is larger than the reported range in adults of 47%– 48% and is

at odds with the previously reported association between these

calcifications and advanced age.6,7

The retrospective nature and small sample size were restric-

tions of our study. Additionally, the study was confined to evalu-

ation of echogenic foci, and the influence of other nodule features

to assess malignancy risk, including shape, margin, echogenicity,

and composition, was not studied.3,4 Finally, the pathologic ex-

amination of the nodules involved selective sampling. This is an

inherent limitation of the histologic examination technique be-

cause even if the entire nodule is sampled, only the most superfi-

cial sections of the tissue block are examined routinely. Therefore,

there may have been unrecognized calcifications or sticky colloid

within the tissue blocks, resulting in underestimation of both the

presence and distribution.

CONCLUSIONS
Our study shows that sonographically detectable echogenic foci in

malignant pediatric thyroid nodules can be reliably classified into

morphologic patterns on the basis of ACR TI-RADS descriptions,

with punctate echogenic foci being the most common subtype.

Contrary to general knowledge, sonographically detectable echo-

genic foci within pediatric thyroid carcinoma do not correspond

to histopathologic findings of psammomatous calcifications most

of the time; instead, more than half of the nodules contained

stromal calcifications or sticky colloid. This was true for all

types of thyroid malignancy, not only for PTC. These results

argue against using the presence of echogenic foci alone as a

predictor of malignancy in pediatric thyroid nodules. Rather,

when determining of the level of suspicion for malignancy, one

should also consider the subtype and the presence of echogenic

foci in the context of other features such as margin irregularity

and solid composition.
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ORIGINAL RESEARCH
HEAD & NECK

Role of MR Neurography for the Diagnosis of Peripheral
Trigeminal Nerve Injuries in Patients with Prior Molar

Tooth Extraction
X R. Dessouky, X Y. Xi, X J. Zuniga, and X A. Chhabra

ABSTRACT

BACKGROUND AND PURPOSE: Clinical neurosensory testing is an imperfect reference standard to evaluate molar tooth extraction
related peripheral trigeminal neuropathy. The purpose was to evaluate the diagnostic accuracy of MR neurography in this domain and
correlation with neurosensory testing and surgery.

MATERIALS AND METHODS: In this retrospective study, nerve caliber, T2 signal intensity ratio, and contrast-to-noise ratios were
recorded by 2 observers using MR neurography for bilateral branches of the peripheral trigeminal nerve, the inferior alveolar and lingual
nerves. Patient demographics and correlation of the MR neurography findings with the Sunderland classification of nerve injury and
intraoperative findings of surgical patients were obtained.

RESULTS: Among 42 patients, the mean � SD age for case and control patients were 35.8 � 10.2 years and 43.2 � 11.5 years, respectively,
with male-to-female ratios of 1:1.4 and 1:5, respectively. Case subjects (peripheral trigeminal neuropathy or injury) had significantly larger
differences in nerve thickness, T2 signal intensity ratio, and contrast-to-noise ratios than control patients for the inferior alveolar nerve and
lingual nerve (P � .01 and .0001, .012 and .005, and .01 and .01, respectively). Receiver operating characteristic analysis showed a significant
association among differences in nerve thickness, T2 signal intensity ratio, and contrast-to-noise ratios and nerve injury (area under the
curve, 0.83– 0.84 for the inferior alveolar nerve and 0.77– 0.78 for the lingual nerve). Interobserver agreement was good for the inferior
alveolar nerve (intraclass correlation coefficient, 0.70 – 0.79) and good to excellent for the lingual nerve (intraclass correlation coefficient,
0.75– 0.85). MR neurography correlations with respect to clinical neurosensory testing and surgical classifications were moderate to good.
Pearson correlation coefficients of 0.68 and 0.81 and � of 0.60 and 0.77 were observed for differences in nerve thickness.

CONCLUSIONS: MR neurography can be reliably used for the diagnosis of injuries to the peripheral trigeminal nerve related to molar
tooth extractions, with good to excellent correlation of imaging with clinical findings and surgical results.

ABBREVIATIONS: IAN � inferior alveolar nerve; LN � lingual nerve; MRN � MR neurography; NST � neurosensory testing; PSIF � reversed fast imaging with steady
state precession; PTN � peripheral trigeminal neuropathy; T2SIR � T2 signal intensity ratio; SI � signal intensity

Sensory innervation to the face is provided by 3 branches of the

trigeminal nerve: the ophthalmic, maxillary, and mandibular

nerves. During oral and maxillofacial treatments, the most com-

monly injured terminal branches are the inferior alveolar (IAN)

and lingual (LN) nerves.1,2 Among oral treatments, molar tooth

extractions are very common, and up to 10 million third molars

are extracted each year at a cost of more than US $3 billion.3 Tooth

extractions alone account for 60% of all nerve injuries in the jaw,

with an incidence of permanent paresthesia in the lip, tongue, and

cheek ranging from 11,500 –35,000 per year.4-6

Currently, clinical neurosensory testing (NST) is used as the

criterion standard to confirm the diagnosis of peripheral trigem-

inal neuropathy (PTN).7 NST involves 3-level testing, with level A

measuring spatiotemporal sensory perception, level B measuring

contact detection with monofilament, and level C measuring pain

threshold and tolerance. The 5 scores of sensory impairment de-

note normal, mild, moderate, severe, and complete loss (Table 1).

Surgeons use clinical history and NST to diagnose neuropathy

and stratify nerve injury with respect to the Sunderland classifica-

tion. Initially described in 1951, this classification is based on

the injury of individual structures of the organized nerve tissue
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(ie, myelin loss; axonal loss; and endoneurial, perineurial, and

epineural injury, in that order).8,9 The aims of surgical treatment

are to repair the damaged nerve, maximize the number of axons

that regenerate through the site of injury, and increase the pro-

portion of axons that grow back to appropriate targets. Thus,

timely decision making regarding surgical treatment and accurate

presurgical planning is important for proper case management.

Despite exhibiting high positive and negative predictive values for

LN injuries, NST shows lower values for IAN injuries, with false-

positive and false-negative rates of up to 23% and 40%, respec-

tively.7 NST results are not reliable in the first 3 months after the

injury because of postoperative changes and the inability of pa-

tients and/or physicians to reproduce the sensory response. In

addition, NST cannot determine the exact site of injury or delin-

eate the anatomy for presurgical planning.7,10 MR neurography

(MRN), an imaging dedicated to the peripheral nerves, provides a

noninvasive map of neuromuscular anatomy and resolves the in-

traneural architecture in multiple orthogonal planes.11-14

Currently, there are 2 different MR imaging methods available

to study peripheral nerves: anatomic MRN and diffusion-based

functional MRN, particularly DTI. MRN facilitates the detection

of neuropathy by showing alterations of nerve caliber and abnor-

mal intraneural T2 signal intensity ratio (T2SIR).15 DTI aids in

the functional evaluation of the intraneural pathophysiology, and

altered diffusion characteristics correlate with axonal degenera-

tion and demyelination.16-19 The aim of our study was to evaluate

the role and reliability of MRN for the diagnosis of injuries to the

PTN in patients with prior molar tooth extraction to determine its

accuracy with respect to the clinical and surgical staging. Our

hypothesis was that MRN can quantitatively and reliably differ-

entiate normal from injured nerves with high accuracy and that

nerve injury classification on MRN correlates with clinical NST

grading and surgical findings.

MATERIALS AND METHODS
This study was conducted at the University of Texas Southwestern

Medical Center, Dallas, Texas, after institutional review board

approval following Health Insurance Portability and Account-

ability Act guidelines. Informed consent was waived because of

the retrospective nature of this study.

Patient Population
A retrospective review of charts of a consecutive series of 55 pa-

tients who were imaged with MRN for suspected PTN neuropa-

thies over a 27-month period (January 2015 to March 2017) re-

vealed 24 cases referred for clinically suspected PTN injury after

Table 1: Clinical NST for trigeminal neuropathya

Level C: Pain Threshold
and Tolerance

Heat Temperature Threshold <47
Level A: Spatiotemporal Sensory Perception Level B: Contact Detection

with Monofilament
Heat Temperature Tolerance <50

Direction Sensitivity <90% Pressure Pain Threshold <1.5 lb.
Static 2-Point Discrimination <18 mm <2.83 Pressure Pain Tolerance <2.0 lb.

Normal Present Present Present
Mild Failed Present Present
Moderate Failed Failed Present
Severe Failed Failed Elevated
Complete Failed Failed Absent

a Present: values recorded at test and control sites exhibit comparable sensitivity within published normative range. Failed: values recorded at test site sensitivity are less than
that of control sites or published normative range. Elevated: values recorded at test site sensitivity are greater than that of control sites or published normative range but below
maximum of test device (ie, 6 lbs.). Absent: values recorded at test site sensitivity are greater that maximum of test device (ie, 6 lbs.).

Table 2: Criteria for stratifying of nerve injuries on MRN and surgery based on Sunderland classification
Class MRN Surgical
I Qualitative: Homogeneous increased T2 signal

of nerve with no change in caliber
Intact with no internal or external fibrosis, normal mobility

and neuroarchitecture (visualize fascicles and Fanconi bands)
Quantitative: No changes

II Qualitative: Homogeneous increased T2 signal
of nerve and mild nerve thickening
Perineural fibrosis

Intact with no internal fibrosis with
external fibrosis, restricted mobility but neuroarchitecture
intact (visualized fascicles and Fanconi bands
once external scar removed)Quantitative: �50% larger than contralateral /normal nerve

III Qualitative: Homogeneous increased T2 signal
of nerve and moderate to marked nerve thickening
Perineural fibrosis

Intact with both internal and external
fibrosis, restricted mobility and disturbance of
neuroarchitecture (abnormal fascicle patterns
and/or Fanconi bands not visible)Quantitative: �50% larger than contralateral/normal nerve

IV Qualitative: Heterogeneous increased T2 signal
of nerve and focal enlargement in otherwise continuous
nerve (neuroma in continuity)
Perineural and intraneural fibrosis

Partial transected nerve, but some amount of
distal nerve present with or without lateral neuroma

Quantitative: Focal swelling with heterogeneous T2 signal
or fascicular disruption

V Qualitative: Discontinuous nerve with end-bulb neuroma Completely transected nerve with or without
amputation (end-bulb) neuromaQuantitative: Complete disruption with gap and

end-bulb neuroma
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molar tooth extraction. All 24 patients exhibited NST evidence of

injury of the IAN or LN and were referred from the institutional

oral and maxillofacial surgery clinic. Others (31 patients) were

referred for PTN injuries after dental or chin implants, teeth fill-

ing, or the extraction of maxillary or mandibular tumors and were

not included in the final study sample. The control group con-

sisted of 18 consecutive patients referred for suspected occipital

neuralgia with no symptoms of trigeminal neuralgia, recent tooth

extraction, facial pain, or previous oral/maxillofacial surgery. Pa-

tient demographics (age, sex) and laterality of the injury were

recorded. The Sunderland class of nerve injury (Table 2) was pro-

spectively documented by an experienced oral and maxillofacial

surgeon as standard of care by using clinical and NST findings.8,18

The patients who were not specifically stratified into 1 Sunderland

class were recorded as indeterminate, and patients who could not

be clinically tested for various reasons (eg, severe pain or inability

to open the mouth in acute injury) were considered as unclassified

for the purpose of the research study. Final Sunderland classifica-

tion based on surgical findings was used for correlation with MRN

and NST findings.

Image Acquisition
From a total of 42 patients, 19 were imaged on 1.5T scanners

(Avanto; Siemens, Erlangen, Germany), and 23 were imaged on

3T scanners (Achieva or Ingenia; Philips Healthcare, Best, the

Netherlands). All patients were scanned supine in a multichannel

head coil. Multiple pulse sequences were acquired by using the

institutional MRN protocol (On-line Table 1), but only the 3D

reversed fast imaging with steady state precession (PSIF) images

were reviewed for study purposes.11

Image Interpretation and Analysis
All scans were prospectively reported by

an experienced, fellowship-trained radi-

ologist as part of routine patient care.

Neuropathy was determined based on

various qualitative (increased nerve T2

signal and perineural fibrosis) and

quantitative (caliber alterations) crite-

ria. Findings were confirmed on multi-

ple sequences (T1, T2 fat-suppressed,

PSIF, and DTI). A Sunderland classifica-

tion was given to each nerve injury by

using the qualitative criteria as described

in Table 2 (Figs 1 and 2). When a single

class could not be determined based on

MRN (eg, report stated “Sunderland

class III/IV or class IV/V injury”), the

case was classified as indeterminate

(On-line Table 2). All information was

extracted from the formal reports and

recorded for comparison with clinical

NST and surgical findings.

Nerve Measurements on MRN
Coronal 3D PSIF images were chosen to

perform measurements on because they

produce nerve-selective imaging.20 Two

readers with 20 and 5 years’ experience

in radiology, respectively, indepen-

dently performed the measurements af-

ter a training set of 6 scans that included

both case and control patients. The

FIG 1. A, MIP coronal 3D PSIF image showing class II injury to the right
IAN with mild increase in caliber (less than 50% of the left) and signal
intensity of the right IAN (long arrow) in comparison with a normal
left inferior alveolar nerve (short arrow). B, Sagittal reconstruction
MIP 3D PSIF image showing increase in caliber and signal intensity of
the right IAN (long arrow) proximal to injury site (arrowhead). C,
Normal uniform caliber and signal intensity of the left IAN (short
arrow).

FIG 2. A and B, MIP 3D coronal PSIF images show a hyperintense left LN (long arrow) with a 3-mm
neuroma in continuity (demarcated by 3 arrowheads) compatible with class IV injury. C and D,
Sagittal reconstructions show the abnormal left LN neuroma (demarcated by 3 arrowheads)
compared with a normal right LN (short arrow).
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readers were blinded to the clinical history or prior MRN report.

For the control group, a predefined bony landmark was used to

identify both nerves for measurement. The midmandibular canal

was chosen because the midlingual nerve can be easily identified

medial to the medial cortex of the mandibular ramus, and the IAN

lies within the bony mandibular canal (Fig 3A). Nerve thickness

was recorded by measuring the maximum transverse dimension of

the IAN in the midmandibular canal and the LN in its midcourse. T2

signal intensity was recorded in the same area by drawing a freehand

ROI on each nerve (Fig 3B). In patients who underwent tooth extrac-

tion (the study group), the measurements were performed at the site

of the most visible abnormality of the affected nerve. This was fol-

lowed by calculation of T2SIR (SI nerve � �SI nerve)21 and CNR

(SI nerve � SI pterygoid muscle ��SI nerve) for each nerve in both

groups. All data points, measurements,

and calculations were recorded on a

spreadsheet for data analysis.

Clinical and Surgical Classification
NST was performed by the same experi-

enced oral and maxillofacial surgeon.

Thirteen of 24 patients from this group

underwent surgery of 13 nerves, and in-

juries were graded intraoperatively by

using the Sunderland classification cri-

teria in Table 2 (Fig 4). Unclassified

nerve injuries or indeterminate findings

on NST and intraoperatively were re-

corded (On-line Table 2).

Statistical Analysis
Descriptive statistics were used for the

demographic data and Sunderland clas-

sifications on NST and MRN. Differ-

ences in sex and/or scanner between case
and control patients were assessed by using the Fisher exact test,

and the differences in median age and image measurements in

case versus control patients were tested by using the Wilcoxon

rank sum test. Area under the curve was calculated by using re-

ceiver operating characteristic for MRN accuracy in the detection

of neuropathy. A � analysis was performed to test correlations of

Sunderland classification on independently performed NST,

MRN, and surgical classifications in the group of cases (Fig 5). The

Pearson correlation coefficient was used to investigate the associ-

ation of differences in thickness between normal and injured

nerves. Interobserver performance was assessed by using intra-

class correlation coefficients. Agreement was classified as excel-

lent (� 0.80), good (0.61– 0.80), moderate (0.41– 0.60), fair

(0.20 – 0.40), and poor (� 0.20). Type I error was set at .05. R 3.3.2

FIG 3. Coronal 3D PSIF images showing A, localization of the site of the LN and IAN (short and long arrows, respectively) and B, signal intensity
measurements on both sides.

FIG 4. A, MIP 3D PSIF coronal image shows class IV/V injury of the left LN with excessive
granulation and possible discontinuity of its distal end (long arrow). B, On surgery, it was also
called class IV/V injury (arrow) with excessive scarring and granulation tissue and was resected.
The final gap was 16 mm (C) and an allograft was placed for nerve reconstruction.
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(http://www.r-project.org/) and SAS 9.4 (SAS Institute, Cary,

North Carolina) were used for statistical analysis.

RESULTS
Patient Population
Forty-two subjects were included in the final sample. Mean � SD

age of the case group with 24 patients was 35.8 � 10.2 years, with

a male-to-female ratio of 1:1.4. Mean � SD age of the control

group was 43.2 � 11.5 years, with a male-to-female ratio of 1:5.

Eight case group subjects and 11 controls were scanned on 1.5T

scanners, and 16 case group subjects and 7 controls were scanned

on 3T scanners. No significant difference was found in the distri-

bution of sex or scanner between case and control groups (P � 1

for both sex and scanner for IAN; P � .08 for sex in LN and .18 for

scanner in LN). No significant difference was found in the median

age between case and control groups (P � .20 for IAN and P � .06

for LN).

Classification of Nerve Injuries on NST, MRN, and Surgery
In the case group, 25 nerve injuries were found in 24 patients (1

patient had both IAN and LN injuries). Eighteen were LN injuries

(7 right and 11 left) and 7 were IAN injuries (3 right and 4 left).

Sunderland classifications by NST included 2 class II, 2 class III, 4

class IV, and 1 class V injury (On-line Figure). Fourteen nerve

injuries were indeterminate, and 2 were not classified. Sunderland

classifications by MRN included 6 class II, 2 class III, 9 class IV,

and 5 class V injuries, respectively. Three nerve injuries were in-

determinate (On-line Table 2). Sunderland classifications on

MRN were congruent with NST in 6 cases, upstaged in 9 cases and

downstaged in 8 cases. Two cases that could not be classified on

NST received a class on MRN. Thirteen of 24 patients underwent

surgery for 13 nerve injuries. Sunderland classification on surgery

included 2 class III, 7 class IV, and 3 class V injury. One was

indeterminate when the surgeon could not decide between class

IV and V injury, similar to MRN. Sunderland classifications on

MRN were congruent with surgery in 10 cases and downstaged in

3 cases. No cases were upstaged. Assuming 1 nerve abnormality

per patient (when classification was undetermined, the lower class

was accepted), this study showed � of 0.57 and 0.4 between MRN

and NST classifications (Fig 5A) and MRN and surgical classifi-

cations (Fig 5B) with class IV and V combined, respectively.

Nerve Measurements on MRN
Bilateral IAN and LN measurements were performed. From a

total of 168 nerves, nerve thickness and SI were measured in a total

of 122 nerves. Ninety-seven nerves were normal (72 nerves bilat-

erally in the control group and 25 contralateral normal nerves in

the case group) and 25 were abnormal. Forty-six nerves were ex-

cluded from the case group because a regional postsurgical in-

flammatory response may affect the other nerve(s) and confound

the results. Mean � SD of difference in thickness of IANs and LNs

was 0.60 � 0.33 mm and 0.87 � 0.34 mm for the case group

versus 0.22 � 0.20 mm and 0.11 � 0.12 mm for control patients,

respectively (Table 3). The case group had significantly larger dif-

ferences (P � .01 and .0001 for IAN and LN, respectively) of nerve

thickness versus controls. Mean � SD difference in T2SIR in IAN

and LN was 3.15 � 1.91 and 4.58 � 3.40 	 10�3 mm2/s, respec-

tively, in the case group and 1.34 � 1.09 and 1.92 � 1.51 	 10�3

mm2/s, respectively, in control patients (P � .012 and .005 for

IAN and LN, respectively). On comparison of CNR for case and

control patients, the mean � SD difference in CNR in IAN and

LN was 6.53 � 4 and 6.93 � 4.89 	 10�3 mm2/s, respectively, in
FIG 5. � correlations for A, MRN versus NST and B, MRN versus
surgical classifications.

Table 3: Differences in thickness, T2SIR, and CNR among the case and control groups

Nerve Group

Thickness T2SIR CNR

Mean Difference SD P Value Mean Difference SD P Value Mean Difference SD P Value
IAN Cases 0.60 0.33 .01 3.15 1.91 .012 6.53 4.00 .01

Controls 0.22 0.20 1.34 1.09 2.20 1.89
LN Cases 0.87 0.34 .0001 4.58 3.40 .005 6.93 4.89 .01

Controls 0.11 0.12 1.92 1.51 3.37 3.81
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the case group and 2.2 � 1.89 and 3.37 � 3.81 	 10�3, mm2/s,

respectively, in controls (P � .01 for both IAN and LN) (Fig 6).

The area under the curve revealed accuracy of 0.83– 0.84 for IAN

by using CNR, T2SIR, and thickness. For LN, the area under the

curve revealed accuracy of 0.77– 0.78 for CNR and T2SIR,

whereas it was 0.99 for nerve thickness (Fig 7). Interobserver

agreement was good for IAN (intraclass correlation coefficient,

0.70 – 0.79) and good to excellent for LN (intraclass correlation

coefficient, 0.75– 0.83) (On-line Table 3). The Pearson correla-

tion coefficients were 0.68 and 0.81 for nerve injury classifications

between MRN and NST (Fig 8A) and MRN and surgery (Fig 8B),

respectively (P � .0006 and .0004, respectively).

DISCUSSION
The face is the fourth most common chronic pain site, contribut-

ing to substantial annual health care costs.22 Molar tooth extrac-

tions result in facial and jaw pain caused by iatrogenic PTN injury

and account for 60% of all nerve injuries of the jaw.4 Persistent

nerve damage results in disabling neuropathic pain and substan-

tial oral dysfunction.23 Early diagnosis and timely management

are essential for both improved patient outcomes and prognosis.

FIG 6. Differences in thickness, T2SIR, and CNR among the case and
control groups.

FIG 7. ROC curves for A, IAN and B, LN.

FIG 8. Correlations between differences in nerve thickness on MRN
versus NST (A) and surgery (B).
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The postoperative outcomes have been shown to be negatively

affected by older age, delayed treatment (�3– 6 months after in-

jury), and a larger nerve gap.10,24 The current diagnostic strategy

of using NST as the criterion standard is limited. The subjective

NST result delays the treatment of higher-class injury (patients

who need surgical repair) and does not delineate the anatomy and

exact location of injury for preoperative planning.9

The 3D PSIF sequence on MRN depicts the small PTN

branches in their entirety because of vascular signal suppression

and superior resolution (0.9 mm isotropic) (Figs 1–3).11,20 In

addition, findings of nerve injury, such as increased intraneural

signal and alteration of the nerve caliber, are more conspicuous.25

Similar to earlier studies on peripheral extremity nerves,26

this study establishes that increased T2SIR can accurately diag-

nose nerve injury in the setting of neuropathy-related molar

tooth extraction. Previous studies have shown correlation be-

tween changes in T2SIR and electrophysiology of the injured

nerve.16,17,19 Similar to results reported by Baumer et al,26 the

study confirms that alterations of nerve caliber can be accurately

used to diagnose neuropathy. Thus, increased T2SIR and caliber

of the injured nerve can be used as surrogate quantitative imaging

markers for neuropathy.

Nerve injury stratification on imaging by using Sunderland

classification has not been scientifically studied before. It is easy to

identify a focal neuroma in continuity and complete transection

with the nerve gap qualitatively. This study, in addition, has

shown that using nerve thickness differences to classify nerve in-

juries in a quantitative manner is prudent and accurate. The mea-

surements showed good to excellent interreader reliablity and

there were good to excellent correlations with NST and surgery

classifications when using nerve thickness differences. Thus,

MRN can be used in practice to stratify nerve injuries.

When comparing Sunderland classifications on different mo-

dalities, NST was indeterminate in 56% (14/25), MRN was inde-

terminate in 12% (3/25), and surgery was indeterminate in 8%

(1/13) of nerve injuries. MRN also detected 2 nerve abnormalities

(IAN and LN) in 1 case where NST recorded only 1. Thus, MRN

can provide incremental value over the current reference stan-

dard, NST. This result is not unexpected considering that MRN

provides a more objective tool for 3D depiction of the nerve injury

and can create a presurgical map for the surgeon.

The study has some limitations, including small sample size,

retrospective nature, and differences among sex and age distribu-

tion between the case and control groups. These were unavoidable

as we attempted to study a specific homogeneous group of pa-

tients compared with a previously published study in this do-

main.27 Our controls were not healthy patients, but we made sure

that none of them had symptoms, clinical findings, or surgery in

the area of PTN. We did not evaluate other sequences, such as

T1-weighted imaging for perineural scarring as it is difficult to

evaluate the small nerve on T1-weighted images. We did not as-

sess diffusion metric differences because of reproducibility issues

with DTI. Finally, the same surgeon who documented NST results

performed the final surgery, and not all patients underwent sur-

gery because of various reasons.

In the future, the study can be performed in a larger sample

and in a prospective fashion to address the above described limi-

tations. In addition, the role of quantitative MRN imaging mark-

ers of nerve injury can be evaluated in determining patient out-

comes and prognosis.

CONCLUSIONS
MRN is reliable and accurate for the diagnosis of PTN injuries

related to molar tooth extractions, with good to excellent corre-

lation of imaging findings with clinical findings and surgical

results.
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ORIGINAL RESEARCH
PERIPHERAL NERVOUS SYSTEM

MR Imaging of the Superior Cervical Ganglion and Inferior
Ganglion of the Vagus Nerve: Structures That Can Mimic

Pathologic Retropharyngeal Lymph Nodes
X H. Yokota, X H. Mukai, X S. Hattori, X K. Yamada, X Y. Anzai, and X T. Uno

ABSTRACT

BACKGROUND AND PURPOSE: The superior cervical ganglion and inferior ganglion of the vagus nerve can mimic pathologic retropha-
ryngeal lymph nodes. We studied the cross-sectional anatomy of the superior cervical ganglion and inferior ganglion of the vagus nerve to
evaluate how they can be differentiated from the retropharyngeal lymph nodes.

MATERIALS AND METHODS: This retrospective study consists of 2 parts. Cohort 1 concerned the signal intensity of routine neck MR
imaging with 2D sequences, apparent diffusion coefficient, and contrast enhancement of the superior cervical ganglion compared with
lymph nodes with or without metastasis in 30 patients. Cohort 2 used 3D neurography to assess the morphology and spatial relationships
of the superior cervical ganglion, inferior ganglion of the vagus nerve, and the retropharyngeal lymph nodes in 50 other patients.

RESULTS: All superior cervical ganglions had homogeneously greater enhancement and lower signal on diffusion-weighted imaging than
lymph nodes. Apparent diffusion coefficient values of the superior cervical ganglion (1.80 � 0.28 � 10�3mm2/s) were significantly higher
than normal and metastatic lymph nodes (0.86 � 0.10 � 10�3mm2/s, P � .001, and 0.73 � 0.10 � 10�3mm2/s, P � .001). Ten and 13 of 60
superior cervical ganglions were hypointense on T2-weighted images and had hyperintense spots on both T1- and T2-weighted images,
respectively. The latter was considered fat tissue. The largest was the superior cervical ganglion, followed in order by the retropharyngeal
lymph node and the inferior ganglion of the vagus nerve (P � .001 to P � .004). The highest at vertebral level was the retropharyngeal lymph
nodes, followed, in order, by the inferior ganglion of the vagus nerve and the superior cervical ganglion (P � .001 to P � .001). The
retropharyngeal lymph node, superior cervical ganglion, and inferior ganglion of the vagus nerve formed a line from anteromedial to
posterolateral.

CONCLUSIONS: The superior cervical ganglion and the inferior ganglion of the vagus nerve can be almost always differentiated from
retropharyngeal lymph nodes on MR imaging by evaluating the signal, size, and position.

ABBREVIATIONS: CCAB � common carotid artery bifurcation; FS � fat-saturated; IGVN � inferior ganglion of the vagus nerve; RPLN � retropharyngeal lymph
node; SCG � superior cervical ganglion

The autonomic nervous system is composed of 2 antagonistic

sets of nerves: the sympathetic and parasympathetic nervous

systems. The sympathetic efferent pathway starts at the postero-

lateral hypothalamic region and descends along the encephalic

trunk to the intermediolateral horn cells of the thoracic spinal

cord. The sympathetic nerves then form chain structures lying

just lateral to the vertebral bodies. The structures of the sympa-

thetic nervous system to date have not been characterized in detail

with conventional neck imaging, to our knowledge.

The cervical sympathetic trunk lies on the prevertebral fascia

medial to the carotid sheath and contains 3 interconnected gan-

glia: the stellate, middle cervical, and superior cervical ganglia.1-7

The stellate ganglion is formed by the lower 2 cervical and first

thoracic segmental ganglia. The middle cervical ganglion is the

smallest one of the 3 ganglia. The superior cervical ganglia are

elongated and cylindric and are the largest of the 3 ganglia (Fig 1).

The size and location of the sympathetic ganglia have many varia-

tions. Although the stellate and middle cervical ganglia are occasion-

ally divided into several parts,1,3,4-6 the superior cervical ganglia are

invariably detected bilaterally.4-6 Imaging anatomy of the superior

and stellate ganglia have only been reported in a few articles,8-11

whereas the middle cervical ganglion has not been described.
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In a clinical setting such as cancer staging of the head and neck,

it is problematic that the superior cervical ganglia (SCGs) can

mimic retropharyngeal lymph nodes (RPLNs). In anatomic re-

ports,1-7 the SCGs are located at the side of the longus capitis or

longus colli muscle around the C2 level. The lateral retropharyn-

geal lymph nodes are also distributed in the same region, extend-

ing from the level of the nasopharynx to the hyoid bone (the skull

base to C3). The inferior ganglion of the vagus nerve (IGVN) is

also along the internal carotid artery at approximately the same

region, though there has been no imaging report of the IGVN, to

our knowledge.

It is critical to focus on the SCG when performing interven-

tional procedures of the neck, including open surgery and percu-

taneous local opioid anesthesia. Damage to this system can cause

Horner syndrome. There is, however, no clear-cut method to dif-

ferentiate SCGs from RPLNs and IGVNs during routine clinical

imaging studies of the neck.

The purposes of this study were to describe the imaging anat-

omy of the SCG and IGVN and to propose methods to differen-

tiate them from the RPLN. To accomplish this task, we performed

studies on 2 separate cohorts. First, we investigated the signal

intensity of these structures on routine 2D neck MR imaging. The

second part of the study was conducted with MR neurogra-

phy12-15 to assess the morphology and spatial relationships of the

SCG, IGVN, and RPLN.

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

board of Chiba University Hospital without additional informed

consent. We searched cases from January 2016, retrospectively,

according to the inclusion criteria listed below until reaching the

required number of cases.

Power Analysis
Power analysis for paired and unpaired t tests among the SCG,

IGVN, and RPLN indicated that 44 and 86 samples would be

needed to detect type I error rates (�) of .05 to achieve a power of

90%, considering effect size as a medium effect of .5. A sample size

of 60 and 100 SCGs and IGVNs of 30 and 50 cases were chosen for

cohorts 1 and 2, respectively.

Structure Identification
Two board-certified neuroradiologists (with 12 and 10 years’ ex-

perience) independently assessed the SCGs, IGVNs, and RPLNs

and later evaluated them with consensus when necessary.

On the basis of previous anatomic reports (Fig 1),1-7 we de-

fined the SCGs as structures located symmetrically along the lat-

eral edges of the longus capitis or longus colli muscle (Fig 2).

An elongated cylindric or fusiform structure was searched crani-

ally from the level of the common carotid artery bifurcation

(CCAB).16 A tapering shape of the superior and/or inferior poles,

which presumably reflected the transitional zone between SCGs

and the sympathetic trunk, was also used as a reference.

During the processes of identifying the SCG, there were ob-

jects with an MR imaging appearance like that of the SCG along

the jugular vein, and we hypothesized that they represent the in-

ferior ganglion of the vagus nerve. They had roughly the same size

as the SCG as reported in previous anatomic studies (Fig 1).1-7

Nodular structures located from the suprahyoid retropharyn-

geal space to the skull base were identified to detect RPLNs. Lat-

eral cervical lymph nodes were also detected.

Cohort 1: Signal Intensities of the SCG and Lymph Nodes
Using Routine Neck MR Imaging

Subjects 1. From February 2015 to January 2016, eighty-four

patients underwent neck MR imaging for the evaluation of both

benign and malignant neoplasms of the head and neck before

treatment. Fifty-four of 84 patients were excluded from this co-

hort because of an insufficient FOV (n � 34), inappropriate im-

aging protocol (n � 9), remarkable artifacts (n � 6), or tumor

invasion or cervical vertebral body metastases with invasion in the

retropharyngeal space (n � 5). Finally, this cohort included 30

patients (mean age, 63.0 � 11.5 years; 9 women, 21 men). Twenty

of 30 MRIs were performed for oral or pharyngeal cancers. Eleven

of the 20 patients had unilateral lymph node metastasis from oral

cancers or pharyngeal cancers on the internal jugular chain.

Lymph node metastasis was determined by either pathologic ex-

aminations or interval changes after treatment.

FIG 1. The coronal (A) and axial (B) views around the superior cervical
ganglion according to anatomic reports show the superior cervical
ganglion (black arrow), the inferior ganglion of the vagus nerve (white
arrow), and the retropharyngeal lymph node (gray arrowheads). IJV
indicates inferior jugular vein; ECA, external carotid artery; LCLN, lat-
eral cervical lymph node (black arrowheads); LCM, longus capitis
muscle; PG, parotid gland; SMG, submandibular gland; ST, sympa-
thetic trunk; VN, vagus nerve. The magenta circle indicates the right
carotid sheath.

FIG 2. We assessed bilateral superior cervical ganglia (black arrows),
the inferior ganglion of the vagus nerve (white arrows), and the ret-
ropharyngeal lymph nodes (gray arrowheads) using 3D-STIR (A, max-
imum-intensity-projection image; B, a section of original coronal im-
ages). The artery and vein clearly demonstrate flow voids. IJV indicates
inferior jugular vein; LCLN, lateral cervical lymph node (black arrow-
head); LCM, longus capitis muscle.
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Imaging Protocol 1. Neck MRIs were performed with a 1.5T scan-

ner (Signa HDxt; GE Healthcare, Milwaukee, Wisconsin) using

the following parameters: axial T1WI (TR/TE � 500/8.2 ms), ax-

ial and coronal T2WI (TR/TE � 3850 – 4075/85– 88 ms), axial

fat-saturated (FS)-T2WI (TR/TE � 3850/85 ms, squares estima-

tion), axial and coronal gadolinium-enhanced FS-T1WI (TR/

TE � 500 –510/8.2–9.2 ms, chemical shift selective suppression,

FOV � 220 � 220 mm, resolution � 0.430 � 0.430 � 5.000 mm,

gap � 1.000 mm), sagittal 3D gadolinium-enhanced FS-T1WI

(TR/TE � 8.1/3.6 ms, echo-spoiled gradient echo, squares esti-

mation, FOV � 240 � 240 mm, resolution � 0.938 � 0.938 �

0.700 mm), and axial DWI (TR/TE � 7000/80.2 ms, b-value � 0

and 1000 s/cm2, FOV � 280 � 280 mm, resolution � 1.094 �

1.094 � 5.000 mm, gap � 1.000 mm). All sequences used in-plane

parallel imaging with an array spatial sensitivity encoding tech-

nique factor of 2.

Evaluation 1. Signal intensities of SCGs were evaluated and com-

pared with those of lymph nodes with consensus. Each SCG was

compared with an ipsilateral lymph node that was �5 mm and the

largest in the scanned area. Apparent diffusion coefficient values

of these structures were also measured. Metastatic and normal

lymph nodes were evaluated separately.

Cohort 2: Morphology and Spatial Relationships of the
SCG, IGVN, and RPLN on Neurography

Subjects 2. During the study period from September 2011 to

January 2016, three hundred nineteen patients underwent MR

neurography using 3D-STIR imaging to examine neuropathy or

trauma of the brachial plexus before treatment. Two hundred

sixty-nine of 319 cases were excluded from this cohort because of

clinical symptoms related to the sympathetic and parasympa-

thetic nervous systems (n � 10) or pathology that may lead to

peripheral nerve hypertrophy or atrophy, such as chronic inflam-

matory demyelinating polyneuropathy and amyotrophic lateral

sclerosis (n � 259). Finally, this cohort included 50 of 319 (mean

age, 46.8 � 19.9 years; 23 women; 27 men). These 50 patients had

no disease that might account for abnormal retropharyngeal

lymph nodes.

Imaging Protocol 2. 3D-STIR was acquired with a 1.5T scanner

(Achieva; Philips Healthcare, Best, the Netherlands). The param-

eters of the 3D-STIR were the following: TR/TE/TI � 1600/200/

180 ms, with coronal acquisitions along the cervical spine (FOV �

380 � 380 mm, resolution � 0.742 � 0.742 � 1.200 mm).

Evaluation 2. Two neuroradiologists tried detecting the SCG,

IGVN, and RPLN independently. The length and width of each

SCG, IGVN, and RPLN were measured by a single neuroradiolo-

gist. The ROI was drawn, and the volume of these structures was

computed using Analysis of Functional Neuro Images (AFNI;

http://afni.nimh.nih.gov/afni). The distance between the CCAB

and the inferior pole of the SCG was also measured. The CCAB

could be detected because arteries showed flow voids on 3D-STIR.

The levels of the superior and posterior poles of the SCG, RPLN,

and CCAB were defined by reference to the spinal column.

A probability map was created to reveal variations of SCGs.

The location of SCGs was accessed relative to the location

of 2 anatomic landmarks: the C2 transverse process and the

CCAB.

Statistical Analysis
Power analysis was performed with G*Power 3.1.9.2 software (http://

www.softpedia.com/get/Science-CAD/G-Power.shtml).17 The other

statistical analyses were performed with the SPSS 22.0 software

package (IBM, Armonk New York). ADC values of the SCGs

and lymph nodes were compared using a 2-tailed unpaired t

test. Regarding the morphology and location, comparisons be-

tween the right and left and among SCGs, RPLNs, and IGVNs

were also performed with paired and unpaired t tests for con-

tinuous variables and the Wilcoxon signed rank and Mann-

Whitney U tests for categoric data.

RESULTS
Detectability and Interreader Agreement
In cohort 1, two radiologists identified bilateral SCGs and lymph

nodes in all 30 cases. The lateral cervical lymph node was chosen

for evaluation when RPLNs of �5 mm were not identified. Inter-

observer agreement was achieved in 57 of 60 SCGs (95.0%). Sixty

bilateral SCGs were detected in all 30 cases with consensus. Forty-

nine normal and 11 metastatic lymph nodes were also identified.

In cohort 2, two radiologists identified 100 bilateral SCGs and

100 IGVNs in all 50 cases and 104 RPLNs in 40 of 50 cases (0 –5

RPLNs were detected in each case). At the independent reading,

both readers concurred in 99 of 100 SCGs (99.0%), 96 of 100

IGVNs (96.0%), and 100 of 104 RPLNs (96.2%).

Signal Intensity and Contrast Enhancement
All SCGs had homogeneous, avid enhancement compared with

normal and metastatic lymph nodes (Fig 3A). In contrast, it was

difficult to differentiate SCGs from both normal and metastatic

lymph nodes on the basis of the signal intensity of T1WI, T2WI,

and FS-T2WI (Fig 3B, -C).

Some of the SCGs had 2 different types of spot or slit-shaped

areas within them, which were not obvious in any of the lymph

nodes. One was a hypointense area on T2WI and FS-T2WI and

less evident on T1WI and gadolinium-enhanced FS-T1WI (Fig

4A, -B). The other was a hyperintense area on T1WI and T2WI

that disappeared on FS-T2WI and gadolinium-enhanced FS-

T1WI, indicative of fat tissue (Fig 4C, -D). The hypointense and

hyperintense areas were seen in 10 (16.7%) and 13 (21.7%) of 60

SCGs, respectively. In 1 SCG, both of these structures were found.

The IGVNs could not be detected on routine neck MR imaging

with confidence.

ADC Values
The signal intensities of all SCGs on DWI were lower than those of

both normal and metastatic lymph nodes (less restricted diffu-

sion, Fig 3D). ADC values of the SCGs and normal and metastatic

lymph nodes were 1.80 � 0.28, 0.86 � 0.10, and 0.73 � 0.10 �

10�3mm2/s, respectively. ADC values of each SCG were signifi-

cantly higher than observed in normal and metastatic lymph

nodes (P � .001 and � .001). Metastatic lymph nodes showed

higher signal intensity on DWI and lower ADC values (P � .001,

more restricted) than those of normal lymph nodes.
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Morphology
There were no significant differences between the right and left

sides or of all morphologic parameters and vertebral levels of

SCGs and RPLNs (On-line Tables 1 and 2). Most SCGs were sig-

nificantly larger than RPLNs (P � .001/P � .001 on the right and

left), though 26 RPLNs (25%) had higher volume than SCGs (Fig

5A). IGVNs also showed symmetric morphology between the

right and left sides (On-line Table 3). The volume of the IGVNs

was smaller than that of the SCGs and RPLNs (P � .001/P �. 001,

and P � .004/P � .018, respectively).

Spatial Relationships
Ninety-three of 100 SCGs were located at the anteromedial or

medial side of the internal carotid artery. Only 6 of 100 SCGs were

located at the posterolateral side of the ICA, in which there was

tortuosity of the vessels toward the medial side. The SCGs tended

to be located caudal to the RPLNs (P � .001/P � .001), though 31

RPLNs (29.8%) partially overlapped the SCGs on the anteropos-

terior projection. All RPLNs were located anteromedial to the

SCGs (Fig 5B).

The IGVNs tended to be located cranial to the SCGs (P �

.001). The center of the IGVNs tended to be located caudal to the

RPLNs (P � .001/P � 0.046), though the superior pole of the

IGVNs had no difference of vertebral level (P � .062/P � .986).

Compared with the SCG, the IGVNs were located cranial to the

FIG 4. A 58-year-old woman with an intraganglionic hypointense
spot (arrow) on the right on T2-weighted image (A). This spot is less
evident (arrow) on the gadolinium-enhanced fat-saturated T1-
weighted image (B). T1-weighted images in a 65-year-old man show
slit-shaped hyperintense areas in the bilateral superior cervical ganglia
(C, circles). Signals of these regions are suppressed on the gadolinium-
enhanced fat-saturated T1-weighted image (D).

FIG 5. A, A 14-year-old adolescent with a prominent but normal
RPLN. Coronal maximum-intensity-projection image shows the su-
perior cervical ganglia (arrows) and the retropharyngeal lymph
nodes (arrowheads). Each SCG was inferior to the RPLN. B, Recon-
structed axial MIP image of 15-mm thickness shows that each SCG
(arrows) is posterolateral to the RPLN (arrowheads). C, Coronal
MIP image shows the SCG (arrows), inferior ganglia of vagus nerve
(open arrows), and RPLN (arrowheads) in a 38-year-old man. The
SCG is inferior to the IGVN. D, Reconstructed axial MIP image
shows that the RPLN (arrowhead), SCG (arrow), internal carotid
artery, IGVN (open arrow), and the internal jugular vein (IJV) form
a line from anteromedial to posterolateral. B and D, Blurring on the
images is because the MIP was used to superimpose the SCG,
IGVN, and RPLN. IJV indicates inferior jugular vein.

FIG 3. A 62-year-old man with oropharyngeal cancer with left lymph
node metastasis. Bilateral superior cervical ganglia (circles), metastatic
lymph node (arrowhead), and cancer (open arrowhead) are noted.
Contrast-enhanced fat-saturated T1-wighted image (A) shows stron-
ger enhancement of the SCG than the metastatic lymph node. The
T1-weighted image (B) shows almost the same signals. Fat-saturated
T2-weighted image (C) shows heterogeneous signal of the metastatic
lymph node, whereas the SCG is homogeneous. Diffusion-weighted
image shows that the signals of the SCGs are lower than those of the
metastatic lymph node. ADC values of the right SCG, left SCG, and
metastatic lymph nodes were 1.32, 1.54, and 0.90 � 10�3mm2/s,
respectively.
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RPLNs (P � .001/P � .001). All IGVNs were located lateral or

posterolateral to the SCGs and RPLNs.

Probability Map of SCGs
The probability map of SCGs showed them to be most commonly

located in front of the C2 transverse process (Fig 6A) and superior

to and posterolateral to the CCABs (Fig 6B). The maximum exis-

tence probabilities were 42% of the map (On-line Table 4). For

example, 10% existence probability in this figure indicated that 10

of 100 SCGs existed in the area.

DISCUSSION
This is the first MR imaging analysis focused on identifying SCGs

and IGVNs, to our knowledge. The SCG drew little attention in

the past, and several previous reports mistakenly described it as

retropharyngeal lymph node metastasis or tumor.18,19 The results

of the current study indicate that MR imaging can be useful in

identifying these structures and would potentially facilitate safer

and more accurate planning of surgical and interventional proce-

dures such as SCG blocks for facial pain.

RPLNs are usually less evident in elderly populations than in

children.20 Because we assessed the MR imaging of elderly pa-

tients in cohort 1, most of whom presented with oral or pharyn-

geal cancers, the detection of SCGs was comparatively straightfor-

ward because of less evident RPLNs. The enhancement and DWI

characteristics were most useful for differentiation in the analysis.

The SCG has a large number of capillary vessels around the gan-

glion cells8,21 and lacks a blood-nerve barrier.22 These features

might cause avid enhancement of the SCGs. Although metastatic

lymph nodes can be strongly enhanced due to angiogenesis by

cancer cells,23 signals were often heterogeneous. Homogeneous

enhancement was considered one of the characteristics of SCGs.

The signal difference on DWI was likely due to differences in the

ADC values because the signal intensity was visually about the

same with conventional T2WI. ADC values can reflect histologic

characteristics such as cell density. The SCG is constructed of

ganglion cells, nerve fibers, vascular structures, and collagen fi-

bers.8,21 By contrast, lymph nodes show low ADC values due to

lymphocyte accumulation.

Intraganglionic hypointense spots on T2WI might be consis-

tent with the 2 previous reports that concluded that they represent

venules.8,9 Although this finding can be a characteristic feature of

SCGs, metastatic lymph nodes were often heterogeneous in signal

and might mimic this finding. In contrast, slits or spot-shaped fat

tissue had not been previously described and were thought to be

much more specific. The figure of T2WI presented by Loke et al8

appeared to have FS-T2WI, presumably due to signal intensity

changes caused by the low body temperature of the corpus. Our

assumption is that the fat tissue in the SCGs may represent spaces

among the neural branches. SCGs have many branches: superior,

lateral, medial, and anterior. The superior branches enter the cra-

nial cavities along with the ICA. The gray rami of the lateral

branches communicate with the upper 4 cervical spinal nerves, as

well as with some of the cranial nerves such as the vagus and

hypoglossal nerves. The medial branches are laryngopharyngeal

FIG 6. Probability maps of the superior cervical ganglion against the C2 transverse process (A, asterisk) and common carotid artery bifurcation
(B, asterisk). The SCG was located at the anterior side against the C2 transverse process and superior and posterolateral to the CCAB. The
location of bilateral SCGs is similar. R indicates right; L, left; Cor, coronal; Sag, sagittal; Axi, axial.
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and cardiac. The anterior branches are rami and those on the

common and external carotid arteries. These branches may en-

trap fat tissue near the SCGs and mimic intraganglionic fat. Cau-

tion should be taken not to mistake fat tissue for lymph node

hilum.

Cadaver studies have reported that the length and width of the

SCGs are about 10 –30 and 5– 8 mm and are located posterior to

the ICA.1-7 The height of the SCGs varies in these reports from the

level of C2–C3, just C2, just C4, and so forth.1-7 Although our

results were mostly consistent with these cadaveric studies, there

were some discrepancies. Our results showed that SCGs were lo-

cated not posterior to but anteromedial or medial to the ICA in

almost all cases. In addition, SCGs were widely distributed from

C1 to C5 in our study. Cadaveric studies potentially present a risk

of artifactual changes in location due to postmortem procedures

and postmortem changes. Only MR imaging can reveal precise

shapes and locations of the SCGs in vivo.

MR imaging allowed detection of bilateral SCGs in all cases.

SCGs have elongated, cylindric, and fusiform shapes, and the lon-

gus capitis muscle and ICA were landmarks to detect them. The

RPLNs were also located along the longus capitis muscle and had

an elongated appearance along the body axis; therefore, the size

and positional relationships were the most important factors in

assessing them correctly. While many SCGs were, in general, lon-

ger than the RPLNs in the craniocaudal direction, some of the

RPLNs were larger than the SCGs. In such cases, focusing on the

relative positions will be of pivotal importance. SCGs are usually

located caudal to the RPLNs. IGVNs also have a fusiform shape;

however, once again, the location was the most important key to

differentiating IGVNs and SCGs. The RPLNs were located at the

anteromedial side of the SCGs, and IGVNs were located lateral or

posterolateral to the SCGs. As a result, the RPLN, SCG, the ICA,

and IGVN formed a line on an axial plane from anteromedial to

posterolateral (Fig 5D). In addition, IGVNs might not cause con-

fusion using routine neck MR imaging. Although we attempted to

detect IGVNs, retrospectively, in cases of routine neck MR imag-

ing, IGVNs were difficult to detect with confidence, presumably

because the volume of the IGVNs was small and the signals due to

vascular structures compromised their detection.

Probability mapping showed that the positional relationship had

a large degree of variation. If the sites with maximum probability

were visually checked, the SCGs could not be detected in more than

half of the cases. The SCGs are one of the targets for ganglionic local

opioid injection for migraine, trigeminal neuralgia, postherpetic

neuralgia, facial pain, complex regional pain syndrome, pain-associ-

ated depression, and vasospasms following subarachnoid hemor-

rhage.24-26 Blinded or fluoroscopically guided approaches have been

described.24,27,28 These blinded techniques were expected to have a

high risk of inaccurate localization of the targets. A potential risk of

vertebral artery puncture and epi-/subdural injection has also been

demonstrated.26 Sonography-guided identification of the SCGs

could be a potentially reliable technique, though this has only been

validated in cadavers.25 For the sonography study, the CCAB and

transverse processes of the spinal bones were used as landmarks. The

probability maps created do not favor one landmark over the other

because the probability densities of SCGs showed no evident differ-

ence between the 2 maps. We believe that MR imaging–guided in-

tervention might be one of the options for failed pain control under a

blinded injection. Although an SCG block under MR imaging still

requires controlled studies with blinded injection,26,29 MR imaging

may have a potential role in identifying the precise location of SCGs.

Limitations of this study include a lack of direct clinicopatho-

logic correlation of the identified ganglia by either an operation or

postmortem examination. Because one of our purposes was to

characterize normal SCGs, invasive procedures for confirmation

were not acceptable; however, our results were consistent with

those of anatomic reports.1-7 Also, as many participants as possi-

ble were examined to reveal the variations of morphology and

location, minimizing the effects of misdetection for the ganglia

and lymph nodes. Second, 2 different MR imaging instruments

were used for this study because we assigned the specific protocols

on separate instruments. The SCG signal was evaluated by thick

sections of routine neck MR imaging. Evaluations using thin sec-

tion thickness, such as neurography, might have been better to

avoid partial volume effects and reveal detailed intraganglionic

structures. Third, the lymph nodes that we classified into normal

lymph nodes might have contained metastases, though there were

significant differences in ADC values between normal and meta-

static lymph node groups. Finally, we selected only adult cases.

Our data might not be relevant to the pediatric population. In

fact, the relative size of the SCGs and RPLNs may be different

between adults and children because reactive retropharyngeal

lymph nodes are more commonly seen in pediatric populations.

CONCLUSIONS
We have shown that MR imaging enables detection of SCGs. Al-

though SCGs, IGVNs, and RPLNs showed similar shapes on cur-

sory inspection, they can be differentiated individually by evalu-

ating the signal intensity, size, and positional relationship. SCGs

and RPLNs were on the lateral edges of the longus capitis muscle

and the anteromedial side of the ICA, but RPLNs were smaller in

volume, with a higher and more anteromedial position and lower

contrast enhancement and ADC values than SCGs. IGVNs were

smaller than SCGs and RPLNs and were located between the ICA

and internal jugular vein. In other words, the RPLN, SCG, ICA,

IGVN, and the internal jugular vein existed along a line from

anteromedial to posterolateral on an axial section. Precise detec-

tion of them will lead to correct cancer staging and promote safe

procedures such as lymph node biopsy and SCG block.
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ORIGINAL RESEARCH
PERIPHERAL NERVOUS SYSTEM

Gadolinium DTPA Enhancement Characteristics of the Rat
Sciatic Nerve after Crush Injury at 4.7T

X B.J. Hill, X K.R. Padgett, X V. Kalra, X A. Marcillo, B. Bowen, X P. Pattany, X D. Dietrich, and X R. Quencer

ABSTRACT

BACKGROUND AND PURPOSE: Traumatic peripheral nerve injury is common and results in loss of function and/or neuropathic pain. MR
neurography is a well-established technique for evaluating peripheral nerve anatomy and pathology. However, the Gd-DTPA enhancement
characteristics of acutely injured peripheral nerves have not been fully examined. This study was performed to determine whether acutely
crushed rat sciatic nerves demonstrate Gd-DTPA enhancement and, if so, to evaluate whether enhancement is affected by crush severity.

MATERIALS AND METHODS: In 26 rats, the sciatic nerve was crushed with either surgical forceps (6- to 20-N compressive force) or a
microvascular/microaneurysm clip (0.1– 0.6 N). Animals were longitudinally imaged at 4.7T for up to 30 days after injury. T1WI, T2WI, and
T1WI with Gd-DTPA were performed.

RESULTS: Forceps crush injury caused robust enhancement between days 3 and 21, while clip crush injury resulted in minimal-to-no
enhancement. Enhancement after forceps injury peaked at 7 days and was seen a few millimeters proximal to, in the region of, and several
centimeters distal to the site of crush injury. Enhancement after forceps injury was statistically significant compared with clip injury
between days 3 and 7 (P � .04).

CONCLUSIONS: Gd-DTPA enhancement of peripheral nerves may only occur above a certain crush-severity threshold. This phenome-
non may explain the intermittent observation of Gd-DTPA enhancement of peripheral nerves after traumatic injury. The observation of
enhancement may be useful in judging the severity of injury after nerve trauma.

ABBREVIATIONS: BNB � blood-nerve barrier; DCE � dynamic contrast-enhanced

Approximately 3% of trauma patients sustain an injury to the

radial, median, ulnar, sciatic, femoral, tibial, or peroneal

nerve.1 The health care costs associated with traumatic peripheral

nerve injury are approximately $150 billion per year in the United

States alone.2 Patients with traumatic nerve injury can have loss

of motor function (up to complete paralysis), loss of sensation,

and/or neuropathic pain.3 Direct end-to-end epineurial repair

remains the criterion standard treatment for high-grade nerve

trauma and is often combined with autologous nerve grafting.4

However, a recent meta-analysis of median and ulnar nerve repair

showed that only 52% of patients achieved satisfactory motor recov-

ery, while 43% achieved satisfactory sensory recovery.5

Peripheral nerve injury has been classified by Sunderland6 on

the basis of damage to Schwann cells/myelin, axons, endoneu-

rium, perineurium, and epineurium (grades 1–5, respectively).

Nerve conduction studies and electromyography are the standard

diagnostic tests for grading traumatic mononeuropathy.7 How-

ever, electrodiagnostics have limited ability to distinguish Sun-

derland grade 2, 3, and 4 injuries in the acute and subacute set-

tings.8 Because skeletal muscles begin to atrophy immediately

after denervation and are permanently wasted by 18 –24 months,

and because axons regenerate at only millimeters per day, there is

a clinical need to accurately grade nerve injuries in the acute set-

ting so that surgical intervention can be expedited (when appro-

priate) to prevent permanent loss of function.9 In addition, there

is a clinical and scientific need for noninvasive diagnostic testing

to monitor the effects of various novel medical and surgical inter-

ventions on nerve repair.10,11 Diffusion tensor imaging has shown

great promise in this realm in recent years12 but remains a pri-
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marily experimental technique and is technically challenging. Al-

though Gd-DTPA is widely available with a well-defined safety

profile, the Gd-DTPA enhancement characteristics of acutely in-

jured peripheral nerves have not yet been fully examined. We

performed this study to determine whether acutely crushed rat

sciatic nerves demonstrate Gd-DTPA enhancement and, if so, to

evaluate whether enhancement is affected by crush severity. On

the basis of prior literature, we hypothesized that crushed nerves

would not show Gd-DTPA enhancement.

MATERIALS AND METHODS
This study was approved by the University Animal Care and

Use Committee (Protocol No. 06 –172). Twenty-six male

Sprague-Dawley rats were used for the study. In each rat, the

left sciatic nerve was surgically exposed and crushed at the level

of the midfemur by using either surgical forceps (n � 14) or a

microvascular/microaneurysm clip (n � 12). Forceps used for the

study included the #5 jeweler and toothed Adson, which were sup-

plied by Fine Science Tools, Foster City, California. All forceps inju-

ries were delivered for 60 seconds at maximum intensity, with the

handles of the forceps completely opposed. Adson forceps injuries

were delivered immediately adjacent to the forceps teeth, using the

flat surface of the instrument. Forceps crush intensity was estimated

in grams by using a 3-mm force-sensitive resistor (FlexiForce A101;

Tekscan, South Boston, Massachusetts), a multimeter, and a set of

scale calibration weights. The microvascular/microaneurysm clips

(Harvard Apparatus, Holliston, Massachusetts) used for the study

included 10- to 15-g microvascular (n � 6), 20- to 30-g microvascu-

lar (n � 3), and 60-g microaneurysm (n � 3) clips. Clip crush dura-

tions included 6 seconds (n � 3), 60 seconds (n � 6), and 600 sec-

onds (n � 3). Sham surgery was performed on the right sciatic nerve

in 4 animals; nonoperative right sciatic nerves in the remaining ani-

mals served as internal controls.

MR imaging was performed on a 4.7T dedicated animal mag-

net (47/40USR; Bruker Biospin, Ettlingen, Germany) using a 400-

mT/m gradient coil with an inner diameter of 12 cm and a

quadrature birdcage radiofrequency coil with an inner diameter

of 7.2 cm. Animals were imaged between postoperative days 0 and

30; 50 MR imaging sessions were performed (Tables 1 and 2).

Sequences included axial T1-weighted gradient-echo with fat sat-

uration (TR, 235 ms; TE, 2.6 ms), axial T2-weighted rapid acqui-

sition relaxation excitement with fat saturation (TR, 2500 ms; TE,

23 ms), and axial T1-weighted gradient-echo with fat saturation

immediately after 0.1 mmol/kg of intravenous Gd-DTPA (Magn-

evist; Bayer HealthCare Pharmaceuticals, Wayne, New Jersey).

Limited dynamic contrast-enhanced (DCE) T1-weighted gradi-

ent-echo imaging with fat saturation was performed on select an-

imals, using the Bruker Small Animal MRI and Spectroscopy se-

quence (TR, 35 ms; TE, 3.5 ms). Sixteen MR imaging sessions

included limited DCE imaging. All acquisitions had a section

thickness of 0.8 mm without a gap, an FOV of 5 � 5 cm, and a

matrix size of either 168 � 168 or 256 � 256. Gd-DTPA was

administered through a surgically placed external jugular central

venous catheter. Animals were sedated with isoflurane during im-

aging and positioned in the prone (normal upright) position, with

hips and knees flexed at roughly 90°. Images were acquired in the

axial plane, a few millimeters posterior to and roughly parallel to

the femurs.

Image postprocessing included manual ROI selection and cal-

culation of the signal-to-noise ratio in each ROI. ROIs included

the injured sciatic nerve in the region of the crush injury, sham/

nonoperative nerves in the corresponding contralateral location,

normal muscle, and background air (Fig 1). The SNR was calcu-

lated as the quotient of the mean ROI signal divided by the SD of

the noise of background air. Enhancement was calculated as the

percentage increase in the SNR after the administration of con-

trast. Statistical analysis included comparison of enhancement af-

ter forceps injury with enhancement of clip injured nerves, sham

nerves, nonoperative nerves, and normal muscle using a 2-tailed,

2-sample Student t test. As an internal control, enhancement of

sham nerves was compared with enhancement of nonoperative

nerves using the same statistical methodology. Significance was

set at P � .05.

RESULTS
Forceps Crush Intensity
Measurements of the compressive force delivered by the #5 Jew-

eler forceps ranged between 650 and 750 g (6.4 –7.4 N). Measure-

ments of the compressive force delivered by the Toothed Adson

forceps ranged between 750 g and 2.0 kg (7.4 –20 N).

T2-Weighted MR Imaging
On T2WI, 14 of 14 (100%) forceps-injured nerves demonstrated

increased caliber and signal proximal to, in the region of, and

distal to the site of injury (Fig 2). Increased T2 signal extended

Table 1: Number of MRI sessions at each time point after forceps
(#5 jeweler or toothed Adson) crush injury

Forceps: Postop
Day No.

No. MRI Sessions
(with Limited DCE)

0 1 (0)
1 4 (0)
2 2 (0)
3 3 (2)
4 1 (0)
5 1 (0)
7 6 (5)
12 2 (0)
13 2 (1)
14 5 (4)
19 1 (1)
21 1 (1)
22 1 (1)
30 1 (1)
Total 31 (16)

Note:—Postop indicates postoperative.

Table 2: Number of MRI sessions at each time point after clip
(10 – 60 g microvascular/microaneurysm) crush injury

Clip: Postop Day No. No. MRI Sessions
1 3
2 4
3 2
4 3
5 4
6 1
7 2
Total 19
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proximally as far as the sciatic notch and distally well into the

tibial and peroneal nerve branches. In contrast, only 8 of 12 (67%)

clip injured nerves demonstrated qualitative signal hyperintensity

on T2WI.

Gadolinium-DTPA-Enhanced T1-Weighted MR Imaging
Qualitatively, 14 of 14 (100%) forceps-injured nerves demon-

strated avid Gd-DTPA enhancement on T1WI. Enhancement was

seen a few millimeters proximal to, in the region of, and several

centimeters distal to the site of crush injury (Fig 3). Like T2 signal

hyperintensity, Gd-DTPA enhancement extended distally into

the tibial and peroneal nerve branches. However, Gd-DTPA en-

hancement did not extend as far proximally (toward the sciatic

notch) as T2 signal hyperintensity. Robust Gd-DTPA enhance-

ment was observed in forceps-injured nerves as early as 3 days

after injury. Enhancement peaked at 7 days and subsequently di-

minished, but it was still evident on day 21 (Fig 4).

Quantitatively, enhancement of forceps-injured nerves was

statistically significant (P � .05) compared with normal muscle at

days 3, 7, and 14 (Fig 5). Enhancement of forceps-injured nerves

was statistically significant compared with sham nerves (P � .02)

as well as nonoperative nerves (P � .01) on day 7 only.

In contrast, only 1 of 12 (8%) clip-injured nerves demon-

strated Gd-DTPA enhancement on T1WI. This nerve had been

crushed with a 60-g microaneurysm clip for 60 seconds and

showed Gd-DTPA enhancement only at the crush site on post-

operative days 5 and 7. No qualitative enhancement was seen in

the sciatic nerve distal to the crush site or the tibial or peroneal

nerve branches. Quantitative enhancement of clip-injured

nerves was significantly different from that of forceps-injured nerves

when comparing all MR imaging sessions between days 3 and 7

(P � .04).

Forceps-injured nerves enhanced both internally and periph-

erally. Nonoperative nerves did not demonstrate internal Gd-

DTPA enhancement. They did, however, demonstrate a thin rim

of peripheral enhancement, presumably representing mesoneurium

and/or external epineurium, both of which lack a blood-nerve bar-

rier (BNB) (Fig 3C). Some sham nerves demonstrated faint qualita-

tive enhancement only at the surgical site on days 7 (n � 3) and 14

(n � 1), though this was not statistically significant compared with

nonoperative nerves at the same time points (P � .15).

Limited DCE MR neurography was performed on a select

group of animals to better understand the kinetics of enhance-

ment after contrast injection. On DCE T1WI, forceps-injured

nerve SNR reached a plateau approximately 5–10 minutes after

the administration of Gd-DTPA (Fig 6) and demonstrated a half-

life of approximately 1 hour (Fig 7). Precise mathematic modeling

of DCE data was not possible due to the limited temporal resolu-

tion and the lack of a reliable arterial input function in the FOV.

However, the presence of a delayed, higher peak SNR in forceps-

injured nerves compared with nonopera-

tive nerves suggested an enlarged extravas-

cular extracellular space after severe crush

injury.13

DISCUSSION
Our results demonstrate that Gd-DTPA

peripheral nerve enhancement after se-

vere (forceps) crush injury is a robust

phenomenon in the rat sciatic nerve at

4.7T. The relative absence of enhance-

ment after mild (clip) crush injury sug-

gests the presence of a crush-severity

threshold, below which enhancement

is not observed. Therefore, the obser-

vation of enhancement after nerve

trauma could potentially be useful in

judging the severity of injury. In addi-

tion, when one performs MR neurog-

FIG 1. Axial T1WI with fat saturation after Gd-DTPA. Areas outlined in
color represent manually defined ROIs corresponding to injured
nerve (red), contralateral nerve (yellow), muscle (green), and back-
ground/air (blue). Precontrast and nonenhancing nerves were local-
ized by correlating T1WI and T2WI findings.

FIG 2. Axial T2WI with fat saturation (#5 Jeweler forceps injury, day 13). A, Injured sciatic nerve
(arrows) shows increased caliber and signal compared with the nonoperative contralateral nerve.
A small focus of susceptibility artifact (open arrow) is seen at the site of injury, presumably
representing blood products. B, The adjacent section shows T2 hyperintensity in a distal branch
(arrow) of the injured sciatic nerve.
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raphy for peripheral neuropathy of uncertain origin, the ob-

servation of enhancement may not exclude trauma from the

differential diagnosis.

In our study, Gd-DTPA enhancement was more specific for

higher grade injury compared with T2 hyperintensity. Also, Gd-

DTPA enhancement more clearly localized the site of injury be-

cause T2 hyperintensity extended proximally to the sciatic notch,

while Gd-DTPA enhancement extended only a few millimeters

proximal to the site of the nerve crush. Gd-DTPA enhancement

may provide additional information when added to routine MR

neurography protocols in the posttraumatic setting.

Physiologically, peripheral nerve enhancement is a function of

increased blood-nerve barrier permeability.14 The BNB com-

prises tight junctions between endoneurial endothelial cells and

perineurial myofibroblasts.15 Increased BNB permeability can oc-

cur with demyelination (neurapraxia), Wallerian degeneration

(axonotmesis), high-grade nerve trauma (neurotmesis), and nu-

merous other causes of nerve injury.16,17 In a rat sciatic model,

Omura et al18 observed increased BNB permeability 3 days after

crush injury, with maximal BNB permeability after 7 days. In-

creased BNB permeability was observed 5 mm proximal to the site

of injury, at the site of injury, and in the entire nerve distal to the

site of injury. In a mouse sciatic model, Seitz et al19 observed

maximal BNB permeability distal to the site of injury 8 days after

crush injury. These histologic results closely mirror our present

imaging findings.

FIG 3. Axial T1WI with fat saturation, pre- (A) and post- (B–D) Gd-DTPA (same animal as in Fig 2). A, On precontrast images, both injured and
nonoperative nerves are isointense to muscle. B, Intense Gd-DTPA enhancement (open arrows) is demonstrated a few millimeters proximal to,
in the region of, and distal to the site of crush injury (arrow) (On-line Video 1). C, The nonoperative contralateral nerve (arrows) is well seen in
this section and demonstrates a thin rim of peripheral enhancement but no internal enhancement (On-line Video 2). D, Enhancement is seen in
a distal branch (arrow) of the injured sciatic nerve (On-line Video 3).
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Nerve crush is considered a model

of axonotmesis (Sunderland grade 2

injury) with Wallerian degeneration

followed by axonal regeneration.20

Histologic studies have demonstrated

a correlation between BNB permeabil-

ity and axonal degeneration/regenera-

tion.16,18,19 By comparing histologic

analysis of tight junction proteins with

neurofilaments, Omura et al18 demon-

strated that both restoration of the

BNB and axonal regeneration occur

from proximal to distal and are closely

related in time and space. Bouldin et

al16 have shown that increased BNB

permeability persists beyond 14 weeks

after complete transection as well as

ricin injury; both models have no ax-

onal regeneration. Further studies may

be appropriate to determine whether res-

olution of enhancement after peripheral

nerve trauma could be an indicator of ax-

onal regeneration and whether the persis-

tence of enhancement could indicate the

absence of axonal regeneration.

Prior studies of Gd-DTPA-enhanced

MR neurography after traumatic nerve

injury have demonstrated mixed results.

Gadolinium-DTPA enhancement has

been reported in the facial nerve after

crush injury21 as well as in the median

nerve after crush injury in an ex vivo

model.14 However, Aagaard et al22 per-

formed Gd-DTPA-enhanced MR neu-

rography on 6 rats after sciatic nerve

crush, and they were not able to reliably

distinguish normal from crushed nerves.

Furthermore, Bendszus et al23 reported no

Gd-DTPA enhancement of the rat sciatic

nerve after ligation injury. Subsequent

studies have also failed to demonstrate re-

liable Gd-DTPA enhancement in experimental autoimmune neuri-

tis, focal demyelination induced by lysolecithin, and experimental

Charcot–Marie-Tooth disease.24-26 Our present observations of

enhancement very closely parallel prior imaging findings after crush

injury, using the nerve-specific contrast agent gadofluorine-M.27

Possible explanations for prior mixed results with Gd-DTPA include

varying injury mechanisms, crush forces, crush durations, magnetic

field strengths (4.7T versus 1.5T), and MR imaging protocols. The

interplay between crush force and crush duration is an obvious target

for future investigation of the crush-severity enhancement threshold.

In recent years, diffusion tensor imaging has emerged as a

potential new technique for evaluating injured nerves for evi-

dence of axonal regeneration.28-32 The loss and restoration of

fractional anisotropy has been correlated with histologic and

functional degeneration and recovery. Corresponding observa-

tions have been made regarding radial and axial diffusivity. How-

FIG 4. Axial T1WI pre- (left) and post- (right) Gd-DTPA with fat saturation acquired at days 7 (A
and B), 13 (C and D), and 21 (E and F) after severe (forceps) crush injury. Robust enhancement of
injured nerves is seen at all 3 time points (arrows).

FIG 5. Peak enhancement after severe (forceps) crush injury com-
pared with normal muscle between days 3 and 21. Enhancement is
expressed as the percentage increase of the signal-to-noise ratio af-
ter Gd-DTPA administration. Error bars represent 1 SD.
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ever, incorporating DTI into clinical MR neurography protocols

may be challenging due to the technical limitations of the tech-

nique and the relatively small size of peripheral nerves compared

with CNS tissues that are typically investigated with DTI. Further

studies may be appropriate to determine whether Gd-DTPA-en-

hanced MR neurography could supplement DTI, especially when

also incorporating DCE.33 Quantitative assessment of the resolu-

tion of enhancement could be particularly useful when monitor-

ing mixed lesions (different grades of injury in different fascicles/

segments of the same nerve) and subtle responses to medical

intervention.

Limitations
This study has multiple limitations, most notably the lack of his-

tologic and functional correlation. Although prior histologic

studies have been rigorous, the correlation between BNB perme-

ability and MR imaging enhancement is not necessarily linear.

Further studies correlating enhancement with BNB permeability

and axonal degeneration/regeneration should be performed to

confirm the viability of this technique and to correlate the crush-

severity threshold with the Sunderland classification of injury. Fur-

ther studies should also evaluate the correlation between Gd-DTPA

enhancement and functional deficits/recovery. Without functional

correlation, it is impossible to ascertain whether nerve enhancement

correlates with less favorable prognosis or whether the resolution of

enhancement may herald eventual functional recovery.

This study has limited statistical power due to several experi-

mental groups, some with small sample sizes. In addition, not

every animal was imaged at every time point, and the number of

MR imaging sessions per animal was limited. Although a larger

experiment would have provided greater statistical power, the

lack of clarity in the literature concerning the existence of Gd-

DTPA enhancement and its temporal characteristics dictated the

need for several experimental groups. We believe that our obser-

vation of statistically significant P values, despite these limita-

tions, highlights the robust nature of Gd-DTPA enhancement af-

ter severe crush injury.

The mechanisms of injury used in this study, though repro-

ducible and established in the literature, are only an approxima-

tion of human injuries encountered in clinical practice. However,

the use of multiple injury severities more closely mimics a real-life

clinical scenario, where injuries are highly variable from patient to

patient. Because the exact severity and location of a human pe-

ripheral nerve crush injury are rarely known, it could be impossi-

ble to discover a crush severity threshold in humans and to cor-

relate the spatial distribution of imaging findings with the precise

location of injury. Future clinical studies will be necessary to deter-

mine the usefulness of this imaging technique in clinical practice.

This study was performed at 4.7T by using gradient-echo T1-

weighted MR images, whereas clinical MR neurography typically

is performed at 1.5T or 3T using spin-echo or fast spin-echo T1WI

sequences. Theoretically, this difference could limit translation of

our current findings into the clinical realm. However, we expect

that T1 shortening on Gd-DTPA-enhanced studies should be

readily identifiable on both gradient-echo and spin-echo pulse

sequences at various field strengths. Most DCE studies quantify

contrast concentration using gradient-echo or steady-state sam-

pling techniques, and Gd-DTPA has a relatively constant r1 relax-

ivity between 1.5T and 4.7T.34

Although qualitative DCE data were collected primarily to ex-

amine the kinetics of enhancement after contrast injection, our

study was limited by the lack of formal DCE modeling. Future

studies may seek to include formal DCE modeling, possibly using

the reference region mathematic model,33 given the potential

scarcity of reliable arterial input functions surrounding periph-

eral nerve anatomy. Finally, potential errors in ROI selection may

have influenced quantitative and/or statistical results in our study

such as the following: scan obliquity, animal motion, difficulty

distinguishing nonenhancing nerve tissue from adjacent muscle,

partial volume averaging related to mesoneurial and/or external

epineurial enhancement, and the presence of increased enhance-

ment in the operative bed regardless of whether nerves were

crushed. Errors in nerve contouring potentially could lead to

false-positive results when comparing crushed and sham nerves

with nonoperative nerves and normal muscle.

CONCLUSIONS
In our study, forceps crush injury (6- to 20-N compressive force)

to the rat sciatic nerve caused robust Gd-DTPA enhancement

between days 3 and 21, while clip crush injury (0.1– 0.6 N) re-

sulted in minimal-to-no enhancement. Enhancement after for-

FIG 6. ROI signal-to-noise ratio as a function of time after the intra-
venous administration of Gd-DTPA (same animal as in Figs 2 and 3).
The presence of a delayed, higher peak suggests an enlarged extravas-
cular extracellular space after severe (forceps) crush injury (On-line
Video 4).13

FIG 7. ROI signal-to-noise ratio as a function of time after the intra-
venous administration of Gd-DTPA (same animal as in Figs 2, 3, and 6).
The half-life of Gd-DTPA enhancement was approximately 1 hour
after severe (forceps) crush injury.
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ceps injury peaked at 7 days and was seen a few millimeters prox-

imal to, in the region of, and several centimeters distal to the site of

nerve crush. Compared with T2 signal hyperintensity, Gd-DTPA

enhancement was more specific for higher grade injury and more

clearly localized the site of injury. The spatial and temporal char-

acteristics of Gd-DTPA enhancement in our study closely mirror

prior histologic studies of blood-nerve barrier permeability after

nerve injury. Further studies are needed to determine the scien-

tific and clinical usefulness of this imaging technique.

ACKNOWLEDGMENTS
We thank Ramon German, Miguel Martinez, Paulo Diaz, Rose-

marie Abril, and Monica Stagg for their hard work caring for the

animals and assisting with surgery and Laura Blakemore, MD,

and Paul Trombley, PhD, for their critical review of the

manuscript.

REFERENCES
1. Noble J, Munro CA, Prasad VS. Analysis of upper and lower extrem-

ity peripheral nerve injuries in a population of patients with multi-
ple injuries. J Trauma 1998;45:116 –22 CrossRef Medline

2. Taylor CA, Braza D, Rice JB, et al. The incidence of peripheral nerve
injury in extremity trauma. Am J Phys Med Rehabil 2008;87:381– 85
CrossRef Medline

3. Schwartzman RJ, Grothusen J, Kiefer TR, et al. Neuropathic central
pain: epidemiology, etiology, and treatment options. Arch Neurol
2001;58:1547–50 CrossRef Medline

4. Grinsell D, Keating CP. Peripheral nerve reconstruction after
injury: a review of clinical and experimental therapies. Biomed Res
Int 2014;2014:698256 CrossRef Medline

5. Ruijs AC, Jaquet JB, Kalmijn S, et al. Median and ulnar nerve
injuries: a meta-analysis of predictors of motor and sensory recov-
ery after modern microsurgical nerve repair. Plast Reconstr Surg
2005;116:484 –94; discussion 495–96 CrossRef Medline

6. Sunderland S. Nerve Injuries and Their Repair: A Critical Appraisal.
Edinburgh: Churchill Livingstone, 1991

7. Simon NG, Spinner RJ, Kline DG, et al. Advances in the neurological
and neurosurgical management of peripheral nerve trauma. J Neu-
rol Neurosurg Psychiatry 2016;87:198 –208 CrossRef Medline

8. Feinberg J. EMG: myths and facts. HSS J 2006;2:19 –21 CrossRef
Medline

9. Chhabra A, Ahlawat S, Belzberg A, et al. Peripheral nerve injury
grading simplified on MR neurography: as referenced to Seddon
and Sunderland classifications. Indian J Radiol Imaging 2014;24:
217–24 CrossRef Medline

10. Liao CD, Zhang F, Guo RM, et al. Peripheral nerve repair: monitor-
ing by using gadofluorine M-enhanced MR imaging with chitosan
nerve conduits with cultured mesenchymal stem cells in rat model
of neurotmesis. Radiology 2012;262:161–71 CrossRef Medline

11. Li HJ, Zhang X, Zhang F, et al. Enhanced repair effect of toll-like
receptor 4 activation on neurotmesis: assessment using MR neu-
rography. AJNR Am J Neuroradiol 2014;35:1608 –14 CrossRef
Medline

12. Chen YY, Zhang X, Lin XF, et al. DTI metrics can be used as bio-
markers to determine the therapeutic effect of stem cells in acute
peripheral nerve injury. J Magn Reson Imaging 2017;45:855– 62
CrossRef Medline

13. Tofts PS. T1-weighted DCE imaging concepts: modelling, acquisi-
tion and analysis. http://www.paul-tofts-phd.org.uk/DCE-MRI_
siemens.pdf. Accessed May 30, 2017

14. Kobayashi S, Meir A, Baba H, et al. Imaging of intraneural edema by
using gadolinium-enhanced MR imaging: experimental compres-
sion injury. AJNR Am J Neuroradiol 2005;26:973– 80 Medline

15. Ubogu EE. The molecular and biophysical characterization of the

human blood-nerve barrier: current concepts. J Vasc Res 2013;50:
289 –303 CrossRef Medline

16. Bouldin TW, Earnhardt TS, Goines ND. Restoration of the blood-
nerve barrier in neuropathy is associated with axonal regeneration
and remyelination. J Neuropathol Exp Neurol 1991;50:719 –28
CrossRef Medline

17. Kanda T. Biology of the blood-nerve barrier and its alteration in
immune mediated neuropathies. J Neurol Neurosurg Psychiatry
2013;84:208 –12 CrossRef Medline

18. Omura K, Ohbayashi M, Sano M, et al. The recovery of blood-nerve
barrier in crush nerve injury: a quantitative analysis utilizing im-
munohistochemistry. Brain Res 2004;1001:13–21 CrossRef Medline

19. Seitz RJ, Reiners K, Himmelmann F, et al. The blood-nerve barrier in
Wallerian degeneration: a sequential long-term study. Muscle Nerve
1989;12:627–35 CrossRef Medline

20. Bridge PM, Ball DJ, Mackinnon SE, et al. Nerve crush injuries: a
model for axonotmesis. Exp Neurol 1994;127:284 –90 CrossRef
Medline

21. Yanagida M. MRI enhancement of the facial nerve with Gd-DTPA:
first report— experimental study on the enhancement mechanism
used in viewing vascular permeability of the facial nerve [in Japa-
nese]. Nihon Jibiinkoka Gakkai Kaiho 1993;96:1320 –28 CrossRef
Medline

22. Aagaard BD, Lazar DA, Lankerovich L, et al. High-resolution mag-
netic resonance imaging is a noninvasive method of observing in-
jury and recovery in the peripheral nervous system. Neurosurgery
2003;53:199 –203; discussion 203– 04 CrossRef Medline

23. Bendszus M, Wessig C, Solymosi L, et al. MRI of peripheral nerve
degeneration and regeneration: correlation with electrophysiology
and histology. Exp Neurol 2004;188:171–77 CrossRef Medline

24. Stoll G, Wessig C, Gold R, et al. Assessment of lesion evolution in
experimental autoimmune neuritis by gadofluorine M-enhanced
MR neurography. Exp Neurol 2006;197:150 –56 CrossRef Medline

25. Wessig C, Bendszus M, Stoll G. In vivo visualization of focal demy-
elination in peripheral nerves by gadofluorine M-enhanced mag-
netic resonance imaging. Exp Neurol 2007;204:14 –19 CrossRef
Medline

26. Wessig C, Jestaedt L, Sereda MW, et al. Gadofluorine M-enhanced
magnetic resonance nerve imaging: comparison between acute in-
flammatory and chronic degenerative demyelination in rats. Exp
Neurol 2008;210:137– 43 CrossRef Medline
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ABSTRACT

BACKGROUND AND PURPOSE: There is an emerging need for biomarkers to better categorize clinical phenotypes and predict progres-
sion in amyotrophic lateral sclerosis. This study aimed to quantify cervical spinal gray matter atrophy in amyotrophic lateral sclerosis and
investigate its association with clinical disability at baseline and after 1 year.

MATERIALS AND METHODS: Twenty-nine patients with amyotrophic lateral sclerosis and 22 healthy controls were scanned with 3T MR
imaging. Standard functional scale was recorded at the time of MR imaging and after 1 year. MR imaging data were processed automatically
to measure the spinal cord, gray matter, and white matter cross-sectional areas. A statistical analysis assessed the difference in cross-
sectional areas between patients with amyotrophic lateral sclerosis and controls, correlations between spinal cord and gray matter
atrophy to clinical disability at baseline and at 1 year, and prediction of clinical disability at 1 year.

RESULTS: Gray matter atrophy was more sensitive to discriminate patients with amyotrophic lateral sclerosis from controls (P � .004)
compared with spinal cord atrophy (P � .02). Gray matter and spinal cord cross-sectional areas showed good correlations with clinical
scores at baseline (R � 0.56 for gray matter and R � 0.55 for spinal cord; P � .01). Prediction at 1 year with clinical scores (R2 � 0.54) was
improved when including a combination of gray matter and white matter cross-sectional areas (R2 � 0.74).

CONCLUSIONS: Although improvements over spinal cord cross-sectional areas were modest, this study suggests the potential use of
gray matter cross-sectional areas as an MR imaging structural biomarker to monitor the evolution of amyotrophic lateral sclerosis.

ABBREVIATIONS: ALS � amyotrophic lateral sclerosis; ALSFRS-R � arm-revised ALS Functional Rating Scale; CSA � cross-sectional area; GMCSA � gray matter
cross-sectional area; SC � spinal cord; SCCSA � spinal cord cross-sectional area

Although amyotrophic lateral sclerosis (ALS) remains a rela-

tively rare disease (median incidence rate was 2.08 per

100,000 in Europe for 2010,1 the loss of autonomy, short survival

rate (median survival from onset, 23–52 months),1,2 and lack of

proper treatment motivate the development of robust biomarkers to

better categorize clinical phenotype and improve prognosis.3,4 Com-

mon clinical manifestations include muscle weakness or clumsiness,

atrophy, cramps, fasciculations, dysphagia, dysarthria, and respira-

tory symptoms such as dyspnea, orthopnea, and respiratory failure.2

Because the clinical presentation and progression rate are highly het-

erogeneous,5 it remains challenging to identify the true biologic ef-

fects of drug testing in clinical trials. Exploring new processing meth-

ods and hypotheses would promote a greater understanding of the

physiopathologic processes.6 In particular, imaging biomarkers of

the spinal cord (SC) can potentially provide a relevant measure of the

degeneration of lower motor neurons.3,4

A recent study showed that spinal cord cross-sectional area

(SCCSA) measured with MR imaging improves prediction of the

arm-revised ALS Functional Rating Scale (ALSFRS-R) subscore at

1 year.3 Another study7 established a strong link between SCCSA

and the degeneration of lower motor neurons. The main limita-
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ogies (2015-PR-182754), the Natural Sciences and Engineering Research Council of
Canada (435897-2013), the Quebec BioImaging Network and the Association Fran-
çaise contre les Myopathies, the Institut pour la Recherche sur la Moelle épinière
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tion of these studies is that they looked at cord atrophy, hindering

the separation of the specific contribution of GM and WM atro-

phy. Recent advances in analysis tools for segmenting the SC GM8

now permit such exploration.

The objective of the present study was to quantify spinal GM

atrophy in ALS and to investigate its association with clinical dis-

ability at baseline and after 1 year.

MATERIALS AND METHODS
Patients
Twenty-nine patients with ALS and 22 age-matched controls were

recruited at the ALS Center of the Pitié-Salpêtrière Hospital in Paris,

France. Patients with ALS were diagnosed with probable (n � 20),

laboratory probable or definite (n � 9) ALS according to the El Es-

corial criteria.9 Exclusion criteria included important acute and

chronic medical conditions interfering with the clinical evaluation,

significant psychiatric or neurologic history (other than ALS for pa-

tients), and standard contraindications to MR imaging. Controls had

no known neurologic disorder and no family history of neurologic

diseases, and they were recruited to identify MR imaging markers in

the SC that distinguish them from patients with ALS. The study was

reviewed by the local ethics committee board, and written informed

consent was obtained from each participant.

The following clinical assessments were conducted on patients

with ALS: ALSFRS-R (total score and arm subscore [arm subscore

included evaluation of handwriting, cutting food, and handling

kitchen utensils]),10 manual muscle testing (7 proximal and distal

muscles of the arm were tested) by using the Medical Research

Council score. The progression rate at baseline of the ALSFRS-R

score was defined as � by the following equation:

� � �ALSFRSMax � ALSFRSMRI�/�

where ALSFRSMax � 48, corresponding to the maximum ALSFRS-R

score (ie, that of a healthy control); ALSFRSMRI is the ALSFRS-R

score at the time of MR imaging; and � is the delay (in months)

between the first symptoms and the time of MR imaging. The pro-

gression rate � thus corresponds to the “speed” of the progression of

the disease at the time of MR imaging (ie, baseline).

ALSFRS-R and manual muscle testing were performed on the

same day as the MR imaging acquisition. Clinical evaluation was

performed by an experienced neurologist specialized in ALS

(P.-F.P., 15 years’ experience).

One patient with ALS was excluded from the study because the

MR imaging acquisition was interrupted for medical reasons, and

3 patients were excluded because of excessive motion during ac-

quisition. The total number of patients used in this study was 25.

Table 1 lists demographic data, Table 2 lists clinical data com-

monly used for prognosis, and Table 3 lists clinical scores at base-

line and 1 year after.

MR Imaging Acquisition
Data were acquired on a 3T MR imaging system (Tim Trio; Sie-

mens, Erlangen, Germany) by using the product 12-channel head,

4-channel neck, and the 3 most rostral elements of a spine coil for

signal reception.

A 3D T2-weighted fast spin-echo sequence (sampling perfection

with application-optimized contrasts by using different flip angle

evolution, or SPACE) was acquired as an anatomic image for subse-

quent registration to a common template (see “Data Processing” sec-

tion). Parameters were: TR, 1500 ms; TE, 120 ms; 52 sections; field of

view, 280 � 280 mm2; voxel size, 0.9 � 0.9 � 0.9 mm3; acceleration

factor, R � 2; and acquisition time, 3 minutes.

An axial 2D T2*-weighted multiecho gradient-echo sequence

(multiecho data image combination, or MEDIC; Siemens propri-

etary sequence) was acquired for GM cross-sectional area

(GMCSA) measurements thanks to the good white-to-gray mat-

ter contrast available in this type of sequence. Parameters were:

TR, 470 ms; average TE, 17 ms; 23 sections; field of view, 180 �

Table 1: Demographic data for the 25 patients with ALS and the
22 healthy controls

Characteristics Controls

Patients with
ALS

At Baseline

1-Year
Follow-Up
Subgroup

Number 22 25 19
Sex 11 F/11 M 6 F/19 M 3 F/16 M
Age at baseline, yr � SD 50.9 � 13.0 53.3 � 10.1 52.8 � 9.2

Note:—F indicates female; M, male.

Table 2: Clinical data commonly used as prognostic factors for the 25 patients with ALS

Clinical Data

Patients with ALS

Baseline 1-Year Follow-Up Subgroup
Body mass index at MRI (� SD) 23.7 � 2.7 24.0 � 2.7
Familial transmission 2 SOD1 mutated 1 SOD1 mutated
Site of onset 1 bulbar; 18 upper; 6 lower 1 bulbar; 12 upper; 6 lower
Delay from first symptom to diagnosis, mo � SD 9.9 � 5.6 10.7 � 6.0

Note:—SOD1 indicates SuperOxide Dismutase 1 gene.

Table 3: Clinical scoresa

ALSFRS-R MMT

At MRI
Progression Rate at

MRI Per Month At 1 Year after MRI At MRI
Total score, mean � SD (/maximum) 37.96 � 6.06 (/48) 0.59 � 0.45 36.79 � 4.84 (/48) 114.46 � 24.36 (/140)
Arm subscore, mean � SD (/maximum) 5.11 � 2.20 (/8) 0.18 � 0.14 5.74 � 2.10 (/8) 53.71 � 12.25 (/70)

Note:—MMT indicates manual muscle testing.
a Clinical scores are presented both in total (top row) and for the upper limbs only (arm subscore, bottom row). Presented clinical scores are, from left to right: the revised
ALSFRS-R at the time of MRI, ALSFRS-R progression rate at MRI, ALSFRS-R at 1 year after MRI, and MMT at MRI. The progression rate represents the decline of ALSFRS-R score
per month between the first onset of symptoms and the MRI.
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180 mm2; voxel size, 0.7 � 0.7 � 3 mm3; acceleration factor, R �

2; acquisition time, 3 minutes; and intersection gap, 1.5 mm.

Acquisition parameters and .edx protocols can be down-

loaded from the Open Science Framework public repository

(https://osf.io/9xkxx/).

Data Processing
All data were processed by using the open-source software Spinal

Cord Toolbox v3.0.11 All processing commands are available at the

Open Science Framework public repository. In brief, T2-weighted

and T2*-weighted images were automatically registered to a com-

mon template image, which was generated in a previous study by

averaging spinal cord MRIs from 50 adult subjects.12,13 The T2-

weighted image was used to precisely identify vertebral levels, and the

T2*-weighted image was used to automatically measure the GMCSA

thanks to its good white-to-gray matter contrast. Figure 1 illustrates

the processing pipeline, which can be broken down into 7 steps:

1) The spinal cord was automatically segmented by using

“PropSeg”14 on T2-weighted and T2*-weighted images. Note that

the segmentation was slightly manually corrected when needed.

2) The PAM50 template15 was registered to the T2-weighted

anatomic data by using 3 consecutive steps: i) a section-wise rigid

transformation (translation and rotation) based on the center of

mass of the segmentations; ii) a nonrigid regularized registration

by using the BSplineSyn algorithm16 based on cord segmenta-

tions; and iii) a nonrigid registration by using the SyN algorithm17

on the images (as implemented in Advanced Normalization

Tools18).

3) The T2-weighted template registered into the T2-weighted an-

atomic space was then registered on the T2*-weighted image by using

3 consecutive steps: i) a section-wise regularized rigid registration19

based on cord segmentations; ii) a nonrigid regularized registration

by using the BSplineSyn algorithm on cord segmentations; and iii) a

nonrigid registration by using the SyN algorithm on the images.

4) Both registrations (template to T2-weighted and T2-

weighted space to T2*-weighted) output forward- and backward-

warping fields. Concatenating the 2 forward-warping fields allows

for warping the template (and all its elements) into the T2*-

weighted space (WARP[template to T2*]), and concatenating all

the backwards-warping fields allows for warping the T2*-

weighted image into the template space (WARP[T2* to tem-

plate]). Here, we took advantage of the second concatenation

(WARP[T2* to template]) to warp the T2*-weighted image and

the automatic SC segmentation into the template space.

5) The GM was automatically segmented on the T2*-weighted

image in the template space. The GM segmentation was per-

formed by using the multiatlas-based segmentation method in-

FIG 1. Processing pipeline for the GM segmentation and computation of the GMCSA.
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cluded in the Spinal Cord Toolbox.8 The automatic GM segmen-

tation was visually assessed for all patients. A more thorough

quantitative validation has been conducted in a previous study.8

6) The GM segmentation was warped back into the T2*-

weighted space by using the forward-warping field (WARP[tem-

plate to T2*]).

7) The SCCSA and GMCSA were computed in the T2*-

weighted space. The area computed for each section was corrected

for the curvature of the spine by using the angle of the section with

the SC centerline. Note that the cross-sectional area (CSA) was

not normalized across subjects, as further discussed in the “Meth-

odologic Considerations” section.

Statistical Analysis

Differences between Patients and Controls. All statistical anal-

yses were performed with Python 2.7. A 1-sample Kolmogorov-

Smirnov test was used to confirm that SCCSA and GMCSA fol-

lowed a Gaussian distribution within the patients and controls

groups. Consequently, a 2-sample Student t test assessed potential

CSA differences between the 2 groups.

Correlation between GM Atrophy and Clinical Disability at MR
Imaging (Baseline) and at 1 Year After. The association between

spinal cord atrophy and clinical disability at baseline and at 1 year

was investigated. The hypothesis was that atrophy of the cervical

GM measured in MR imaging is associated with clinical outcome.

At baseline, Pearson correlation coefficients between CSA of GM

and SC and ALSFRS-R/manual muscle testing scores were com-

puted. Similarly, Pearson correlation coefficients were computed

between GMCSA and ALSFRS-R score and between SCCSA and

ALSFRS-R score at 1 year after baseline with the 19 patients with

ALS who were available to follow-up (referred to as the 1-year

cohort). GMCSA and SCCSA values were averaged across the

C4 –C6 vertebral levels to be more specific with the arm subscore,

which is associated with shoulder abduction (myotome C5), el-

bow flexion (myotome C6), and wrist extension (myotome C7).

Prediction of Clinical Disability at 1 Year After Baseline. The

prediction of clinical disability was performed on the 1-year co-

hort. Regression trees20 were used to evaluate the potential of MR

imaging biomarkers to predict the total ALSFRS-R score at 1 year

after MR imaging. Regression trees as used here are a supervised

learning method aimed at predicting the ALSFRS-R score at 1 year

by learning simple decision rules inferred from clinical predic-

tors (sex, age, body mass index, site of onset, delay between

first symptom and diagnosis, ALSFRS progression rate at base-

line [see equation 1], and ALSFRS-R at baseline) and MR im-

aging measures. Several models were tested with 1) clinical

predictors only; 2) clinical predictors and SCCSA; and 3) clin-

ical predictors, GMCSA, and the ratio of WM CSA to GMCSA.

MR imaging biomarkers were progressively added to the clin-

ical predictors to test the impact of each MR imaging measure.

The hypothesis was that at 1 year, the prediction score of dis-

ability would be higher when adding MR imaging measures at

baseline to clinical predictors. Here, WM CSA was used instead

of SCCSA to avoid colinearity between predictors (because

SCCSA � WM CSA 	 GMCSA). As in the previous subsection,

GMCSA and WM CSA values were averaged across the C4 –C6

vertebral levels.

A leave-one-out cross-validation was performed to evaluate

how each prediction model will generalize to a new dataset. A

FIG 2. GM automatic segmentation and manual delineation patients with ALS. Manual delineation of the GM is displayed with the blue line,
automatic probabilistic segmentation is shown in red-to-yellow. Dice coefficient comparing the automatic and manual segmentation is shown
on the bottom line.
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patient was randomly discarded from the list of patients, and a

new prediction model was created from the remaining (n 
 1)

patients. From this model, we computed the prediction error,

which is defined as the difference between the true and the pre-

dicted value of the ALSFRS-R score. This procedure was run 25

times, and the distribution of error was reported.

RESULTS
Data Processing
The proposed processing pipeline was fully automatic. The results

have been visually inspected by an experimented rater, and a man-

ual correction was only needed for the SC segmentation of 8 pa-

tients with ALS out of the 47 processed subjects (22 controls and

25 patients). The correction took approximately 1 minute per

subject and consisted of a slight manual adjustment of the SC

segmentation on T2*-weighted images. The accuracy of the GM

automatic segmentation has been validated in 5 randomly se-

lected patients with ALS, with a Dice coefficient of 0.708. Figure 2

shows a visual illustration of the GM segmentation.

Differences between Patients and Controls
Figure 3 shows the average (� SD) of GMCSA (Fig 3A) and

SCCSA (Fig 3B) in controls (blue) and patients with ALS (orange)

across the SC cervical axis. Qualitatively, a larger difference be-

tween patients and controls is observed for GMCSA compared

with SCCSA (7.2% difference for GMCSA versus 3.6% difference

for SCCSA averaged between the C4 –C6 vertebral levels, t test P

values for each vertebral level are shown in Fig 3). Figure 4 shows

a boxplot distribution of GMCSA and SCCSA averaged between

the C4 –C6 vertebral levels.

Correlation between GM Atrophy and Clinical Disability
at MR Imaging (Baseline) and at 1 Year After
A correlation study was performed between clinical disability (at

baseline, then at 1 year after MR imaging) and MR imaging bio-

markers of grouped vertebral levels (C4 –C6) (Table 4). GMCSA

and SCCSA measures revealed significant correlations with the

ALSFRS-R subscore at baseline and at 1 year after, suggesting an

association between cervical GM atrophy and clinical disability of

the upper limbs at baseline as well as after 1 year. For the manual

muscle testing arm subscore at baseline, significant correlations

were only found for GMCSA, although P values between GMCSA

and SCCSA were very close (.049 versus .054 [Table 4]).

Prediction of Clinical Disability at 1 Year After Baseline
The purpose of this analysis was to investigate the benefits of

adding MR imaging biomarkers to clinical predictors in a gener-

alizable model of clinical disability prediction.

Table 5 shows the results of regression trees between total ALS-

FRS-R score at 1 year after baseline and several predictors fre-

quently used in practice, with or without MR imaging biomark-

ers. Figure 5 shows the distribution of the prediction error for the

3 prediction models based on a leave-one-out cross-validation,

suggesting that the prediction model including MR imaging bio-

markers results in a more accurate score prediction. The model

including all the proposed MR imaging biomarkers predicted the

ALSFRS-R score with an average error of 1.63 � 8.42 versus

2.05 � 12.97 with clinical predictors only.

DISCUSSION
This study focused on using the CSA of the cervical SC GM in pa-

tients with ALS for 1) discriminating between patients with ALS and

controls; 2) correlating CSA with clinical scores (ALSFRS-R and

manual muscle testing); and 3) predicting clinical score (ALSFRS-R)

at 1-year follow-up. The following subsections will compare

our results with the previous literature and discuss their limi-

tations and relevance for clinical implications.

GM Atrophy Detected in Patients with ALS
SCCSA exhibited significant differences between patients with

ALS and healthy controls, confirming the results obtained by an-

other study.3 More interestingly, GMCSA showed larger differ-

ences between the 2 groups (P � .004 for GMCSA versus .02 for

SCCSA at the C4 –C6 vertebral levels), suggesting that GMCSA is

a more sensitive marker of atrophy in ALS and that cord atrophy

in ALS is predominantly driven by lower motor neuron degener-

ation. Although WM is expected to degenerate as a secondary

effect of upper motor neuron degeneration, gliosis and myelin

debris forming in the SC WM might somewhat lower the sensi-

tivity of global cord atrophy.21,22

FIG 3. GMCSA and SCCSA measured on controls and patients with ALS
between the C6–C3 vertebral levels. GMCSA (A) and SCCSA (B) averaged
within group and plot against the cervical SC axis. Overall, a stronger
intergroup difference can be observed for GMCSA. Asterisk (P � .05) and
double asterisk (P � .01) at specific vertebral levels indicate significant
differences between patients with ALS and controls according to Stu-
dent t test P values representing control-to-patient differences in
GMCSA and SCCSA for each cervical level between C6 and C3 and across
levels.
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In addition, the control-to-patient difference was larger at the

C4 –C6 vertebral level region (Fig 3), which is the site of large

pools of motor neurons. Larger GM atrophy at the C4 –C6 verte-

bral levels could be explained by a larger absolute number of at-

rophied motor neurons at this level and/or by a higher sensitivity

of the MR imaging– based GMCSA measure at this level because

of the increased size of the structure that facilitates delineation of

the GM interface. Further studies covering a larger portion of the

spinal cord would shed light on these possible explanations.

From a clinical perspective, having SCCSA and GMCSA highly

correlated raises the question of the relevance of measuring GMCSA

in patients with ALS as a diagnostic measure, especially given that it is

more difficult to reliably measure GMCSA from standard clinical

scans because of the need for high axial resolution and sufficient

GM/WM contrast-to-noise. Nevertheless, having access to a more

specific assessment of GM atrophy still has potential for monitoring

the efficiency of new drugs, though this has not been tested here.

GM Atrophy Correlates with Clinical Disability at MR
Imaging and 1 Year After
As shown in Table 4, GMCSA seems to be a relevant biomarker of

clinical disability at vertebral levels C4 –C6 (ALSFRS-R and man-

ual muscle testing arm at baseline, P � .004 and P � .05, respec-

tively; ALSFRS-R at 1 year, P � .03). SCCSA also reflected clinical

disability as previously shown,3 though with lower sensitivity than

GMCSA. A previous study7 established a strong link between

SCCSA and lower motor neuron degeneration by relating motor-

evoked potential amplitude of the adductor digiti minimi and

deltoid, respectively, with cord atrophy at spinal levels C8 and C5

(here, it was not possible to study the C8 spinal level; see “Limi-

tations” section). However, combining advanced image process-

ing and better MR imaging pulse sequences is promising to inves-

tigate the effect of GM atrophy on muscle-specific deficits in the

low thoracic and lumbar cord.23 The ability to isolate lower motor

neuron from upper motor neuron contribution in ALS might

provide additional information for understanding the pathogen-

esis of the disease.

Prediction of Clinical Disability at 1 Year After Baseline
A significant association was found between GMCSA (measured

at baseline) and the ALSFRS-R score at 1 year after MR imaging

acquisition (P � .03). However, it was not possible to perfectly fit

a regression model to predict clinical disability at 1 year by using

clinical biomarkers and MR imaging measures (CSA), which is

challenging regarding the heterogeneity of the present ALS cohort

in terms of clinical score and site of onset. The best prediction

score was obtained by combining MR imaging measures (GM,

WM, and ratio of WM CSA to GMCSA). Therefore, this suggests

that the association of MR imaging measures could be helpful to

predict the evolution of clinical disability for patients with ALS

(R2 � 0.54 without versus R2 � 0.74 with MR imaging measures).

Evaluated with a leave-one-out cross-validation, prediction accu-

racy and generalization were improved by including MR imaging

biomarkers in the prediction model (error � 1.63 � 8.42 with

versus 2.05 � 12.97 without MR imaging measures). More com-

plex models such as deep learning would be a potential alternative

to achieve a more specific prediction.24

Methodologic Considerations

Classical Bias in ALS Studies. Because patients with ALS with

heavy respiratory symptoms could not be recruited for the

study, a lack of external validity needs to be pointed out. By

recruiting subjects in a less drastic state (from a medical stand-

point), a certain selection bias takes place that limits general-

ization to the whole ALS population and affects the power of

the study. Moreover, the recruited population included mostly

FIG 4. Boxplot distribution of GMCSA (A) and SCCSA (B) averaged
between the C4 –C6 vertebral levels. Each dark point represents an
individual value. The median is represented as a thick horizontal line
and the interquartile range as a light rectangle. The horizontal bar at
both extremities of the whiskers represent the 5th and 95th percen-
tiles. The 2 patients presenting the SOD1 gene are identified in the
plot.

Table 4: Correlation coefficients between CSA (GM and SC) and
clinical scores at baseline and at 1 yeara

Predictors

At Baseline At 1 Year

ALSFRS-R
Subscore

MMT Arm
Subscore

ALSFRS-R
Subscore

GMCSA R � 0.56 R � 0.40 R � 0.48
P � .004b P � .049a P � .035c

SCCSA R � 0.55 R � 0.40 R � 0.54
P � .005b P � .054 P � .017c

Note:—MMT indicates manual muscle testing.
a CSA was averaged across the C4 –C6 vertebral levels. Clinical scores included: 1)
ALSFRS-R at baseline; 2) MMT subscores at baseline; and 3) ALSFRS-R subscore at 1
year.
b Significant (P � .01).
c Significant (P � .05).
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probable patients with ALS (n � 18) and only a few definite

patients with ALS (n � 7), which may have introduced heter-

ogeneity in the tested ALS population and thus impacted the

statistical analyses. However, further analysis performed with

the 18 probable patients with ALS led to a correlation between

GMCSA and ALSFRS-R of R � 0.61 and P � .006 (versus R �

0.56 and P � .004 when including all patients with ALS).

Vertebral Levels. Establishing a vertebral region that maxi-

mizes atrophy across patients with ALS was not feasible here

because of the large interpatient variability. Consequently, sta-

tistical analyses were conducted for each vertebral level be-

tween C3–C6. The average CSAs across the C4 –C6 vertebral

levels was also studied to maximize the sensitivity to clinical

markers of the brachial plexus.

In comparison with previous works,3 which included levels

C2–T6, the present study only focused

on the cervical region from C3–C6 be-

cause of the poor quality of the T2*-

weighted images below C6 caused by re-

spiratory-related dynamic B0 field

variations.25 Thus, the exclusion of the

C7 vertebral level slightly restricted the

study of the hand muscle deficit.7 More-

over, the exclusion of the lumbar and

thoracic regions (unavailable in the T2*-

weighted images) precluded studying

the correlation between GMCSA and the total ALSFRS-R score,

which includes a clinical evaluation of the lower limbs. Optimized

MR imaging sequences now provide the possibility to image the

thoracic and lumbar GM with satisfactory quality23 and should be

investigated in future studies.

Measuring CSA with MR Imaging. Being able to measure spinal

GM atrophy has potential applications in other diseases, such as

spinal muscular atrophy.26 Furthermore, an original aspect of the

present study is the fully automatic segmentation of the cord and

its GM, providing minimum user bias and facilitating the repro-

ducibility of the current technique to other centers (software and

processing scripts were made freely available). Previous studies

have validated the accuracy of these segmentation methods for the

SC14,27 and the GM,8,28 including in patients with multiple scle-

rosis and degenerative cervical myelopathy.28 In particular, the

GM segmentation used in this study resorts to nonlinear defor-

mations to match the shape of atrophic cord exhibited by patients

with ALS. The accuracy has been further validated in the present

study in 5 randomly selected patients with ALS and showed satis-

factory results (Dice coefficient in the GM � 0.708) in compari-

son with healthy controls from a previous study8 (Dice coefficient

in the GM � 0.711).

Whereas previous studies have reported that the CSA of the SC

is associated with morphologic features such as brain volume29

and total intracranial volume,30 the correlations were mild, and

there is no clear consensus as to what is the best normalization

method to use31; several published studies have not performed

CSA normalization,3,26,31-33 and neither did we in the present

study. Future work could further investigate methods for normal-

ization, and specifically for the GMCSA.

As investigated in a previous study,30 age and sex could affect

both SC and GMCSA. In the present study, the controls and

patients were age-matched but not sex-matched (number of

women, 6 with ALS versus 11 controls). However, the larger pro-

portion of women in the control group would in fact decrease the

sensitivity to detect a CSA difference between controls and pa-

tients, given that both SC and GM are smaller in women com-

pared with men.30

Although it would have been relevant to measure CSA in the

lateral and anterior funiculi, the current MR imaging protocol,

which is based on T2*-weighted contrast, made it impossible to

distinguish the anterior and lateral fasciculus from the rest of the

WM tissue. Therefore, it was not feasible to measure specific CSAs

of these tracts from our data. Recent work combining multipara-

metric MR imaging at an ultra-high field showed promising re-

FIG 5. Prediction error on the ALSFRS-R at 1 year, from a leave-one-
out cross-validation with regression trees. Results are compared be-
tween the regression model including clinical predictors (left distri-
bution plot), clinical predictors 	 SCCSA (middle distribution plot),
and clinical predictors 	 GMCSA 	 WM/GMCSA (right distribution
plot), where each point represents 1 iteration of the leave-one-out
cross-validation. The best value is at 0.

Table 5: Results of regression tree predictions to make prediction of total ALSFRS-R score
at 1 year after MRI with several clinical and MRI predictorsa

Predictors

Coefficient of
Determination

R2 (Best Value = 1.0)

Mean Squared
Error

(Best Value = 0.0)
Clinical predictors 0.54 41.87
Clinical predictors 	 SCCSA 0.72 25.39
Clinical predictors 	 GMCSA 	 WMCSA/GMCSA 0.74 23.77

Note:—WMCSA indicates white matter cross-sectional area.
a GMCSA, WMCSA, and SCCSA are averaged across the C4 –C6 vertebral levels. Clinical predictors include age, body
mass index, sex, site of onset, delay between first symptoms and diagnosis, total ALSFRS-R score at baseline, and total
ALSFRS-R score progression rate at baseline.
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sults for isolating specific SC tracts, opening the door to such

evaluation.34

CONCLUSIONS
Gray matter atrophy as measured noninvasively with MR imaging

correlates with clinical disability in ALS at baseline and at 1-year

follow-up. Although efforts toward the development of sensitive

and reliable biomarkers for ALS need to be pursued and con-

firmed in larger cohorts, the present study offers an encouraging

incentive about the relevance of spinal cord gray matter cross-

sectional area. This article includes a downloadable link to the MR

imaging acquisition and processing protocol to enable other re-

searchers to reproduce the entirety of the analysis performed here.

We believe these efforts are critical not only for transparency, but

also for standardizing spinal cord imaging biomarkers to help

assess their reliability and make them more amenable to

clinicians.
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ORIGINAL RESEARCH
SPINE

Long-Term Effectiveness of Direct CT-Guided Aspiration and
Fenestration of Symptomatic Lumbar Facet Synovial Cysts

X V.N. Shah, X N.D. von Fischer, X C.T. Chin, X E.L. Yuh, X M.R. Amans, X W.P. Dillon, and X C.P. Hess

ABSTRACT

BACKGROUND AND PURPOSE: Lumbar facet synovial cysts are commonly seen in facet degenerative arthropathy and may be symptomatic
when narrowing the spinal canal or compressing nerve roots. The purpose of this study was to analyze the safety, effectiveness, and long-term
outcomes of direct CT-guided lumbar facet synovial cyst aspiration and fenestration for symptom relief and for obviating an operation.

MATERIALS AND METHODS: We retrospectively reviewed the medical records and imaging studies of 64 consecutive patients between
2006 and 2016 who underwent 85 CT-guided lumbar facet synovial cyst fenestration procedures in our department. We recorded patient
demographics, lumbar facet synovial cyst imaging characteristics, presenting symptoms, change in symptoms after the procedure, and
whether they underwent a subsequent operation. We also assessed long-term outcomes from the medical records and via follow-up
telephone surveys with patients.

RESULTS: Direct CT-guided lumbar facet synovial cyst puncture was technically successful in 98% of procedures. At first postprocedural
follow-up, 86% of patients had a complete or partial symptomatic response. During a mean follow-up of 49 months, 56% of patients had
partial or complete long-term relief without the need for an operation; 44% of patients underwent an operation. Patients with calcified,
thick-rimmed, or low T2 signal intensity cysts were less likely to respond to the procedure and more likely to need an operation.

CONCLUSIONS: CT-guided direct lumbar facet synovial cyst aspiration and fenestration procedures are safe, effective, and minimally
invasive for symptomatic treatment of lumbar synovial facet cysts. This procedure obviates an operation in a substantial number of
patients, even at long-term follow-up, and should be considered before surgical intervention.

ABBREVIATION: LFSC � lumbar facet joint synovial cyst

Lumbar facet joint synovial cysts (LFSCs) are synovial lined

outpouchings that arise from the facet joint capsule.1,2 While

LFSCs may occur at any lumbar level, they most commonly occur

at the L4 –L5 facets in degenerative facet arthropathy.1,3-5 LFSCs

have been reported to be present in 0.7%–2.0% of lumbar cross-

sectional imaging studies.6,7 On imaging, LFSCs are well-circum-

scribed masses contacting or in immediate proximity to the facet

joint. Cysts typically demonstrate a thin or thick hypointense sig-

nal rim on MR imaging. The internal cyst signal is most com-

monly T1 hypointense and T2 hyperintense, though these fea-

tures can be variable on the basis of intracystic protein content,

blood products, calcification, or gas.5,6

LFSCs may present with radiculopathy secondary to inflam-

mation or encroachment on nerve roots within the spinal canal or

neural foramina or with axial low back pain when arising as a

sequela of facet disease. Traditional management consists of lam-

inectomy and surgical resection of the cysts, but in segmental

instability or symptomatic spondylolisthesis, facetectomy and

posterior spinal fusion are also required.8,9 Fluoroscopically

guided cyst inflation and indirect rupture have been described as

a minimally invasive treatment for symptomatic LFSCs with vari-

able outcomes (23%–72% success rates) and follow-up periods

(6 – 44 months).5,7,10-14 More recently, direct CT-guided LFSC

injection and rupture in a small number of patients have also been

described for nonsurgical management.15

The aim of our study was to evaluate the effectiveness of direct

CT-guided aspiration and fenestration of LFSCs by assessing

short-term postprocedural symptom relief and whether an oper-

ation could be avoided during long-term follow-up. As a second-
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ary objective, we sought to determine whether the patient’s pre-

senting symptoms, LFSC imaging characteristics, or injection

technique could be used to predict response.

MATERIALS AND METHODS
Study Design
The institutional review board approved our retrospective review

of patients who underwent CT-guided LFSC aspiration and fen-

estration during a 10-year period from 2006 to 2016. Patients

were identified using a search of our radiology information sys-

tem. We performed a detailed medical record review and re-

corded patient demographics, presenting symptoms, change in

symptoms at initial follow-up, and whether an operation was per-

formed during the 6-month postprocedural interval. Addition-

ally, we reviewed the most recent preprocedural MR imaging to

identify the level of the LFSC, determine its size using the largest

diameter on either sagittal or axial images, and record its T2-

signal characteristics. We also recorded CT characteristics of the

cyst from images obtained during the procedure. For those pa-

tients in whom a postprocedural MR

imaging or CT was available, we also

noted whether the cyst persisted or re-

curred. Finally, we assessed long-term

outcomes as documented in the pa-

tient’s medical record and via a fol-

low-up telephone survey.

Cyst Aspiration and Perforation
Technique
All CT-guided LFSC aspiration and fen-

estration procedures were performed at

our outpatient imaging center by 1 of 6

neuroradiologists experienced in spine

intervention (range of experience, 3–34

years; mean, 13 years). The patient was

placed in the prone position, and limited

low-dose CT of the lumbar spine was

performed for procedural planning. The

overlying skin was marked, prepped,

and draped using an aseptic technique.

Local anesthesia was achieved with lido-

caine 1% buffered with 8.4% sodium bi-

carbonate. Moderate conscious sedation

was provided for most procedures. In-

termittent low-dose CT was used for

needle guidance. In all except 8 proce-

dures, the parent facet joint was first ac-

cessed. One to two milliliters of a mix-

ture of bupivacaine 0.75% and either

Celestone 6 mg/mL (betamethasone so-

dium phosphate) or Kenalog 40 mg/mL

(triamcinolone acetonide) combined

with a small volume of Omnipaque 240

(iohexol; GE Healthcare, Piscataway,

New Jersey) was injected to treat under-

lying facet arthropathy and to opacify

the associated synovial cyst. Then, the

LFSC was directly accessed via a contralateral interlaminar or

ipsilateral transforaminal approach (depending on whether

the cyst was intracanalicular or foraminal) using either a 19-,

20-, 21-, 22-, or 25-ga spinal or Chiba needle (Cook Medical,

Bloomington, Indiana). After we confirmed the position of the

needle tip within the LFSC, aspiration was first performed fol-

lowed by repetitive forward-and-back needle motion to fenes-

trate the cyst wall (Fig 1). CT was then used to confirm suc-

cessful decrease in the size of the LFSC and/or leakage of

previously administered contrast into the epidural space. In all

except 10 procedures, a separate transforaminal/interlaminar

epidural injection using 1–2 mL of the steroid and anesthetic

mixture was also performed at the same level to concurrently

treat the patient’s radiculopathy.

After the procedure, the patients were observed for at least 1 hour

before discharge. The referring physician, most often an orthopedic

surgeon, neurosurgeon, or pain management specialist, assessed

postprocedural changes in symptoms and the decision to pursue ad-

ditional therapy during short-interval follow-up.

FIG 1. Successful CT-guided cyst puncture, aspiration, and fenestration. A, Axial T2-weighted MR
image demonstrates bilateral L4 –5 facet synovitis and a thin-rimmed T2-hyperintense cyst arising
from the left L4 –5 facet joint. B, Intraprocedural CT image shows contrast opacification of the
cyst via injection into a 22-ga spinal needle placed within the left L4 –5 facet joint (step 1). A
second 22-ga spinal needle has been advanced coaxially into the cyst via a translaminar approach
(step 2). C, CT image obtained after cyst aspiration and repeat fenestration demonstrates suc-
cessful cyst perforation with leakage of contrast into the epidural space (arrow, step 3). D,
Follow-up MR imaging shows resolution of the treated cyst.
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Statistical Analysis
For analysis, patients were categorized as responders (those with

partial or complete symptom relief) or as nonresponders (those

with no change or exacerbation of symptoms based on their first

postprocedural visit with referring physicians). We tested for dif-

ferences between the responders and nonresponders using the t

test for LFSC size and patient age and the �2 test for sex, presenting

symptoms, imaging characteristics, and injection technique. Re-

garding imaging characteristics, we considered cyst level, degree

of canal stenosis, T2 signal intensity, and the presence of cyst

calcification. P values of �.05 were considered statistically signif-

icant and P values of �.05 and �.1 indicated a trend toward

significance. Statistical analysis was performed by using STATA

data analysis and statistical software (StataCorp, College Station,

Texas).

RESULTS
Study Population
During the 10-year study period, 64 patients underwent CT-

guided LFSC aspiration and fenestration and were included in this

investigation. The study population included 22 men and 44

women with an average age of 61 years (range, 36 – 86 years). Most

patients presented with radiculopathy (46%) or radiculopathy

with axial low back pain (48%). Three (5%) patients had a prior

operation for LFSC resection and presented with recurrent symp-

tomatic cysts. There were no significant associations between a

successful outcome and age, sex, or symptoms at presentation

(P � .1) (Table 1).

Imaging Characteristics
The mean LFSC size was 10 mm (range, 5–21 mm). The most

commonly treated level of LFSC was L4 –L5 (58%). There was no

significant difference in the cyst size, level, or degree of central

canal stenosis between the responders and the nonresponders or

between those patients who required a subsequent operation and

those managed conservatively (P � .1) (Tables 2 and 3).

Preprocedural MRIs were available for review in 60 (94%)

patients. Most (67%) patients had cysts that were predominantly

T2 hyperintense with a thin T2-hypointense rim. The remaining

patients had T2-hyperintense cysts with a thick T2-hypointense

rim (30%) or cysts that were predominantly T2 hypointense

(3%). On CT, 28% of cysts were partially or completely calcified.

Patients with thin-rimmed T2-hyperintense or noncalcified cysts

were more likely to have a favorable response to the procedure

than those patients with thick-rimmed, hypointense, or calcified

cysts (P � .05) (Table 2). Patients with calcified cysts were more

likely to have required an operation at long-term follow-up than

patients with noncalcified cysts (P � .003, OR � 6.5) (Table 3).

There was a trend toward a greater need for surgical management

in patients with thick-rimmed or hypointense cysts as opposed to

those with thin-rimmed T2-hyperintense cysts (P � .07).

Postprocedural MR imaging or CT studies were available in 26

(41%) patients. In most (77%) of these patients, the treated cyst

was noted to be smaller or had resolved; in 5 patients (19%) the

cyst was unchanged, and in 1 patient (3.9%) the treated cyst was

noted to have increased in size.

Injection Technique and CT Fenestration Success
Direct CT-guided LFSC puncture and fenestration were techni-

cally successful in 81 (98%) procedures performed with no com-

plications. In 1 patient, the calcified nature of bilateral L5–S1 cysts

precluded direct puncture (Fig 2). In another, a foraminal syno-

vial cyst could not be successfully accessed due to overlying bone.

Most (94%) calcified cysts, however, were successfully fenes-

trated. Facet joint injections were performed before direct cyst

fenestration in most of these patients. The ipsilateral facet joint was

injected in 56 (88%) patients to opacify the LFSC and to treat under-

Table 1: Demographic data
Responders Nonresponders P Value

Age (mean) (yr) 61.5 (11.4) 59.3 (8.4) .65a

Sex (No.) (%) .34b

Male 21 (36) 1 (17)
Female 37 (64) 5 (83)

Presenting symptoms
(No.) (%)

.58b

Radiculopathy 27 (47) 2 (33)
Axial back pain 4 (6) 0 (0)
Both 27 (47) 4 (67)

a P value based on the 2-sample t test of the difference between means.
b P value based on a �2 test of the difference in proportions.

Table 2: Differences in imaging characteristics of cysts between
responders and nonresponders

Responders Nonresponders
P

Value
LFSC size (mean) (SD) (mm) 10.1 (3.7) 9.3 (2.5) .62a

Cyst level (No.) (%) .66b

L1–L2 1 (2) 0 (0)
L2–L3 3 (5) 1 (17)
L3–L4 6 (10) 1 (17)
L4–L5 35 (60) 2 (33)
L5–S1 13 (22) 2 (33)

MRI central canal stenosis
(No.) (%)

.70b

None 19 (33) 2 (33)
Mild 9 (15) 0 (0)
Moderate 11 (19) 1 (17)
Severe 19 (33) 3 (50)

MRI signal intensity (No.) (%) .011b

High T2 with a thin rim 39 (72) 1 (17)
High T2 with a thick rim 13 (24) 5 (83)
Low T2 2 (4) 0 (0)

CT characteristics (No.) (%) .027b

Calcified 14 (24) 4 (67)
Not calcified 44 (76) 2 (33)

a P value based on the 2-sample t test of the difference between means.
b P value based on a �2 test of the difference in proportions.

Table 3: Differences in imaging characteristics of cysts between
patients who required surgery and those who did not at
long-term follow-up

Surgery No Surgery P Value
LFSC size (mean) (SD) (mm) 10.5 (3.9) 9.5 (3.3) .32a

MRI signal intensity (No.) (%) .07b

High T2 with a thin rim 11 (48) 24 (78)
High T2 with a thick rim 11 (48) 6 (19)
Low T2 1 (4) 1 (3)

CT characteristics (No.) (%) .003b

Calcified 12 (48) 4 (12)
Not calcified 13 (52) 28 (88)

a P value based on the 2-sample t test of the difference between means.
b P value based on a �2 test of the difference in proportions.
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lying facet arthropathy. The average volume injected in each facet

joint was 1.2 � 0.9 mL. Concurrent, interlaminar, or transforaminal

epidural steroid injections were performed in 54 (84%) patients to

treat associated radiculopathy. There was no significant association

between a successful outcome (or subsequent need for an operation)

and concurrent facet or epidural steroid injection or needle gauge

used during the procedure (P � .1).

Patient Outcomes
Postprocedure outcome data at first clinical follow-up were avail-

able in 61 (95%) patients. Long-term follow-up data were avail-

able for 57 (89%) treated patients. Mean long-term follow-up was

49 months (range, 2–136 months; median, 44 months). At first

postprocedural clinical follow-up, 55 (86%) patients had a partial

or complete symptomatic response to CT-guided LFSC aspiration

and fenestration. Conversely, 4 (6%) patients had no change in

symptoms while 2 (3%) patients reported mild worsening of

pain. There were no procedure-related complications. Seventeen

(27%) patients underwent repeat procedures for recurrent symp-

toms, though they were satisfactorily managed by repeat percutane-

ous fenestration in two-thirds of cases. Most (76%) of the repeat

patients underwent 1 additional cyst-fenestration procedure; 4 pa-

tients required 2 additional cyst-fenestration procedures. Three pa-

tients who required repeat procedures had multiple cysts. Two pa-

tients underwent repeat cyst fenestration for cysts that recurred after

surgical resection. There were no significant differences in imaging

features of cysts in patients who required repeat procedures and those

who did not (P � .1 for cyst size, calcification, T2 signal, level of

stenosis, and follow-up MR imaging findings).

Within 6 months following CT-guided LFSC treatment, 18

(30%) patients underwent an operation for either persistent or

recurrent symptoms. At long-term follow-up, 25 (44%) patients

underwent an operation for recurrent symptoms. Patients who

needed repeat CT procedures for symptomatic relief were more

likely to require an operation at long-term follow-up (P � .007).

Three patients needed repeat surgery for recurrent symptoms that

could not be managed conservatively. Most of the patients who

required surgical management for symptom relief underwent

minimally invasive decompression (laminectomy or laminot-

omy) and cyst resection (61%), and only 39% of patients had

fusion. The 3 patients who had repeat

surgery required fusion. No cyst recur-

rence was noted in fused patients. The

mean time between the CT-guided cyst

aspiration procedure and the first oper-

ation was 11 � 20 months.

Telephone Follow-Up
Our institutional review board ap-

proved patient telephone contact to ob-

tain follow-up data. Patients were con-

tacted by the first author (V.N.S.), and

explicit voluntary consent was obtained

before administering a brief telephone

survey. Patients who agreed to partici-

pate were asked to state their pain scores

before and after the procedure, com-

ment on the duration of pain relief, re-

port if they had an operation for the cyst, and were asked if they

thought the CT-guided procedure was successful. Forty (63%)

treated patients were contacted by telephone, and all agreed to

participate in the survey, at a mean follow-up of 43 months

(range, 2–136 months). Seventy-eight percent thought that the

CT-guided cyst aspiration procedure was successful. Eighty-seven

percent would recommend the procedure to others. The mean

numeric rating score of worst pain before the CT aspiration pro-

cedure on a scale of 0 –10 was 8.2 � 1.7. The mean numeric rating

score at long-term follow-up was 1.6 � 2.2. There was no signif-

icant difference between preprocedural and long-term follow-up

numeric rating scores between patients who underwent an oper-

ation and those who only underwent the CT-guided fenestration

procedure (P � .1).

DISCUSSION
Our study describes a novel CT-guided, minimally invasive tech-

nique for managing symptomatic LFSCs as an alternative for sur-

gical resection with a technical success rate of 98% and no proce-

dural complications. Most (86%) patients in our study had at least

a partial response at short-term follow-up. More than half (56%)

of our patients did not need an operation at long-term follow-up.

Most of the patients who were contacted via phone at long-term

follow-up thought the procedure was a success.

In the spine, synovial cysts arise as outpouchings of synovial

tissue from the facet joint capsule, which may be symptomatic

when located within the spinal canal or neural foramina. Facet

joint cysts are more common in the lumbar regions and usually

arise at the L4 –L5 level.1,3-5 Previous authors have postulated

that the relatively increased mobility, propensity for degener-

ative facet arthropathy, and spondylolisthesis at L4 –L5 ac-

count for the higher frequency of LFSCs.4,7,13 On imaging,

LFSCs are well-circumscribed masses contacting or in imme-

diate proximity to the facet joint. Cysts typically demonstrate a

thin or thick hypointense signal rim on MR imaging. Internal

cyst signal is most commonly T1 hypointense and T2 hyperin-

tense, though these features can be variable on the basis of

intracystic protein content, blood products, calcification, or

gas.5,6

FIG 2. Calcified synovial cysts. A, Axial T2-weighted MR image shows severe bilateral L5–S1 facet
arthrosis with thick-rimmed facet cysts (arrows), which result in severe lateral recess narrowing
on the right and indentation of the thecal sac on the left. B, Axial CT image shows peripheral
calcification of both cysts (arrows). Direct cyst puncture and fenestration were not performed in
this patient, who instead underwent CT-guided facet injections and nerve blocks and ultimately
required an operation.
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Percutaneous Management: Fluoroscopy versus CT
Guidance
Minimally invasive, image-guided, management of LFSCs has

previously been described. Fluoroscopically guided treatments

that have been reported include intra-articular facet injections,

cyst aspirations, and predominantly indirect cyst ruptures via

parent facet joint access.12-13,16,17 Parlier-Cuau et al16 reported 30

patients with LFSCs who were treated with fluoroscopically

guided facet joint steroid injections. At 6-month follow-up, only

33% of patients had a favorable response and almost half of the

treated patients underwent an operation. In a large study of 101

patients who underwent fluoroscopically guided LFSC rupture

(Martha et al12), cyst rupture was technically successful in 81% of

cases, and 46% of patients were free of pain at a mean follow-up of

3.2 years. In that study, cyst rupture was attempted via intra-

articular injection of local anesthetic and/or steroid with contrast

into the parent facet joint under increasing pressure until the cyst

ruptured. Compared with the results described in our study, a

larger proportion of their patients had recurrence of symptoms

necessitating surgical resection of the LFSC, which may be at-

tributable to differences in procedural techniques. Most inter-

esting in their study, patients whose cysts were successfully

ruptured reported higher levels of pain-related disability 3

years postinjection compared with patients whose cysts were

not ruptured. We hypothesize this difference may be partly

related to neuronal compression following forceful cyst expan-

sion and ultimately rupture.

More recently, investigators have used CT for image-guided

spine procedures, including treating LFSCs using both direct and

indirect cyst-rupture techniques.5,15,18 The indirect technique is

similar to that described for fluoroscopically guided cyst inflation

and forceful pressurization to achieve cyst rupture. Amoretti et

al18 used CT guidance to directly rupture LFSCs in 120 patients,

which was technically successful in 77%. Their technique con-

sisted of direct cyst puncture followed by injection of up to 3 mL

of steroid and anesthetic mixture to forcefully rupture the cyst.

After �1 injection, 75% of patients were free of pain at 12 months.

In another CT-guided study, Ortiz and Tekchandani15 performed

�1 direct percutaneous CT-guided LFSC rupture in 20 patients

and reported a 90% success rate after a mean follow-up of 18

months. Their technique consisted of direct cyst puncture, fol-

lowed by cyst aspiration, and attempted cyst rupture via injection

of 1–3 mL of steroid and anesthetic mixture. These studies dem-

onstrate that the outcome of percutaneous LFSC treatment varies

depending on the injection technique, imaging technique used,

and follow-up, with good technical success and short-term pain

relief and variable longer term outcomes.

The advantages of CT guidance include precise visualization of

the cyst, facilitating direct puncture while avoiding critical struc-

tures such as thecal sac and exiting nerve. Compared with direct

cyst puncture, the indirect cyst rupture technique has limited suc-

cess in patients in whom it is not possible to access the parent facet

joint, in whom the cyst does not communicate with the facet, or in

cases in which adequate pressurization of the cyst cannot be

achieved. The latter limitation may occur in cases in which the

injectate refluxes out of the posterior joint capsule and in patients

who may have thick or calcified cyst walls that are resistant to

pressure-induced rupture.

Our CT-guided fenestration technique has not been previ-

ously described and differs from other CT-guided techniques that

have used forceful pressurization of the cyst to induce cyst rupture

after direct cyst puncture. Our back-and-forth fenestration tech-

nique likely creates multiple sites of cyst wall disruption, which

may delay recurrence compared with cyst rupture under pressure

(which likely results in a single fenestration). In our experience, the

fenestration technique is far less painful than cyst inflation and force-

ful pressurization to induce rupture, facilitating faster patient recov-

ery and minimizing the amount of procedural sedation. This tech-

nique may also be less likely to cause injury to adjacent nerves, which

may occur with rapid cyst inflation. As part of our procedure, we

injected a small volume of steroid, anesthetic, and contrast to opacify

the cyst and treat facet arthropathy. Our average injectate volume of

1.2 mL is the lowest among all published studies and contrasts with

reported volumes of 3.5–15 mL7,13,14 used for indirect cyst rupture.

Surgical Management and Associated Complications
Surgical resection may be considered for patients with persistent

intractable pain and neurologic deficits. As part of a systematic

review, Bydon et al19 reviewed 82 studies including 966 patients

treated with synovial cyst excision with or without concomitant

spinal fusion. During a follow-up of 25 months, 22% of patients

had recurrent back pain, 6% required reoperation, and 78% of

those required spinal fusion for instability and mechanical back

pain. Recurrence of synovial cysts at the same level occurred in

1.8% of patients after decompression alone, but none recurred in

patients who underwent decompression with concomitant spinal

fusion. The surgical complication rate was 4.8% and included a

dural tear, CSF leak, deep venous thrombosis, and 1 death.

Other complications that have been reported after an opera-

tion include worsening postoperative instability (especially after

laminectomy without fusion), nonunion following fusion, infec-

tion, and postoperative hemorrhage.8 Similar to the previously

reported surgical literature, 12% of our patients required re-op-

eration and none of our patients who underwent fusion during

the primary operation had cyst recurrence or needed re-opera-

tion. The surgical data suggest good overall long-term outcomes

after surgical cyst excision with a low recurrence rate, but a non-

trivial complication rate. The management of symptomatic lum-

bar synovial cysts is therefore challenging, regardless of the treat-

ment option.

Imaging Predictors of Success
Twenty-eight percent of the cysts in our study were calcified on

CT, comparable with previous descriptions.20 While we were able

to successfully fenestrate even calcified cysts, patients with calci-

fied cysts were less likely to respond to our procedure and more

likely to require an operation at long-term follow-up. On MR

imaging, those patients with thin-rimmed T2 hyperintense cysts,

as opposed to thick-rimmed or low-T2 signal cysts, were more

likely to have a successful outcome (statistically significant) and

were less likely to require an operation (trend). Reasons for this

could be that cysts with calcification, hemorrhage, or elevated

protein content or cysts with thick fibrous capsules are less likely
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to collapse and more likely to recur, even after successful aspira-

tion and fenestration. These results are consistent with those of

Cambron et al5 and Huang et al.13 Cambron et al examined the

ability of the MR imaging appearance of LFSCs to predict the

response to CT-guided indirect cyst rupture. In their study of 110

patients, LFSCs with high or intermediate T2 signal were easier to

rupture and were less likely to require an operation. Huang et al

reported their experience with percutaneous cyst rupture in 71

patients, 36% of whom had calcified cysts. In their study, calcified

cysts were less likely to result in a technically successful procedure,

but there was no effect on long-term outcome or the need for an

operation.

Long-Term Follow-Up
Our mean follow-up of 49 months is the longest reported for

percutaneous treatment of LFSCs. At long-term follow-up, 56%

of our patients had sufficient symptomatic relief from the proce-

dure to obviate an operation. This result is similar to or better

than those of previous long-term studies5,12,13 (follow-up

range, 34 – 44 months; 43%–55% of patients requiring an op-

eration). However, our mean time to the first operation at 11

months is longer than that reported by studies5,12-13 with a

similar number of patients, which may be due to the greater

technical success achieved by our CT-guided aspiration and

fenestration technique.

Study Limitations
The limitations of our study include its retrospective design with

variable follow-up intervals and lack of a control group. We had

long-term follow-up data available on 89% of patients. Our suc-

cess rate from the procedure would have been lower if all patients

lost to follow-up (11%) had required an operation. Our study

design (retrospective observational cohort) without a control

group may also have introduced several biases that could have

influenced our outcomes. These include, but are not limited to,

patient recall bias and placebo effect. Additionally, because an

epidural steroid injection was performed concurrently in most

patients, it is possible that this may have caused a positive re-

sponse, rather than the cyst fenestration. We recognize these lim-

itations and think that the results of our study should be further

validated with a control group. Study strengths include our large

number of patients and long-term follow-up.

CONCLUSIONS
CT-guided direct LFSC aspiration and fenestration are a unique

technique associated with high technical success, low complica-

tion rates, and resolution of symptoms. In our experience, with

careful patient selection, the procedure obviates an operation in a

substantial number of patients and should be considered before

surgical intervention.
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ORIGINAL RESEARCH
SPINE

Imaging Appearances and Pathologic Characteristics of Spinal
Epidural Meningioma

X L.H. Zhang and X H.S. Yuan

ABSTRACT

BACKGROUND AND PURPOSE: Spinal epidural meningioma is an uncommon tumor. This study aimed to analyze the imaging and
pathologic characteristics of this rare tumor.

MATERIALS AND METHODS: Fourteen confirmed cases of epidural meningioma were retrospectively reviewed, and imaging character-
istics and pathologic findings were analyzed to identify the typical features.

RESULTS: The mean age of the patients (4 men, 10 women) was 44.9 years. Twelve tumors were in the cervical spinal canal, and 2, in the
thoracic spinal canal. There were 9 en plaque meningiomas, 4 dumbbell-shaped meningiomas, and 1 fusiform/ovoid meningioma. The
epidural meningiomas extended over 2–5 spinal segments (mean, 3.2 spinal segments). A soft epidural mass was seen in 12/14 (86%) patients.
Dural calcification was seen in 8/14 (57%) tumors. Tumor caused intervertebral foramen enlargement in 10/14 (71%) patients and adhered to
the nerve roots in 11/14 (79%) patients. Intradural invasion was seen in 8/14 (57%) patients. The dural tail sign was present in 13/14 (93%)
tumors on contrast-enhanced T1WI. Regarding pathologic type, 10 of 14 (71%) were psammomatous, 2 of 14 (14%) were meningothelial, 1 of
14 (7%) was angiomatous, and 1 of 14 (7%) was transitional. During follow-up (mean follow-up, 73.4 months; range, 4 –192 months), 7 patients
had recurrence. Recurrences were between 4 and 192 months after the operation.

CONCLUSIONS: Epidural meningioma has 3 different growth patterns. Dural thickening, calcification, invasion, and epidural mass forma-
tion are characteristic features of epidural meningioma. Regular follow-up imaging is required to detect recurrence.

Meningiomas are the second most common intraspinal tu-

mors after schwannomas and account for approximately

25% of all intraspinal tumors. Meningiomas may be intradural or

epidural. Most are intradural, and the most common presenta-

tion is an intradural meningioma in the thoracic spinal canal of a

middle-aged woman. Epidural meningiomas are rare and account

for only 3%–21% of meningiomas.1,2 Only 39 epidural meningi-

omas (10 in male patients and 29 in female patients) have been

reported in the literature from 1963 to 2013.3-12 The age of the

patients ranged from 13 to 74 years (mean, 41.24 � 17 years). Of

the 39 tumors, 21 were in the cervical spinal canal; 14, in the

thoracic spinal canal; 3, in the cervicothoracic spinal canal; and 1,

in the lumbar spinal canal. The cases reported until now showed a

female predilection and susceptibility of the patients in their

fourth decade of life. Epidural meningiomas may be en plaque,

dumbbell-shaped, or ovoid.1,13 There are distinct differences in

biologic behavior between epidural and intradural meningiomas.

Because of its aggressive behavior, epidural meningioma may eas-

ily be mistaken for a malignant spinal tumor on preoperative

imaging studies; postoperative recurrence is also not rare. Accu-

rate diagnosis is therefore of great importance. Epidural menin-

giomas have some distinctive imaging features. The aim of this

study was to identify the characteristic imaging findings of epidu-

ral meningioma.

MATERIALS AND METHODS
Patients
From 2006 to 2015, fourteen patients were diagnosed with epidu-

ral meningioma at our institution. Three patients had postoper-

ative recurrence. All patients underwent CT and MR imaging. The

final diagnosis was based on intraoperative confirmation of an

extradural tumor and postoperative pathologic diagnosis of me-

ningioma. Intradural meningiomas invading or extending into

the epidural space were excluded. Clinical information, including

age at presentation, sex, history, duration of signs and symptoms,
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imaging findings, and follow-up data were collected from the case

records and retrospectively reviewed.

Imaging Protocol
CT examinations were performed with a multidetector CT system

(LightSpeed 64; GE Healthcare, Milwaukee, Wisconsin) with in-

travenous administration of contrast material (80 mL injected at a

rate of 3 mL/s). Tube voltage of 120 kV and tube current of 250

mA were used. The acquisition section thickness was 0.625 mm.

For image reconstruction, a standard method was selected. All

datasets were reconstructed with an effective section thickness of

3 mm. The exposure time was 800 ms.

MR imaging was performed with a 3T scanner (Magnetom

Tim Trio; Siemens, Erlangen, Germany) with the patient in a

supine position. MR phased array spine coils and related scanning

techniques were applied. The standardized protocol included sag-

ittal T1-weighted FSE imaging (TR/TE, 618/11 ms; FOV, 280 �

100 mm) and sagittal (TR/TE, 2852/96 ms; FOV, 190 � 180 mm)

and axial (TR/TE, 2720/88 ms; FOV, 190 � 180 mm) T2WI. Sag-

ittal proton-density imaging (TR/TE, 2800 /34 ms; FOV, 250 �

280 mm) was also performed. The same section thickness (3 mm)

and section gap (0.3 mm) were used in all procedures. All patients

also underwent axial, sagittal, and coronal gadolinium-enhanced

(0.2 mmol/kg; injection rate, 2 mL/s) T1-weighted fat-saturated

(3D volumetric interpolated breath-hold examination) imaging

(TR/TE, 700/11 ms; FOV, 280 � 100 mm; section thickness, 3

mm; section gap, 0.3 mm).

Image Analysis
Two radiologists specializing in spinal diseases reviewed all im-

ages on a PACS workstation. Abnormalities were identified and

characterized by consensus. They assessed the following features:

tumor location, morphology, and growth patterns; signal inten-

sity on T1- and T2-weighted images (hypointense, isointense, or

hyperintense relative to the normal spinal cord); and pattern and

degree of enhancement. Bony erosion and calcification were eval-

uated on CT.

Pathologic Examination
All 14 patients underwent complete or partial resection of the

tumor. Pathologic review was performed on hematoxylin-

eosin–stained tissue from all cases.

RESULTS
Clinical Findings
The 14 patients included 4 men and 10

women (mean age, 44.9 years; age range,

20 –76 years). The presenting symptoms

were bilateral lower limb numbness (6

patients), bilateral lower limb numb-

ness plus upper limb weakness (4 pa-

tients), bilateral lower limb numbness

plus upper limb pain and numbness

(3 patients), and cervical mass (1 pa-

tient). Symptom duration ranged from 3

months to 10 years.

CT Findings
Table 1 lists the location, morphology,

and growth patterns of the 14 tumors.

The tumor was in the cervical spinal ca-

nal in 12/14 (86%) patients and in the

thoracic spinal canal in 2/14 (14%) pa-

tients. Regarding shape, 4/14 (29%) tu-

mors were dumbbell, 9/14 (64%) were

en plaque, and 1/14 (7%) was oval/fusi-

form. Six en plaque and 2 dumbbell-

shaped tumors showed flaky dura calci-

fication on CT (Figs 1A, -B and 2A);

thus, calcification was present in 57%

(8/14) of patients. In 10/14 (71%) pa-

FIG 1. A dumbbell-shaped epidural psammomatous meningioma in 43-year-old woman at C1–2.
Sagittal CT image (A) reveals the dura from the occiput to C2 thickened with patchy calcification.
The ossification of the posterior longitudinal ligament is seen in the C2–3 segment. Axial CT image
(B) shows a high-intensity epidural mass formed at C1–2 with adjacent bone thinned. Axial T2-
weighted image (C) shows that the soft mass has low signal intensity compared with that of the
spinal cord. Postcontrast T1-weighted sagittal (D) image demonstrates a diffusely enhancing dor-
sal and ventral dura extending over 2 vertebral segments. Postcontrast T1-weighted coronal
image (E) shows an epidural mass with moderate enhancement and C1–2 intervertebral foramen
enlargement. The spinal cord was markedly displaced, and intradural invasion can be seen. F,
Photomicrograph of the epidural component shows a psammomatous meningioma character-
ized by the presence of psammoma bodies (arrows). H&E, original magnification, �200.

Table 1: Location, shape, and calcification of epidural meningioma
Case Sex Age (yr) Location Shape Calcification
1 F 20 C1–2 Dumbbell �
2 F 43 C1–2 Dumbbell �
3 F 40 C6–7 Dumbbell �
4 F 76 C2–3 Dumbbell �
5 M 46 C2–5 En plaque �
6 F 48 C2–4 En plaque �
7 F 43 C4–6 En plaque �
8 F 46 C2–4 En plaque �
9 M 36 C1–4 En plaque �
10 M 30 C2–4 En plaque �
11 M 38 C3–5 En plaque �
12 F 47 C2–7 En plaque �
13 F 50 T9–10 En plaque �
14 F 59 T4–6 Fusiform �
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tients, the tumor extended through the intervertebral foramen to

the outer part of the spinal canal, causing enlargement of the

foramen. In 5/14 (36%) patients, tumors in the cervical spine

compressed adjacent bone, leading to

bone erosion; however, there was no

bone destruction. Table 2 lists the CT

findings.

MR Imaging Findings
Table 2 lists the MR imaging findings.

There were 9 en plaque meningiomas

with a sheet-like or collar-like appear-

ance on sagittal images. In these cases,

the mean thickness of the dura was 4.56

mm, and the mean length of the thick-

ened dura was 54 mm. En plaque epidu-

ral meningiomas extended along the

dorsal and/or ventral dura, and 7/9

(78%) presented a half-ring appearance

on axial MR images (Figs 1C and 2B,

-C).

The epidural meningiomas in this

study extended over 2–5 spinal segments

(mean, 3.2 spinal segments). A soft epi-

dural mass was seen in 12/14 (86%) pa-

tients, including 7 patients with en

plaque, 4 with dumbbell-shaped, and 1

with fusiform epidural meningiomas

(Fig 3A–C). Meningiomas caused spinal

canal narrowing in 12/14 (86%) pa-

tients, with 9 en plaque meningiomas
with even narrowing, 4 dumbbell-shaped, and 1 fusiform with
lateralized narrowing. Spinal compression was seen in 12/14

(86%) patients. The epidural meningiomas in this study tended to

FIG 2. En plaque epidural psammomatous meningioma in a 48-year-old woman at C2– 4. Sagittal CT image (A) reveals the dural calcification at
the C2– 4 spinal segments. Sagittal T2-weighted image (B) shows that the epidural lesion is isointense. Axial T2WI (C) shows that epidural soft
mass encircles spinal cord as a half ring. Axial postcontrast T1-weighted image (D) shows that the homogeneously enhanced epidural mass
encircling the spinal cord from the ventral and dorsal sides. Sagittal postcontrast T1-weighted image (E) shows homogeneous enhancement of
the ventral and dorsal dura, and the dural tail sign can be seen. Coronal postcontrast image (F) shows homogeneous enhancement of the epidural
mass that compresses the spinal cord. G, Photomicrograph of a psammomatous meningioma is characterized by the presence of psammoma
bodies (arrow). There are meningothelial cells (long arrow) and a small number of fibrous components. H&E, original magnification, �200.

Table 2: Imaging and pathologic findings
Tumor Type/Imaging

Findings En Plaque Dumbbell Fusiform Total Percentage
Tumor location

Cervical spine 8 4 0 12 86%
Thoracic spine 1 0 1 2 14%

Well-defined boundary 0 1 1 2 14%
Dural thickening 8 3 0 11 79%
Dural calcification 6 2 0 8 57%
Adherence to nerve roots 7 4 0 11 79%
Neural foramen enlargement 6 4 0 10 71%
Bone erosion 2 3 0 5 36%
Intradual invasion 4 4 0 8 57%
Epidural mass formation 7 4 1 12 86%
Spinal cord compression 8 3 1 12 86%
T1WI

Isointensity 6 2 0 8 57%
Hypointensity 3 2 1 6 43%

T2WI
Isointensity 3 2 0 5 36%
Hypointensity 5 2 0 7 50%
Heterogeneous 1 0 1 2 14%

Dural tail sign 8 4 1 13 93%
Tumor enhancement

Moderate 2 3 0 5 36%
Marked 7 1 1 9 64%

Pathologic type
Psammomatous 7 3 0 10 71%
Meningothelial 1 1 0 2 14%
Transitional 1 0 0 1 7%
Angiomatous 0 0 1 1 7%
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adhere to the dura; only 2 tumors did not show that adhesion. In

11/14 (79%) patients, the tumors adhered to the nerve roots, lead-

ing to difficulty in separating the nerve from tumor during the

operation. Intradural invasion was seen in 8/14 (57%) patients.

On T1WI, epidural meningiomas were isointense (8/14, 57%)

or hypointense (6/14, 43%) relative to the normal spinal cord. On

T2WI, hypointense signal was seen in 7/14 (50%) patients; isoin-

tense signal, in 5/14 (36%) patients; and heterogeneous signal, in

2/14 (14%) patients. The tumors showed moderate (5/14, 36%)

or marked (9/14, 64%) enhancement on postcontrast scans (Figs

1D, -E and 2D, -F). On contrast-enhanced T1WI, the dural tail

sign was present in 13/14 (93%) tumors.

Pathologic Characteristics and CT/MR Imaging Findings
On gross examination, the tumors were red (11 tumors) or gray–

white (3 tumors). On pathologic examination, 10/14 (71%) tu-

mors were diagnosed as psammomatous and 2/14 (14%), as me-

ningothelial meningiomas. Under light microscope, the tumor

was composed of fibroblast-like cells; calcified psammomatous

bodies were visible in 8/14 (57%) tumors (Figs 1F and 2G). These

findings were consistent with their imaging manifestations,

namely hypointensity on T1- and T2-weighted images and strip

or flaky calcification on CT. One tumor was diagnosed as angio-

matous, and one, as a transitional meningioma. The angiomatous

meningioma was composed of numerous blood vessels with focal

meningioma morphology (Fig 3D), while the transitional type

was composed of characteristic uniform tumor cells. These find-

ings were consistent with the heterogeneous signal on T2WI. All

the above-mentioned tumor types are benign and are classified as

World Health Organization grade I meningiomas.

Treatment and Follow-Up
Complete and subtotal resection of the tumor was achieved in

3/14 (21%) and 11/14 (79%) patients, respectively. The mean

follow-up was 73.4 months (range, 4 –192 months). Thirteen

cases were followed up with MR imaging. Recurrence was identi-

fied in 7 patients, 3 patients did not have recurrence, and 3 pa-

tients who had subtotal resection did not show any progression of

the tumor during the follow-up period (Table 3).

DISCUSSION
Epidural meningioma is a rare type that may originate from

arachnoid cells on the nerve roots outside the dural sac,14 arach-

noid cells located outside the dural sac,15 or the periosteum of the

vertebra.16 The imaging features, biologic behavior, and progno-

sis of epidural meningiomas differ from those of intradural me-

ningiomas. This study aimed to identify the characteristic features

of epidural meningiomas.

Among the 14 patients with epidural meningiomas in the cur-

rent study, the male/female ratio was 4:10 and the mean age was

44.9 years; this sex distribution and age are consistent with those

in previous reports.10,17 In terms of tumor location, 12 tumors in

this series were in the cervical spinal canal and 2 were in the tho-

racic spinal canal. This location is contrary to the findings of

Frank et al,18 who reported that the thoracic spine is the typical

location of epidural meningioma. However, like us, Wu et al19

also found the cervical spine to be the most common site of these

tumors. In contrast, intradural meningiomas are typically located

in the thoracic spinal canal.

Epidural meningiomas may be en plaque, dumbbell-shaped,

or fusiform/ovoid. In the current study, 9 epidural meningiomas

appeared as en plaque on the sagittal view; the ratio of en plaque to

dumbbell-shaped and fusiform tumors was 9:4:1. In en plaque

meningiomas, thickened dorsal and ventral dura encircled the

spinal cord, forming a C-shape or half ring on the axial MR im-

ages. This sign was seen in 78% of our patients and, according to

the literature, is common in en plaque meningiomas.8 Epidural

meningioma may extend through the intervertebral foramen to

the outer part of the spinal canal. This feature was seen in 10/14

FIG 3. Fusiform epidural angiomatous meningioma in a 59-year-old
woman at T4 – 6. Sagittal T1-weighted MR image (A) shows the epidu-
ral mass with signal intensity like that of the spinal cord. The subarach-
noid space is obliterated at the level of the mass. Sagittal T2-weighted
MR image (B) shows that the mass has heterogeneous signal intensity
and the spinal cord is compressed with edema. Sagittal T1-weighted
postcontrast image (C) reveals homogeneous enhancement of the
extradural meningioma, and the dural tail sign can be seen. Photomi-
crograph shows that this tumor is composed of islands of meningo-
thelial cells with many vascular vessels (thin arrows, D). H&E, original
magnification, �200.

Table 3: Treatment and follow-up results

Case Treatment
Follow-Up

(mo) Results
1 Subtotal resection 120 Recurrence
2 Subtotal resection 5 Recurrence
3 Complete resection 60 No recurrence
4 Subtotal resection 156 Recurrence
5 Subtotal resection 68 No progress
6 Complete resection 79 No recurrence
7 Subtotal resection 192 Recurrence
8 Subtotal resection 48 No progress
9 Subtotal resection 49 No progress
10 Subtotal resection 36 Recurrence
11 Subtotal resection No No MRI follow-up
12 Subtotal resection 7 Recurrence
13 Subtotal resection 180 Recurrence
14 Complete resection 4 No recurrence
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(71%) tumors in the present study. The imaging appearance is

like that of a neurogenic tumor. Intervertebral foraminal widen-

ing is mainly due to epidural growth pattern, and epidural menin-

gioma is different from its intradural counterpart. Some investi-

gators have suggested that there is proximity to the nerve root or

intervertebral foraminal widening, mainly due to presence of

arachnoid villi at the nerve root.20 Enlargement of the interverte-

bral foramen can be used to differentiate intradural meningioma

and schwannoma,20 but it is difficult to distinguish epidural me-

ningioma from schwannoma with this sign. Another characteris-

tic of epidural meningiomas is calcification, which is uncommon

in spinal intradural meningiomas. Radiologically visible calcifica-

tion has been described in only 1%– 4.6% of all spinal meningio-

mas.2 In this study, flaky calcification was observed in 8 epidural

meningiomas (6 en plaque and 2 dumbbell-shaped). Calcification

was mainly due to psammoma bodies, and it was present in 8 of

the 10 psammomatous meningiomas. Epidural meningiomas

may have different shapes and may be of different pathologic

types, but all except 2 epidural meningiomas showed isointensity

or hypointensity on T2WI, mainly due to the presence of calcifi-

cation, psammomatous bodies, and interstitial collagen fibers,

which tend to decrease the signal intensity. Epidural meningio-

mas commonly show moderate or marked enhancement, reflect-

ing the good epidural blood supply.

The dural tail sign is commonly seen in meningiomas. It man-

ifests as linear thickening and contrast enhancement of the me-

ninges adjacent to the meningioma. In the current study, 13

(93%) meningiomas showed the dural tail sign on contrast-en-

hanced T1-weighted images. Wu et al19 described the dural tail

sign in 75% of extradural en plaque meningiomas in their series of

12 patients. We found the dural tail sign to be common in epidu-

ral meningiomas. The dural tail sign is said to be present in 50%–

60% of intradural meningiomas.20 Although this sign favors the

diagnosis of extradural meningioma, it is not specific for this tu-

mor and is also seen in other lesions such as metastases and

lymphoma.

Epidural spinal meningiomas show more aggressive behavior

than intradural meningiomas.21 Most epidural meningiomas, es-

pecially the en plaque type, often adhere to the dura. They show an

epidural growth pattern and often display intradural invasion;

consequently, the tumor boundary may not be clearly defined as

in intradural meningiomas. In this study, only 2/14 (14%) tumors

had clear boundaries. Epidural meningiomas can grow through

the intervertebral foramen and involve an adjacent nerve root. In

this series, 8 tumors showed intradural invasion on MR imaging

and 11 tumors demonstrated adhesions to nerve roots during an

operation. Tuli et al22 were the first to report invasion of nerve

roots by epidural meningioma in a pathologic specimen. This

behavior makes complete tumor removal difficult, and in our

series, complete resection was achieved in only 3 of the 14

patients.

Postoperative recurrence of epidural meningioma is not rare.

Rutherford et al23 reported 1 patient who had 2 recurrences. One

of the 6 patients reported by Yao et al3 had a recurrence 6 years

after surgery. In the current study, 7 of the 14 patients had post-

operative recurrence between 5 and 192 months after the opera-

tion. Of these 7 cases, 1 was an infiltrated meningothelial-type

meningioma; the risk of recurrence was high because this large-

sized tumor had invaded adjacent muscles and complete resection

was impossible. In the other 6 patients, the recurrences were due

to close adherence of tumor to the dura or nerve roots, which

made complete resection difficult to perform. In this study, the

longest interval between the operation and recurrence was 192

months, which shows that long-term follow-up is particularly im-

portant in these patients. Many investigators have suggested that

calcification of meningiomas is associated with tumor recurrence.

In the present series, 5 of the 7 patients with recurrences had dural

calcification; such calcification adds to the difficulty of complete

removal of the tumor.24

Depending on the imaging findings and the shape of the epi-

dural meningioma, the differential diagnosis could include spinal

lymphoma, neurogenic tumor, angiolipoma, metastatic tumor,

and ossification of ligament. En plaque epidural meningioma

shows the same growth pattern and signal as a lymphoma. How-

ever, lymphomas are mostly observed on the ventral side of the

dura and are characterized by formation of a paravertebral soft-

tissue mass and infiltration of adjacent bone.25 Epidural menin-

giomas rarely destroy adjacent bone; they mostly cause bone com-

pression and erosion.7 In this study, 5 patients had bone

compression and reactive osteosclerosis, features that are more

likely to be seen with benign tumors. Dumbbell-shaped epidural

meningiomas should be differentiated from neurogenic tumor.

Neurogenic tumors rarely show calcification, whereas punctuate

calcification is common in epidural meningiomas. In addition,

neurogenic tumors show heterogeneous enhancement, whereas

meningiomas are characterized by homogeneous contrast en-

hancement.20 Fusiform meningioma needs to be differentiated

from metastatic tumor and angiolipoma. A metastatic tumor is

often accompanied by adjacent bone destruction and paraverte-

bral involvement.26 An angiolipoma is hyperintense on T2WI,

whereas most meningiomas are iso- or hypointense. The dural tail

sign is also useful for identification of a meningioma. Ossification

of the posterior longitudinal ligaments could be confused with an

epidural meningioma; however, the former condition is not ac-

companied by dura thickening or enhancement.

Our study had several limitations. First, this was a retrospec-

tive study without a control group. Second, the number of pa-

tients was small; however, epidural meningioma is an uncommon

entity, and ours is one of the largest studies to date. Third, T2-

weighted gradient-echo images were not acquired; this acquisi-

tion would have been useful for differentiating these tumors from

schwannomas.27 Fourth, intradural invasion was not confirmed

pathologically. Finally, long-term clinical and MR imaging fol-

low-up was not performed for all patients.

CONCLUSIONS
In this study, epidural meningioma was most common in middle-

aged women. The cervical spinal canal was the most common

location of the tumor. Tumor shape was en plaque, dumbbell, or

ovoid/fusiform. Enlargement of the intervertebral foramen, ad-

hesion to or infiltration of adjacent nerve roots, and intradural

extension were common. CT revealed linear or flaky calcification

in the dura mater. Epidural meningioma had isointense or hy-

pointense signal on T2WI. The dural tail sign was common on
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postcontrast MR imaging. The psammomatous tumor was the

most common pathologic type in this sample. Complete removal

of tumor can be difficult because of encirclement and infiltration

of the dura or an adjacent nerve root. Long-term follow-up is

necessary to detect recurrence.
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LETTERS

Bipolar Radiofrequency Ablation of Spinal Tumors:
The Effect of the Posterior Vertebral Cortex Defect on

Temperature Distribution in the Spinal Canal

We read with interest the article in the June 2017 American

Journal of Neuroradiology by Wallace et al entitled, “Percu-

taneous Spinal Ablation in a Sheep Model: Protective Capacity of

an Intact Cortex, Correlation of Ablation Parameters with Abla-

tion Zone Size, and Correlation of Postablation MRI and Patho-

logic Findings.”1 The researchers postulated that an intact cortex

appears to protect against radiofrequency ablation-induced spi-

nal cord injury, but not against non-impedance-based modalities.

This conclusion is an important consideration in the treatment of

spinal metastases with bipolar radiofrequency ablation (RFA).

In agreement with the accompanying commentary by Gemm-

ete,2 we believe that more animal research with bipolar RFA systems

is needed, in contrast to monopolar RFA. The main limitation of

the study, as Wallace et al1 stated, is that the research was performed

with normal bone, which is unlike the typical clinical situation. To

strengthen the aforementioned conclusion and solve the limitation of

the study, we present our preliminarily results as supportive data.

Tumors are known to affect the posterior vertebral cortex

(PVC).3 An insulating effect of the PVC during monopolar RFA has

been reported.4 Others have postulated that RFA should only be per-

formed on patients with an intact PVC and not too far advanced

osteolysis.5 No research regarding the effect of a PVC defect on temper-

ature distribution during bipolar RFA in the spinal canal was found dur-

ing our literature review. Thus, we performed our ex vivo research.

A preliminarily evaluation of the temperature distribution

change during bipolar RFA in the spinal canal in porcine lumbar

vertebrae was performed. As shown in Fig 1, lumbar vertebrae from

10 pigs were collected and randomly divided into 2 groups (4 lumbar

vertebrae per group). Group 1 was the intact cortex group; and group

2, the cortex defect group. The PVC defect was achieved by removal

of the cortex with a rongeur. We used a radiofrequency generator

connected to an expandable electrode catheter (1500X; AngioDy-

namics, Latham, New York) for the ablation. An infrared thermom-

eter system (CTlaser LT; Optris, Berlin, Germany) was used to mon-

itor the temperature. The highest temperature during RFA was

recorded. RFA was performed on each sample for 15 minutes at the

75-W setting and 95°C. The temperature (37.43°C � 4.43°C) in the

intact cortex group was noted. A significant increase (49.44°C �

3.34°C) was seen in the cortex defect group (P � .01). Our data

suggest that an intact PVC provides thermal isolation during bipolar

RFA. For the cases with altered PVC, bipolar RFA is still a potentially

safe therapy.

We offer these preliminary data suggesting that an intact PVC

can potentially protect against RFA-induced spinal cord injury.

We show changes in the temperature distribution within the spi-

nal canal of the samples with PVC defects during bipolar RFA.

REFERENCES
1. Wallace AN, Hillen TJ, Friedman MV, et al. Percutaneous spinal ab-

lation in a sheep model: protective capacity of an intact cortex, cor-
relation of ablation parameters with ablation zone size, and correla-
tion of postablation MRI and pathologic findings. AJNR Am J
Neuroradiol 2017;38:1653–59 CrossRef Medlinehttp://dx.doi.org/10.3174/ajnr.A5393

FIG 1. The effect of the posterior vertebral cortex defect on temper-
ature distribution in the spinal canal during bipolar radiofrequency
ablation.
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LETTERS

Heinz First to Routinely Catheterize Carotid and Vertebral
Arteries in America

The 1967 article of Amundsen et al, “Cerebral Angiography via

the Femoral Artery with Particular Reference to Cerebrovas-

cular Disease,”1 was chosen by the American Journal of Neurora-

diology (AJNR) as the “Best Paper” in neuroradiology in 2003.

Heinz and associates developed the technique and routinely used

it at Emory University in the United States in 1964, 3 full years

earlier than its publication date.

There is a tendency to take our basic investigative tools in

neuroradiology for granted. These include transfemoral cerebral

angiography. Remember Egaz Moniz’s original experience in

which several of his first 9 patients died in 1927!2 Percutaneous

direct carotid puncture followed Moniz’s original work, and this

procedure persisted until 1964. In direct carotid puncture, the tip

of the needle frequently created a posterior carotid wall “flap”

when the tip was withdrawn to the midstream to obtain the best

flow. This antegrade flow could elevate the posterior wall flap and

obstruct blood flow to the brain. These flaps were not infrequently

the site of local thrombotic deposition or cerebral embolism. We

knew when we performed a carotid puncture that we were putting

the patient at some small but definite risk. However, this tech-

nique was all we had to offer. Attempts at direct vertebral punc-

ture were extremely difficult and the artery, when transfixed by

the side-hole Sheldon-Swann needle, would frequently be nar-

rowed by spasm. Failure to visualize the vertebrobasilar system by

direct puncture led to the use of the right retrograde brachial

arteriogram, but this study usually failed to sufficiently map the

complete vertebrobasilar system.

When neuroradiologists attempted direct carotid puncture in

infants and children in the early 1960s, we encountered many

technical failures, most of which were secondary to the small cal-

iber of the artery and the associated spasm that followed. Some

centers had to resort to surgical cut-down for access. However, in

1964, we found a way to access all of the cerebral arteries with 1

puncture, the transfemoral cerebral angiogram (TFCA). We no

longer had to puncture each carotid and vertebral artery individ-

ually in the neck.

Both Per Amundsen of Oslo, Norway, and the Emory Univer-

sity neuroradiology group in Atlanta, under my direction, began

to use TFCA for routine selective carotid and vertebral catheter-

ization for all patients in 1964. However, Amundsen did not pub-

lish his TFCA article until 1967.1 Given neuroradiologists’ com-

mon failure to image the vertebrobasilar arterial anatomy and,

second, the great difficulty in puncturing and cannulating the

carotid arteries in infants, it is not surprising that a solution would

be found on each of 2 continents at roughly the same time. At the

time, I did not think the technical change was sufficient to justify

a scientific paper.

In 2001, the AJNR named a special panel to select the 10 neu-

roradiologic articles that would most represent the seminal un-

derpinnings of our current clinical practice. Dr Amundsen’s arti-

cle on TFCA was published in a supplement to the journal Acta

Neurologica Scandinavica in 1967 and was chosen as the most

important of the 10 publications.3

Dr Amundsen’s fellow Scandinavians, Eric Lindgren and Tor-

gny Greitz, described the development of the Amundsen tech-

nique in 1995:

“Amundsen of Norway was the first routinely to catheterize

and examine all cerebral vessels, carotid as well as vertebral arter-

ies, a technique he had been using at the Ullevål Hospital in Nor-

way since 1964. Hans Newton learned about the routine use of the

femoral approach when he was in Sweden in 1966. He had earlier

only occasionally used this method for carotid angiography. New-

ton was actually the first to perform a catheterization of the ca-

rotid artery from the femoral artery at the Karolinska Hospital.

That was in 1966 when he came back from a week’s visit in Oslo.”3

For a description of the San Francisco neuroradiology techni-

cal procedures for the performance of cerebral angiography, I

quote the description of John Mani, a member of the University of

California, San Francisco (UCSF) team at the time Dr Newton left

San Francisco for his sabbatical in 1965–1966 and who worked

with Dr Amundsen3:

“After one week, Per told me that he understood the UCSF

approach. He was now going to introduce the Amundsen tech-

nique that he had been using in Norway for some time. Cerebral

angiographic procedures were now to be done by the femoral

technique, by using catheters and modified Seldinger technique.”

During my training at Columbia, I chafed over the inadequa-

cies of the retrograde brachial angiogram because of our usual

failure to map the vertebrobasilar system adequately. Because Ihttp://dx.doi.org/10.3174/ajnr.A5429
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had experience with brachial venous angiography for the heart as

a fourth-year medical student at the University of Pennsylvania, I

was comfortable with vascular procedures. Later, I had a unique

opportunity to learn the Seldinger technique for aortic and renal

catheterization as a resident in radiology at the Philadelphia Gen-

eral Hospital. This took place in 1962, a year before my New York

fellowship. Because I felt competent with arterial catheterization,

I wanted very much to use it at Columbia for femoral-carotid

angiography in 1962–1964, but I had to wait until I had my own

program before I could put my experience to work. I was ap-

pointed as chief of “Special Procedures” at Emory University on

July 1, 1964. In the next several months, our group initiated TFCA

for all cerebral procedures in infants and adults. This included all

vertebral angiograms. At the same time, we started a National

Institutes of Health–sponsored neuroradiology fellowship pro-

gram. Neuroradiology trainees included Dale Cooper MD, James

Brylski MD, Peter Sones MD, and James Hoffman MD, as well as

others. Dr Hoffman later became director of the program.

TFCA offered a second equally important advance, allowing

catheterization of the tiny cerebral arteries in infants. This was as

great as the gain in imaging the vertebrobasilar system in adults.

Applying the newly developed TFCA approach at Emory using

pediatric needles, 0.021-inch guidewires, and Kifa small-caliber

catheters, which still had to be imported from Scandinavia, pro-

vided the answer. The femoral artery was much larger in caliber

and easier to catheterize, farther away from the neck with its re-

dundant soft tissue, and less painful and, finally, allowed easy

selective catheterization of each of the cerebral arteries.

Drs Erik Lindgren and Torgny Greitz wrote an article on the

evolution of vertebral angiography, “The Stockholm School of

Neuroradiology.”4 Radner was reported to be the first to cathe-

terize the vertebral artery from the brachial artery approach.5

Lindgren was himself the first to catheterize the vertebral artery

from the femoral artery in 1954.4

“Amundsen of Norway was the first to catheterize and exam-

ine routinely all cerebral vessels, carotid as well as vertebral via the

femoral route, a technique that he had been using at the Rikshos-

pitalet in Oslo since 1964. Newton learned about this when

Amundsen introduced this routine while the former was in Swe-

den in 1964.”2,4 According to Lindgren and Greitz and according

to Rosenbaum et al,3 the sabbatical dates were 1965–1966, not

1964.

From these references, it appears that UCSF was mainly using

existing standard angiographic techniques until Dr Newton re-

turned from his 8-month sabbatical in 1965, after which UCSF

began using cerebral catheterization for all cerebral angiography.

By contrast, at Emory in 1964, we began to routinely use femoral-

cerebral catheterization for all cerebral angiography. Thus, Emory

University was the first institution in America to use TFCA rou-

tinely for all of its cerebral angiography patients. It appears that

Emory University and Amundsen’s Rikshospitalet Hospital in

Oslo each initiated the use of TFCA for routine cerebral angiog-

raphy in 1964.

When I arrived at my new position at Emory in 1964, all pro-

cedures were performed by neurosurgery. Fortunately, our neu-

rology colleagues realized that we might have something to offer

and did refer a few patients. Our big opportunity came in the

usual way: by showing our new colleagues that we could bring

something new and better to patient diagnosis. It was the TFCA

selective studies that gave access to the posterior circulation in

adults and carotid and vertebral angiography in infants and chil-

dren that made the difference. Within 1 year, neuroradiology per-

formed all of the Emory studies. I was able to repeat this same

process at Yale (1966), Pittsburgh (1969), and Duke (1978).

Why publish this information now? If the AJNR panelists

came together and agreed that the Amundsen procedure was the

most outstanding on the American list of contributions, then all

the pertinent historical information about the presentation

should be identified and included. My review of the 2001 AJNR

report regarding TFCA suggests that there has been a historical

omission. This omission could be corrected by adding 3 sentences

to the AJNR panel report:

“While Amundsen published his classic article describing

TFCA in 1967, routine utilization of TFCA for cerebral angiogra-

phy was already instituted at Emory University in the United

States in1964, 3 years earlier. Routine use of TFCA in Atlanta took

place in the same year that Amundsen began his routine use of

TFCA in Oslo in 1964. While much of the emphasis on TFCA has

focused on overcoming our inability to adequately image the ver-

tebrobasilar circulation in adults, we call attention to the equally

great additional contribution of TFCA to selective pediatric an-

giography of the carotid and vertebral arteries in infants and

children.”

My writing takes nothing away from the brilliant investigators

Per Amundsen and Hans Newton (a personal friend). My goal is

to simply fill in some of the details for the historical record while

those of us who served in the period can accurately record it.
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LETTERS

Does the Volume of CSF Removed Affect the Response to a
Tap in Normal Pressure Hydrocephalus?

We read with great interest the article by Thakur et al,1 in

which they investigated the association of CSF volume re-

moved by a tap test and the clinical response in patients with

normal pressure hydrocephalus (NPH). In the “Conclusions” of

their study, they found no evidence to support a higher volume of

CSF removal impacting gait testing, and they discussed a high

volume of CSF removal possibly not being necessary in a diagnos-

tic lumbar tap test. We appreciate the authors for evaluating the

data of such a large group of patients with NPH (n � 249) and

conducting detailed analyses of these patients. Nonetheless, we

think that this is a devastating result and detailed interrogations of

the study results should be conducted to avoid misleading con-

clusions. Hence, we would like to discuss some points for a better

understanding of this valuable report, which may also add crucial

perspectives for future studies.

First, in the introduction, the authors mention some compli-

cations of the lumbar tap test (LTT), such as headache and pain

that may compromise gait testing in these patients. However, the

potential impact of these complications, which may be more fre-

quent in patients with higher CSF volume removed, was not men-

tioned in the “Discussion” of the study. On the other hand, the

authors suggested that passive flow of CSF from the puncture site,

which might have been altered according to the size of the bore

needle, could have influenced the study results. In accordance

with this hypothesis, they found that patients whose taps involved

a larger bore needle showed significantly more improvement in

immediate time scores (P � .04, in the patient subset showing

improvement in time scores immediately after LTT). In contrast,

they stated that patients whose taps involved a larger bore needle

had a nonsignificant tendency to have a greater improvement in

24-hour times scores (P � .06). However, we think that from a

mechanistic point of view, the main effect of passive CSF flow is

supposed to be more pronounced in the 24-hour evaluations

(considering the cumulative effect across time), whereas in the

immediate evaluations, CSF volume removal would be more effi-

cient; this outcome was not the case in this study. Moreover, it

would be completely irrational to comment about an association

between the measured amount of CSF removal and the clinical

response if we agreed that the effect of passive flow changes ac-

cording to the needle size. Of note, an association between the

needle gauge and improvement was not found in the overall

group (P � .283). Therefore, we think that the necessity for fur-

ther analyses of the needle size effect as well as a related discussion

should be considered by the authors.

Second, the authors stated that the study was retrospective and

that randomization was not a factor other than that age and sex

might have confounded the results. We agree with this thought.

Nevertheless, we think that confounding variables might not be

eliminated via a method of randomization of patients. Although

there are various hypotheses trying to explain the pathophysiol-

ogy of NPH, the underlying mechanisms as well as responsible

agents have not been fully clarified currently. Distortion of

periventricular tissue due to altering CSF pressure dynamics, the

pressure gradient between the ventricles and periventricular tis-

sues, and the influence of accompanying deep vascular disease

constitute some of these hypotheses.2 Besides, a major consider-

ation regarding the occurrence of NPH is the evolution of the

mechanisms involved and changing pressure gradients according

to the stage of the disease.3 Thus, it can be suggested that the

combination of functioning mechanisms in the occurrence of

NPH may differ among individuals and according to the stage of

the disease. Therefore, we think that for a rational evaluation

of the association between CSF removal volume and clinical im-

provement of the patients, the LTT test should be performed in

the same patients with NPH in distinct time courses (at an interval

sufficient to avoid the influence of the initial LTT) to totally ex-

clude confounding factors. The results of the studies with this

method would yield substantial information for clinicians regard-

ing the optimal CSF volume to be removed for determining the

appropriate patients for shunt surgery.

REFERENCES
1. Thakur SK, Serulle Y, Miskin NP, et al. Lumbar puncture test in nor-

mal pressure hydrocephalus: does the volume of CSF removed affect
the response to tap? AJNR Am J Neuroradiol 2017;38:1456 – 60
CrossRef Medline

2. Keong NC, Pena A, Price SJ, et al. Imaging normal pressure
hydrocephalus: theories, techniques, and challenges. Neurosurg Fo-
cus 2016;41:E11 CrossRef Medline

3. Bradley WG Jr. Magnetic resonance imaging of normal pressure hy-http://dx.doi.org/10.3174/ajnr.A5422

AJNR Am J Neuroradiol 39:E5–E6 Jan 2018 www.ajnr.org E5

http://dx.doi.org/10.3174/ajnr.A5187
http://www.ncbi.nlm.nih.gov/pubmed/28473344
http://dx.doi.org/10.3171/2016.7.FOCUS16194
http://www.ncbi.nlm.nih.gov/pubmed/27581307


drocephalus. Semin Ultrasound CT MR 2016;37:120 –28 CrossRef
Medline

X H. Onder
Department of Neurology

Ministry of Health, Yozgat City Hospital
Ankara, Turkey

X S. Hanalioglu
Department of Neurosurgery
University of Health Sciences
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REPLY:

We thank Onder and Hanalioglu for their comments on our

article, “Lumbar Puncture Test in Normal Pressure Hy-

drocephalus: Does the Volume of CSF Removed Affect the Re-

sponse to Tap?” Our work, though retrospective, casts doubt on

the use of a high-volume spinal tap of �30 mL in the assessment

of patients with normal pressure hydrocephalus (NPH). The

practice of using a high-volume spinal tap has theoretic but no

empiric foundation and, now, some evidence to question its use.

Further investigation including Onder and Hanalioglu’s sugges-

tion of repeat studies in the same patients, though difficult to

perform in an often-frail elder population, could provide impor-

tant additional evidence.

Onder and Hanalioglu raise a legitimate point that given that

headaches may compromise the results of lumbar tap test (LTT),

higher volume taps may have more associated headaches and this

will explain why higher volume taps perform worse. In response

to their point, we reviewed our own cases of LTT and noted that

severe headaches were extremely rare, occurring in �1% of pa-

tients with NPH. It would be unlikely for headaches to be affecting

the results of our study.

We agree that the needle gauge findings were not definitive in

our investigation, but results were promising, trending toward

significance (P � .06) at 24-hour walk time testing and significant

(P � .04) at 4-hour walk time testing in those subgroups that

responded at these end points. We suggest that future research

consider how post-lumbar puncture epidural CSF leakage may

influence the clinical response beyond that induced by the volume

drained during the procedure itself. We plan to continue to inves-

tigate needle gauge effects using larger bore needles to explore this

relationship.

Nevertheless, ongoing prospective research to define invasive

and noninvasive diagnostic end points that predict shunt re-

sponse in the NPH syndrome is highly desirable.
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ERRATUM

The authors of “Validation of an MRI Brain Injury and Growth Scoring System in Very Preterm Infants Scanned at 29- to 35-Week

Postmenstrual Age” (AJNR Am J Neuroradiol 2017;38:1435– 42, https://doi.org/10.3174/ajnr.A5191) wish to clarify for the reader

that the image in On-line Fig 2 shows bilateral connatal cysts. The figure, along with its amended legend, is displayed below.

http://dx.doi.org/10.3174/ajnr.A5448

ON-LINE FIG 2. Bilateral connatal cysts, classified as cerebral WM,
cystic lesion, focal bilateral, score 2 (axial T2).

E8 Erratum Jan 2018 www.ajnr.org


	Binder1
	zj4001180000S1
	zj4001180000A2
	zj4001180000B4



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /None
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages false
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /None
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages false
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /None
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages false
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /None
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages false
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /None
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages false
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /None
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages false
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /None
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages false
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /None
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages false
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /None
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages false
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /None
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages false
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /None
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages false
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /None
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages false
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /None
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages false
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /None
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages false
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /None
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages false
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /None
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages false
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /None
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages false
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /None
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages false
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




