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Brain tumor radiomics
QSM and myelin water fraction in multiple sclerosis
Noninvasive assessment of intracranial pressure
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For more information or a product demonstration,
contact your local MicroVention representative:

A Complete Coil Portfolio
MicroVention’s comprehensive portfolio features clinically proven Hydrogel 

coils, which can be used exclusively or in combination with our trusted 

Platinum coils to treat a wide range of aneurysms and neurovascular lesions.

INDICATIONS FOR USE: 

The HydroCoil® Embolic System (HES) and MicroPlex® Coil System (MCS) are intended for the endovascular embolization of intracranial aneurysms and other 

neurovascular abnormalities such as arteriovenous malformations and arteriovenous fistulae. The HES and MCS are also intended for vascular occlusion of 

blood vessels within the neurovascular system to permanently obstruct blood flow to an aneurysm or other vascular malformation and for arterial and venous 

embolizations in the peripheral vasculature. 

The device should only be used by physicians who have undergone pre-clinical training in all aspects of HES/MCS procedures as prescribed by MicroVention. 

Breakthrough Hydrogel Technology

• Less Retreatment Compared to Platinum1 

• Less Recurrence Compared to Platinum1 

• More Progressive Occlusion1,2

REFERENCES:

1.  ISC 2017 Meeting – Houston, TX – MV Symposium – Results of the GREAT 

Study – Presented by Christian Taschner, MD, Department of Neuroradiology, 

Medical Centre – University of Freiburg, Germany 

2.  LINNC 2017 Meeting - Paris, France - MV Symposium - Results of the  

GREAT Study - Presented by Alain Bonafe, MD, Professor of Neuroradiology, 

Head of the Neuroradiology department, Hôpital Gui de Chauliac, CHRU 

Montpellier, France 

Aneurysm  
Therapy  
Solutions

MICROVENTION, MicroPlex and HydroCoil are registered trademarks of MicroVention, Inc. •  Refer to Instructions for Use, contraindications and warnings for 
additional information. Federal (USA) law restricts this device for sale by or on the order of a physician. ©2018 MicroVention, Inc. Jan. 2018
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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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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 
2-tip microcatheter and guiding catheter, and c) the 2-tip microcatheter 
and Stryker Neurovascular guidewire and delivery wire. Continuous flush 
also reduces the potential for thrombus formation on, and crystallization of 
infusate around, the detachment zone of the Target Detachable Coil.

• Do not use the product after the “Use By” date specified on the package.
• Reuse of the packaging hoop or use with any coil other than the original coil 

may result in contamination of, or damage to, the coil.

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

• Utilization of damaged coils may affect coil delivery to, and stability inside, 
the vessel or aneurysm, possibly resulting in coil migration and/or stretching.

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

beyond the alignment marker when the fluoro-saver marker reaches the 
microcatheter hub.

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

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

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

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

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

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

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

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

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

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

the case, there must be an extra InZone Detachment System unit as back up.
• Removing the delivery wire without grasping the introducer sheath and 

delivery wire together may result in the detachable coil sliding out of the 
introducer sheath.

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

• Some low level overhead light near or adjacent to the patient is required to 

visualize the fluoro-saver marker; monitor light alone will not allow sufficient 
visualization of the fluoro-saver marker.

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

• If it is necessary to reposition the Target Detachable Coil, verify under 
fluoroscopy that the coil moves with a one-to-one motion. If the coil does not 
move with a one-to-one motion or movement is difficult, the coil may have 
stretched and could possibly migrate or break. Gently remove both the coil 
and microcatheter and replace with new devices.

• Increased detachment times may occur when:
 – Other embolic agents are present.
 – Delivery wire and microcatheter markers are not properly aligned.
 – Thrombus is present on the coil detachment zone.

• Do not use detachment systems other than the InZone Detachment System.



Stent Deployment. Refined.
Braided Coil Assist Stents with  
High Neck Coverage, Excellent Visibility  
and Improved Conformability* 

Low-profile Visualized Intraluminal Support

MicroVention Worldwide
Innovation Center 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:

*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 
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PERSPECTIVES

Title: Stereoscopic Mardi Gras Masks. These are two 9� � 12� palette-knife oil paintings, mounted on a 16� � 20� base module with a gold background and masks in Mardi
Gras yellow, green, and purple. The 2 masks form a stereoscopic pair, such that when the module-artist or observer, at a distance of 9� to 12� from this page, fixes his or her
gaze between the 2 masks and allows the eyes to converge, or views through a simple stereoscopic viewer, the masks will converge as well, with the purple color aligning
with the green, as the yellow “disappears.” Stereoscopy has been a radiograph-viewing technique for the better part of a century, especially for viewing of the facial
bones.

Thomas A. Tomsick, MD, Department of Radiology, University of Cincinnati Academic Health Center, University Hospital, Cincinnati, Ohio
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REVIEW ARTICLE

Radiomics in Brain Tumor: Image Assessment, Quantitative
Feature Descriptors, and Machine-Learning Approaches

X M. Zhou, X J. Scott, X B. Chaudhury, X L. Hall, X D. Goldgof, X K.W. Yeom, X M. Iv, X Y. Ou, X J. Kalpathy-Cramer, X S. Napel,
X R. Gillies, X O. Gevaert, and X R. Gatenby

ABSTRACT
SUMMARY: Radiomics describes a broad set of computational methods that extract quantitative features from radiographic images. The
resulting features can be used to inform imaging diagnosis, prognosis, and therapy response in oncology. However, major challenges
remain for methodologic developments to optimize feature extraction and provide rapid information flow in clinical settings. Equally
important, to be clinically useful, predictive radiomic properties must be clearly linked to meaningful biologic characteristics and quali-
tative imaging properties familiar to radiologists. Here we use a cross-disciplinary approach to highlight studies in radiomics. We review
brain tumor radiologic studies (eg, imaging interpretation) through computational models (eg, computer vision and machine learning) that
provide novel clinical insights. We outline current quantitative image feature extraction and prediction strategies with different levels of
available clinical classes for supporting clinical decision-making. We further discuss machine-learning challenges and data opportunities to
advance radiomic studies.

ABBREVIATIONS: LBP � local binary patterns; HOG � histogram of oriented gradients; QIN � Quantitative Imaging Network; SIFT � scale-invariant feature
transform

Clinical imaging captures enormous amounts of information,

but most radiologic data are reported in qualitative and sub-

jective terms. Radiomics1,2 in neuro-oncology seeks to improve

the understanding of the biology and treatment in brain tumors

by extracting quantitative features from clinical imaging arrays.

These data can then be “mined” with machine-learning methods

and validated as quantitative imaging biomarkers3 to characterize

intratumoral dynamics throughout the course of treatment. The

recent growth of cancer imaging analytic methods4-6 has pro-

duced novel insights into early indicators of treatment response,

risk factors, and subsequent tailoring of optimal treatment strat-

egies.2,5,7,8 Image-based computational models are, thus, becom-

ing an important enabling technology that permits identification,

analysis, and validation of extracted quantitative features. In this

review, we discuss available methodologies in radiomics that can

be used as predictive markers for diagnosis, prognosis, and ther-

apeutic planning in the context of adult brain tumors. We will also

address the interpretive challenges that emerge from the compu-

tationally based data generated by radiomic methods. While sta-

tistical correlations between computational features and clinical

outcomes exist, this approach will likely not gain wide clinical

acceptance until there is a better link between the quantitative

metric and traditional imaging features and the underlying

biology.

Radiomics incorporates several important disciplines, includ-

ing radiology (eg, imaging interpretation), computer vision (eg,

quantitative feature extraction), and machine learning (eg, classi-

fier evaluation). A central goal is the identification of quantitative

imaging indicators that predict important clinical outcomes, in-

cluding prognosis and response or resistance to a specific cancer

treatment. Here, we discuss recent studies in the development of

radiomics with the following goals: 1) understanding the func-

tionality of clinical imaging as a necessary prerequisite for devel-

oping radiomic models; 2) extracting quantitative image features

extraction in computer vision that can be used to exploit tumor

imaging traits; 3) identifying radiomic signatures shown to be

surrogate markers of underlying molecular properties of tumors,

enabling a noninvasive means to characterize biologic activities of
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cancer9; and 4) performing predictive analysis with machine-

learning techniques to classify clinical outcomes and assessing the

physiologic status of cancer.10 Through this convergence of radi-

ology, computer vision, and machine-learning techniques, ra-

diomics provides a mechanism for multidisciplinary research on

brain tumors.

Clinical MR Imaging Assessment of Brain Tumors
MR imaging permits noninvasive characterization of meso-

scopic features (ie, the “radiologic phenotype”) of brain tu-

mors and is an indispensable tool for early tumor detection,

monitoring, and diagnosis.11 Radiomic analysis is built on the

central hypothesis that tumor imaging reflects the underlying

morphology and dynamics of smaller-scale biologic phenom-

ena, including gene expression patterns, tumor cell prolifera-

tion, and blood vessel formation.12

MR imaging plays an essential role in the management of pa-

tients with glioblastoma for 3 important reasons. First, MR imag-

ing has an excellent capacity for the detection of soft-tissue con-

trast by providing superior anatomic information (eg, spatial

location). Second, different MR imaging sequences can be sensi-

tive to key components of tumor physiology, such as blood flow

and cellular density, and can distinguish regions of the tumor that

contain different environments (eg, variations in blood flow) that

are likely to affect local cellular phenotypes and genotypes. Third,

MR imaging can noninvasively and nondestructively interrogate

the tumor repeatedly to assess response to treatment and can,

therefore, be integrated into therapeutic strategies. Understand-

ing these image-based features is critical because they represent a

key data resource in radiomic analysis.1

Contrast enhancement in MR imaging using gadolinium-

based contrast agents is an important and useful feature in evalu-

ating brain tumors.13 The tumor zone that enhances following

gadolinium injection typically defines the tumor region that is

well-perfused with high tumor cell density but also one in which

there is a breakdown of the blood-brain barrier. Compared with

noncontrast imaging, contrast-enhanced images are often used to

provide a delineation of gross tumor margins and allow earlier

detection of additional small metastatic lesions. In general, tumor

sizes based on these images are used for monitoring tumor re-

sponse to therapy.13 Thus, radiomic models for brain tumor anal-

ysis14-16 often focus on contrast-enhanced sequences.

Spatial heterogeneity of brain tumors is well-recognized in

MR imaging. Different MR imaging sequences exploit various

biomedical properties of brain tumors more effectively than other

imaging modalities (eg, CT can only show differences in electron

density). Postgadolinium T1-weighted images can show enhanc-

ing regions (characterized as T1-shortening or T1 high signal)

within the tumor due to gadolinium leakage from the intravascu-

lar space into the tumor because of a disrupted blood-brain bar-

rier. Consequently, necrosis and solid tumors can be visually dis-

tinguished. In addition, T2-weighted sequences are sensitive to

water tissue content and can be used to estimate cellular density

and the presence of edema. Next, fluid-attenuated inversion-re-

covery sequences are frequently used in conjunction with T2-

weighted images to provide a better distinction between edema

and solid tumor.17 In addition, diffusion-weighted imaging al-

lows characterization of tissue cellularity based on the free diffu-

sion of water molecules along structural tissue pathways in differ-

ent tissue types.18 Advanced MR imaging methods, including

perfusion, proton density–weighted, fast spin-echo, and short tau

inversion-recovery imaging, have also been applied to depict spe-

cific tissue contrast.19 Therefore, mining radiomic data from

these advanced imaging arrays will likely offer additional infor-

mation with respect to tissue discrimination, treatment measure-

ment, and clinical usefulness.

Quantitative Image Feature Extraction
While the quality, resolution, and flexibility of MR imaging tech-

nology has greatly increased in past decades, the interpretation of

images remains largely descriptive, subjective, and nonquantita-

tive. Thus, the central goal of radiomics is the development of

image analytic techniques that can reproducibly extract objective,

quantitative data from MR imaging scans. Linking these quanti-

tative features and underlying tissue dynamics that govern tumor

growth and response to therapy has the potential to rapidly ex-

pand the scope of cancer imaging research.1 Here, we focus on

many related computer vision techniques that are particularly

useful in quantitative cancer imaging science.

Computational Image Descriptors
Radiomics relies on computational techniques in computer

vision to extract many quantitative features from radiologic

images.20 The extracted quantitative features are typically

within a defined ROI that could include the whole tumor or

specific regions within it. Computational image descriptors

quantify visual characteristics at different scales from ROIs,

which can be readily translated into radiologic image analysis

pertaining to tumor volumetric shapes and visual appearance

dynamics. For example, the scale-invariant feature transform

(SIFT)21,22 is computed through key point detection using a

difference of Gaussian function and local image gradient mea-

surement with radius and scale selections (as illustrated in Fig

1). This permits a quantitative measurement of the tumor

shape so that subtle variations during treatment (ie, increas-

ingly round or increasingly elliptic) can be observed and quan-

tified. Several recent studies have demonstrated the accuracy

and reproducibility of computational image extraction ap-

proaches to capture characteristics of tumor shape and texture

information from brain tumor MR imaging.23-25 Thus, these

approaches have the potential for large-scale, rapid through-

put and reproducible evaluation and may be applied to routine

clinical imaging studies that are widely available.

Here, we describe 2 primary image feature extraction strate-

gies with local- or global-level computations in the context of

computer vision. First, local-level feature extraction provides an

image descriptor used to compare a pixel being tested with its

immediate pixel neighborhood.26 This allows identification of a

small, but biologically important, tumor niche area (a small num-

ber of pixels) within an otherwise homogeneous, larger tumor

region. This can be achieved, for example, with local binary pat-

terns (LBP).27 These are local image descriptors sensitive to small

monotonic gray-level differences28 that may not be apparent to a

human observer. In contrast, global-level feature extraction em-
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phasizes the quantification of the overall composition of an entire

ROI. For example, a computational descriptor29 was designed to

develop a low-dimensional representation of the image, empha-
sizing spatial structure variations (eg, roughness, openness, and

expansion). In addition, high-order statistical features, known as

texture features,30 have been widely applied to brain cancer and

other cancer imaging analyses.14,31 Examples of texture features

include gray-level co-occurrence matrices32 and gray-level size

zone matrices,33 which examine the spatial relationships of pixels

through a series of statistical measures. Histogram of oriented

gradients (HOG)34 features have also proved to be efficient fea-

ture descriptors for quantifying image-gradient statistics with

multiple directions not obvious to radiologists. A recent study35

suggested that co-occurring gradients in MR imaging were useful

for distinguishing brain tumor subtypes.
Despite these advances of computational image descriptors,

they may be suboptimal because feature extraction inherently dis-

tills a complex dataset of more than a million voxels per MR

imaging sequence into a handful of numeric descriptors. To iden-

tify a strong radiomic feature, one needs 2 important factors.

First, the proposed descriptor must be able to capture distinctive

patterns correlated with the clinical outcomes of patients. More-

over, the descriptor must be stable under various image-acquisi-

tion parameters. Although MR imaging signals exhibit tumor

geometric shapes, appearances, and voxelwise variations with un-

derlying biologic characteristics at molecular, tissue, and organ

levels,12 the potential dynamics and temporal variations in blood

flow increase the difficulty in acquiring useful radiomic features.

Thus, test-retest and interobserver stability36 are strongly sug-

gested for measuring robust computational image features in ra-

diomic studies. Figure 1 highlights several hand-crafted compu-

tational descriptors that capture different visual characteristics of

brain tumor MR imaging. Despite the promise of computational

image descriptors, the underlying biologic meanings of these fea-

tures have not been fully exploited, with links to promising ther-

apies and outcome prediction of patients.

Biologically Inspired Feature
Descriptor
Biologically inspired feature descriptors

build on specific biologic hypotheses

that transfer the recognized radiology

knowledge into quantitative representa-

tion, as opposed to pure computational

approaches for feature extraction. Under-

standing disease characteristics is neces-

sary to propose biologically inspired features because they can be

disease-specific. For example, a recent study37 suggested that MR

imaging–derived pharmacokinetic features (eg, extracellular space

per unit volume of tissue) were potential biomarkers for separating

outcomes of treatment with concurrent radiation therapy and

chemotherapy.

Biologically inspired MR imaging features can be used to de-

fine organ-level tumor data variation and distribution, offering an

opportunity to observe spatial variations and temporal evolution

of tumors.12 For example, a spatial distance measurement38 was

defined to quantitatively explore brain tumor heterogeneity. The

proposed spatial distances suggested that the variations among

biologically defined tumor subregions can reflect distinct prog-

nostic information. Also, early temporal changes and spatial het-

erogeneity during radiation therapy in heterogeneous regions of

high and low perfusion in gliomas might predict different physi-

ologic responses to radiation therapy.39 Other work16 has pro-

posed a novel concept of imaging habitats that quantifies distinc-

tive tumor subregions by their local contrast enhancement,

edema, and cellularity in MR imaging. Moreover, a recent study

measured the relationships between MR signal and cell density

using radiographically localized biopsies,40 revealing that T2-

FLAIR and ADC sequences were inversely correlated with cell

density. The Table highlights several feature descriptors with their

clinical potentials.

Biologically inspired features correlate with corresponding

MR imaging sequences because different MR imaging sequences

come with various clinical imaging protocols. As a result, selec-

tion of MR imaging sequences can directly affect image feature

definition and corresponding biologic interpretation. For exam-

ple, 1 study41 used apparent diffusion coefficient histograms for

the early prediction of drug treatment responses of glioblastomas.

In this study, diffusion- and T1-weighted data were used sepa-

rately for ADC computation and tumor segmentation. The ADC

was used to describe the diffusion processes that reflect different

Examples of quantitative features with their potential clinical relevance
Quantitative Feature Descriptors Potential Clinical Relevance

Histogram of contrast-enhanced tumor MRI45 Distinguish molecular subtypes
Contrast information between co-occurring

subregions5
Survival predictor

Pretreatment ADC histograms82 Indicator to bevacizumab treatment
HOG34 Measure tumor microenvironment
LBP27 Measure tumor microenvironment
SIFT22 Measure tumor spatial characteristics

FIG 1. Visualization of computational image feature descriptors. A T1-weighted brain tumor section (A and B) is displayed, and feature
visualizations (C–E) are given of LBP (C), HOG (D), and SIFT (E) descriptors. LBP quantifies local pixel structures through a binary coding scheme.
HOG computes block-wise histogram gradients with multiple orientations. SIFT detects distributed key points with radius on tumor images.
These multiparametric features create a rich image-driven data base to characterize tumors in MR imaging at different scales.
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biomedical mechanisms.42 These biologically inspired features

are quantitative rather than qualitative semantic features anno-

tated by radiologists to describe the tumor environment.43 The VA-

SARI semantic feature set (https://wiki.cancerimagingarchive.

net/display/Public/VASARI�Research�Project), for example, is

used to describe the morphology of brain tumors (eg, tumor lo-

cation, shape, and geometric properties) on contrast-enhanced

MR imaging.7

Imaging and Genomics in Glioblastoma
Imaging genomics, also known as radiogenomics, is a growing

field that studies the association between imaging biomarkers and

genomic characteristics of a disease.7,44,45 Inherent in this defini-

tion is the goal of enabling noninvasive imaging assessment as a

surrogate for molecular signatures that were previously only

available through molecular testing. A handful of studies7,44,45

identified associations between quantitative image features and

gene expression profiles of glioblastoma (eg, TP53, EGFR, NF1,

and IDH1) and its molecular subtypes (eg, classical, mesenchy-

mal, proneural, and neural). Additional studies indicated that

quantitative MR imaging features derived from entire tumor vol-

umes can be used to identify glioblastoma subtypes with distinct

molecular pathway activities.15,46 The value of such whole-tumor

comparisons is limited by the spatial variations in both the

imaging features and molecular tumor properties of tumor

cells in, for example, glioblastoma multiforme. However, this

extensive intratumoral heterogeneity also provides a compel-

ling research opportunity if spatial characteristics in MR im-

aging, largely governed by mesoscopic tumor properties (eg,

blood flow and cell density), could be used to define the spatial

distribution of glioblastoma molecular subtypes within the

same tumor.47 To better define imaging-to-genomic relation-

ships, the development of subregional imaging analysis en-

abling spatial characterization is biologically valuable (Fig 2)

because it provides a means to characterize molecular varia-

tions in the spatially distinct tumor fragments.

Machine Learning in Radiomics
Machine learning offers an approach for discovering predictive

radiomic features. Here, the investigator does not begin with an a

priori biologic hypothesis. Thus, the parameter space is searched

for an imaging feature statistically associated with clinical out-

come. Before one evaluates machine-learning models, a specifica-

tion for the medical diagnostic task is needed so that models can

be appropriately trained. For example, supervised, unsupervised,

and semisupervised learning models are fundamental learning

strategies used in accordance with the different levels of available

clinical outcome labels. In supervised learning, the goal is to learn

from a certain portion of trained samples with known class labels

and to predict classes or numeric values for unknown patterns

from large and noisy datasets.47 Conversely, unsupervised learn-

ing finds the natural structure from data without having any prior

labels. As a hybrid setting, semisupervised learning needs only a

small portion of labeled training data. The unlabeled data sam-

ples, instead of being discarded, are also used in the learning pro-

cess. More recently, the rise of deep learning as a new frontier in

machine learning has advanced large-scale medical image analy-

sis.48 We describe these learning strategies and highlight specific

clinical applications in the context of brain tumors.

Supervised Learning
Supervised learning is a primary learning scheme that has been

applied in recent radiomic studies.16,23 Supervised learning is

conceptually divided into 2 phases. First, training samples with

available class labels are used to build a classifier by finding a set of

parameters to define a decision boundary among classes. Second,

the learned classifier is used to predict class labels of unknown

testing samples. Notably, the selection of classifiers depends on

the desired properties of the classifier, including convergence and

modeling assumptions.49 An example of this approach is a study50

that showed the selection of machine-learning classifiers for su-

pervised radiomic applications in detecting radiomic biomarkers.

More examples include tumor-subtype classification and survival

FIG 2. Linking subregional imaging to molecular profiles in glioblastoma. In this example, tumor subregions (B) are defined by jointly clustering
on contrast-enhanced T1WI and T2WI (A). These subregions correspond to red (high T1WI and high T2WI), yellow (high T1WI and low T2WI), blue
(low T1WI and high T2WI), and pink (low T1WI and low T2WI) areas. The defined tumor subregions enable quantitative spatial characterization,
offering a means to noninvasively assess specific molecular activities (C) with enriched molecular pathways (D).
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time prediction, and these are discussed in clinical applications

below.

Unsupervised Learning
Without knowing any prior labels of data, unsupervised learning

algorithms group the data according to their similarity. For exam-

ple, a knowledge-based unsupervised fuzzy clustering approach51

was proposed to automate brain tumor segmentation. It showed

that tumor and healthy intracranial regions could be grouped

using this clustering algorithm through a rule-based expert sys-

tem. The growth of clinical imaging results in the onerous task of

manually annotating tumors on imaging volumes. Therefore,

there has been growing interest in exploring scalable algorithms

for annotating large volumes of tumor imaging data15 and evalu-

ating human interrater variability.52

Semisupervised Learning
Semisupervised learning is designed specifically for tasks for

which it is difficult to obtain class labels for certain patients (eg,

the estimation of tumor progression). In other words, the advance

of semisupervised learning overcomes a limitation of conven-

tional supervised learning that is incapable of using data with

missing labels in training. Semisupervised models have a great

potential to effectively enable predictive analysis with uncom-

pleted clinical labels in training. For example, 1 study53 predicted

states of brain tumor prognosis using a semisupervised learning

model. With �26% of the available staging labels, a discrimina-

tive analysis was performed using the staging labels of patients

with glioblastoma.

Deep Learning
Recently, deep learning54,55 has emerged as a powerful technique

that defines a network architecture, concatenating multiple neu-

ral-like processing layers with multiple levels of abstraction. Deep

learning methods have achieved record-breaking performances

for numerous computer vision applications when the number of

available training samples is sufficiently large.56 Convolutional

neural networks,57 for example, are deep learning models that

incorporate concatenated convolutional layers and pooling lay-

ers, followed by fully connected layers to learn the high-level rep-

resentation of input data. A growing set of studies has shown

superior results in the field of medical image analysis by applying

convolutional neural networks models.48,58-60 A recent study61

specifically introduced a convolutional neural networks– based

approach for brain tumor segmentation. With the designed net-

work architecture containing multiple small 3 � 3 kernels and

deep layers, the model achieved strong segmentation perfor-

mance (DICE score � 0.88) on the Brain Tumor Segmentation

Challenge 2013 data base (http://braintumorsegmentation.org/).

Specific Clinical Applications of Radiomics

Survival Time Prediction. Predicting prognostic performance of

glioblastomas using clinical imaging alone is challenging due to

the radiographic heterogeneity of tumors. Stratification of clinical

groups will directly impact image-guided diagnosis and targeted

treatment.16 In contrast to qualitative assessment (enhancing tu-

mor, edema, and multifocal lesions)62 made by radiologists, a

recent study5 introduced quantitative spatial imaging biomarkers

to predict survival time for patients with glioblastomas. Such

work requires a labeled training set with survival information. It

suggested that contrast information gained from co-occurring

subregions on FLAIR and T2-weighted images was useful to sep-

arate long-term (�400 days) and short-term (�400 days) sur-

vival groups .

Classification of Glioblastoma Subtypes. An example of the clas-

sification of brain tumor histologic groups25 demonstrated the

usefulness of radiomic features to rapidly classify gliomas, metas-

tases, and high- (grade III and grade IV) and low-grade (grade II)

neoplasms. The quantitative image analysis collected brain tumor

identification, raw intensity values, and MR imaging– based tex-

ture features to demonstrate the capability of multiparametric

MR imaging features to separate histologic classes of brain tu-

mors. In addition, a recent study45 showed the possibility of clas-

sifying molecular subtypes of glioblastomas using radiomic fea-

tures alone. In this approach, histograms of MR imaging intensity

in enhanced tumors were identified to provide added value for

predicting molecular subtypes of glioblastoma.45

Tumor–Tissue Discriminative Analysis. Differentiating radiation

necrosis from tumor recurrence is difficult in patients with glio-

blastoma undergoing chemoradiation because traditional quali-

tative interpretation of conventional contrast-enhanced MR

imaging is unlikely to differentiate chemoradiation-induced ne-

crosis and pseudoprogression.63 By contrast, quantitative MR im-

aging features64 were shown to differentiate radiation necrosis

from recurrent tumor. Results revealed that a set of quantitative

intensity features obtained from multiple MR imaging arrays (eg,

T1, T2, relative CBF, and ADC) was useful for detecting radiation

necrosis tissue in resected patients with glioblastoma multiforme

undergoing chemoradiation.

Research Opportunities and Challenges
Substantial progress has been made from recent radiomic studies

to deepen our understanding of imaging characteristics in can-

cer.1,2 The identified quantitative features can be used to alert

radiologists to suspicious abnormalities because radiomic models

can even capture subtle variations in tumor environment not eas-

ily perceived by human experts. We highlighted the convergence

of quantitative image feature extraction and machine-learning

techniques for supporting diagnosis, prognosis, and treatment

predictions. Next, we discuss challenges and opportunities that

are not only related to brain tumor MR imaging but also applica-

ble to other types of cancer studies in radiomics.

Development of Treatment-Specific Radiomics
There is a growing need to develop radiomic signatures that can

be used to directly inform specific treatment options. With diffu-

sion-weighted MR imaging, emerging evidence revealed that

ADC maps were useful to differentiate treatment outcomes in

glioblastoma with radiation therapy concurrent with temozolo-

mide.65 Also, early changes of ADC maps were identified for pre-

dicting glioblastoma recurrence.66 In addition, a decrease in the

volume of FLAIR signal and contrast enhancement67 was shown

to predict the response to bevacizumab treatment for patients
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with glioblastomas. To better understand the biologic implica-

tions of these imaging findings, the collection of temporal imag-

ing at multiple diagnostic periods will offer an opportunity to

consistently characterize biologic tumor evolution before and af-

ter treatment.68 Currently, distinguishing tumor response be-

tween pseudoprogression and pseudoresponse continues to be

challenging in tumor MR imaging69; thus, development of ra-

diomic features to contribute to treatment outcome analysis will

be appealing. Although the type of radiomic features that will

eventually be validated as true predictors responsive to different

treatments is still to be determined, the vast quantity of radiomic

findings, in conjunction with the growth of molecular data, will

increase the possibility of a redefinition of tumor subtypes and

novel biomarker discovery to inform treatment decisions in the

coming years.

Machine Learning
Extracting large-scale radiomic features from a variety of imaging

arrays creates a rich data base containing clinically relevant infor-

mation. Both computational and biologically inspired feature de-

scriptors are important and useful for machine learning. Thus,

development of scalable machine-learning techniques is vital to

search for and identify useful image features associated with out-

come variables and clinical records. We discuss 2 representative

techniques to address this need. First, a suggested approach is to

investigate sparse-learning models, also known as lasso regular-

ization,70 for finding a useful set of reduced features from a high-

dimensional feature vector. Emerging evidence suggests that

sparse learning is useful for identifying multiparametric prognos-

tic imaging biomarkers in non–small cell lung cancer.71

Second, recent breakthroughs in deep learning with applica-

tions in radiology, such as lung nodule malignancy classifica-

tion58,59 and lymph node detection,72 have been encouraging in

finding disease-specific imaging biomarkers. However, the avail-

ability of labeled medical data poses a challenge for developing

efficient deep-learning models. For example, cancer images with

pathologically proved labels are costly to collect at scale; thus, data

integration with different types of clinical labels may present an

alternative means to overcome such obstacles for deep-learning

models, which need large datasets as input.73 Although how we

gain clinical insight from these deep-learning outcomes and how

we optimize network architectures for the better use of multiscale

medical data (eg, serial MR imaging, genomics, and clinical data)

are uncertain,74 the extraction of compact patterns via hierarchi-

cal networks presents enormous opportunities for large-scale ra-

diomic applications (Fig 3).

The Role of Radiomics in Big Data
Radiomic studies follow the theme of emerging big data in health

care that concerns mining vast quantities of biomedical data.75,76

A typical concern of radiomics in big data relates to the manage-

ment of growing image data, gene expression profiles, and the

associated clinical records. Multiple data sources (eg, medical in-

stitutions) and various data types (eg, multitechnique imaging

data) make data sharing and collective administration an espe-

cially complex problem. Enabling data standardization across dif-

ferent image protocols and parameters becomes a prerequisite for

collective study. The pilot project of the Cancer Genome Atlas77 is

an initiative to provide a large portion of clinical data and generic

information. As a parallel effort, The Cancer Imaging Archive4 is

growing rapidly for sharing radiologic images. Also, the Quanti-

tative Imaging Network78 is designed to promote efficient data

integration that helps validate imaging biomarkers that are im-

pactful in treating cancer. More recently, MR fingerprinting 79

was introduced to advance the role of quantitative MR imaging

using pseudorandomized acquisition parameters. However,

large-scale, high-quality benchmark datasets, including complete

clinical labels, standard radiomic features, and molecular profiles,

are not widely available for data sharing, experimental evaluation,

and reproducibility of radiomics toward precision medicine.80,81

CONCLUSIONS
The rapid discovery rate of novel imaging biomarkers in radiom-

ics allows integrating information from interdisciplinary ap-

proaches in radiology, computer vision, and machine learning.

With the growth of clinical imaging data, novel image-based com-

putational models are playing an increasingly important role for

precise diagnosis and treatment guidance in neuro-oncology.

Only when these models align well with tumor biology will ra-

diomic findings maximize their likelihood for clinical utility. Re-

search challenges remain for exploring cancer heterogeneity, scal-

able computational models, and the clinical significance of

FIG 3. Illustration of the convolutional neural networks model using imaging and other biomedical data for brain tumor analysis. The convo-
lutional neural networks model consists of multiple convolutional layers, pooling layers, and fully connected layers to learn an abstraction of the
input data, such as imaging and clinical features for a variety of outcome evaluations.
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radiomic findings. We believe that the newly emerging diagnostic

hypotheses and scalable machine-learning algorithms have the

potential for enhancing the current performance of predictive

cancer diagnosis and accelerating quantitative cancer imaging

findings to reach their true clinical potential.
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PRACTICE PERSPECTIVES

John Nash and the Organization of Stroke Care
X M. Goyal, X A.T. Wilson, X D. Mayank, X N. Kamal, X D.H. Robinson, X D. Turkel-Parrella, and X J.A. Hirsch

ABSTRACT
SUMMARY: The concept of Nash equilibrium, developed by John Forbes Nash Jr, states that an equilibrium in noncooperative games is
reached when each player takes the best action for himself or herself, taking into account the actions of the other players. We apply this
concept to the provision of endovascular thrombectomy in the treatment of acute ischemic stroke and suggest that collaboration among
hospitals in a health care jurisdiction could result in practices such as shared call pools for neurointervention teams, leading to better
patient care through streamlined systems.

John Forbes Nash Jr was a renowned mathematician whose

groundbreaking work in the domain of game theory earned him

the Nobel Prize in Economics in 1994. His theories have been key to

our understanding of decision-making processes in economics and

every other aspect of life involving complex strategic interactions.1

Nash became a household name due to a critically acclaimed

depiction of his life in the film A Beautiful Mind. There is a scene

where Nash is struck by an epiphany because of a discussion about an

imaginary interaction with some young women. He realizes that

Adam Smith’s theory of systems fails to take into account that people

choose the action that confers the greatest benefit (within the con-

straints of law and decency). If you have not seen the film or do not

remember the scene, check it out at https://www.youtube.com/

watch?v�LJS7Igvk6ZM. The important message is that in game the-

ory as in life, systems work best when every person does what is best

for himself or herself, taking into consideration the decisions of the

other players. A system in this state is in Nash equilibrium.2-4

In acute ischemic stroke due to large-vessel occlusion, we

know that the natural history of the disease is generally poor and

devastating, endovascular thrombectomy is highly effective, and

“time is brain.”5 Our biggest challenge moving forward is to im-

prove the organization of systems of care, getting each patient to

the correct hospital the first time around.6 Additionally, individ-

ual cities, jurisdictions, and groups of physicians need to organize

themselves so that they can provide endovascular thrombectomy

24/7/365. Neuroinverventionists are often hired mainly on the

basis of adequate availability of daytime work and where a hospi-

tal is located, the population denominator, and the presence of

other neurointervention centers in the vicinity. Thus, hospitals

may be limited in increasing their call pool, making the frequency

of calls for each neurointerventionist quite onerous.

In game theory, a game comprises 3 parts: the players, the set

of actions available to each player, and a utility function for each

player.4 Here, the players are the health care providers, the actions

are the choices they make regarding patient admission and treat-

ment, and the primary utility measure of these actions is the pa-

tient’s well-being. To achieve optimization (both for patient out-

come and use of resources, decent call schedules, and work-life

balance) based on Nash’s work would require all the players (in

this case, all the health care providers in a particular jurisdiction)

to evaluate not only their own choices and strategy but also the

choices and strategies of the other players.

Nash’s work suggests that patients with stroke could be better

served in their community if hospitals or neurointervention

groups engaged in collaborative practices, rather than each insti-

tution working exclusively to its best interest in isolation. In this

sense, each player would show his or her “hand” and, subse-

quently, take the best action for himself or herself based on every

other player’s hand. This would constitute a mutually beneficial

cooperative Nash equilibrium in which the system is in a stable

state, with each player maximally benefitting.4,7 In this sense, out-

comes of patients with stroke (the shortest possible onset-to-rep-

erfusion time in appropriately chosen patients8) will be improved

in the community as a whole.
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When one starts thinking this way, the obvious conclusion is

to have a shared city- or jurisdiction-wide call schedule (Figure).

This could be communicated well in advance to the paramedic

staff so that they could determine where to bring the patient on

the basis of a predetermined call schedule. In jurisdictions where

many patients are brought directly to the hospital by family and

friends, an alternative approach could be for the neurointerven-

tionist on call to have privileges in all the relevant hospitals and to

therefore travel to the patient. There are simple solutions to over-

come the variances of catheterization laboratory setup and indi-

vidual choices of tools: Physicians could carry a Brisk Recanaliza-

tion Ischemic Stroke Kit (BRISK) in their cars and walk in with all

the tools they need.9 Of course, establishing such a system will

require cooperation and trust; however, this is easier to achieve

when one is backed by a Nobel-winning

mathematician’s math and game theory.

Is it time to start this discussion?
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ORIGINAL RESEARCH
ADULT BRAIN

MR Perfusion to Determine the Status of Collaterals in Patients
with Acute Ischemic Stroke: A Look Beyond Time Maps

X K. Nael, X A. Doshi, X R. De Leacy, X J. Puig, X M. Castellanos, X J. Bederson, X T.P. Naidich, X J Mocco, and X M. Wintermark

ABSTRACT

BACKGROUND AND PURPOSE: Patients with acute stroke with robust collateral flow have better clinical outcomes and may benefit
from endovascular treatment throughout an extended time window. Using a multiparametric approach, we aimed to identify MR perfu-
sion parameters that can represent the extent of collaterals, approximating DSA.

MATERIALS AND METHODS: Patients with anterior circulation proximal arterial occlusion who had baseline MR perfusion and DSA were
evaluated. The volume of arterial tissue delay (ATD) at thresholds of 2– 6 seconds (ATD2– 6 seconds) and �6 seconds (ATD�6 seconds) in
addition to corresponding values of normalized CBV and CBF was calculated using VOI analysis. The association of MR perfusion param-
eters and the status of collaterals on DSA were assessed by multivariate analyses. Receiver operating characteristic analysis was performed.

RESULTS: Of 108 patients reviewed, 39 met our inclusion criteria. On DSA, 22/39 (56%) patients had good collaterals. Patients with good
collaterals had significantly smaller baseline and final infarct volumes, smaller volumes of severe hypoperfusion (ATD�6 seconds), larger
volumes of moderate hypoperfusion (ATD2– 6 seconds), and higher relative CBF and relative CBV values than patients with insufficient
collaterals. Combining the 2 parameters into a Perfusion Collateral Index (volume of ATD2– 6 seconds � relative CBV2– 6 seconds) yielded the
highest accuracy for predicting collateral status: At a threshold of 61.7, this index identified 15/17 (88%) patients with insufficient collaterals
and 22/22 (100%) patients with good collaterals, for an overall accuracy of 94.1%.

CONCLUSIONS: The Perfusion Collateral Index can predict the baseline collateral status with 94% diagnostic accuracy compared with
DSA.

ABBREVIATIONS: ASITN � American Society of Interventional and Therapeutic Neuroradiology; ATD � arterial tissue delay; PCI � Perfusion Collateral Index;
rCBF � relative cerebral blood flow; rCBV � relative cerebral blood volume; ROC � receiver operating characteristic; Tmax � time-to-maximum

In patients with acute ischemic stroke, the status of collateral

blood supply can be an independent predictor of reperfusion

success and can impact the clinical outcome.1,2 In addition,

promising data suggest that good collateral status can prolong the

time that tissue-at-risk remains salvageable,3-5 which, in turn, may

allow extension of the therapeutic window. Therefore, noninvasive

evaluation of the collateral blood supply may be helpful in identifying

patients who may benefit from endovascular thrombectomy.

Noninvasive imaging of collateral status can be assessed by

direct visualization of the collateral vessels with CTA6,7 or MRA8,9

or by the assessment of the efficiency of collateral perfusion with

CT perfusion10,11 or MR perfusion.12-14 These techniques are

complementary: CTA and MRA provide anatomic information

about collateral vessels, while perfusion techniques provide

functional and circulatory information on leptomeningeal and

secondary collateral pathways.15 Although various perfusion pa-

rameters have been used to measure collateral status, specific per-

fusion criteria to assess collateral status have yet to be defined.

Most research has focused on time-based perfusion maps, assum-

ing that patients with good collaterals have less severe delays12 and

larger perfusion delay volumes.13,16 Some investigators have also

looked into using CBV and CBF from raw perfusion data to assess

collateral status.12,17
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In this study, we hypothesized that MR perfusion time maps,

which show only delayed perfusion, are insufficient to predict the

status of collaterals if used alone. By applying a multiparametric

approach, we aimed to identify perfusion parameters that can

represent the extent of collaterals, approximating DSA.

MATERIALS AND METHODS
Patients
Patients with anterior circulation acute ischemic stroke who pre-

sented within 9 hours of symptom onset and who were considered

for revascularization treatment were retrospectively reviewed

under an approved institutional review board protocol. Inclu-

sion criteria were the following: 1) large unilateral proximal

arterial occlusion (internal carotid or proximal middle cere-

bral artery), 2) baseline MR imaging including DSC perfusion

and DSA, and 3) follow-up imaging to determine the final

infarction volume. Patients were excluded if DSC perfusion

was nondiagnostic or DSA studies did not allow adequate eval-

uation of collaterals.

We recorded clinical data, including patient age, sex, baseline

NIHSS scores, time from stroke onset, time from onset to groin

puncture, and treatment type, including intravenous tissue plas-

minogen activator (IV tPA) and/or mechanical thrombectomy

when available.

Image Analysis
DWI was acquired using a single-shot spin-echo EPI sequence

with following parameters: TR/TE, 4900/98 ms; flip angle, 90°;

FOV, 22 � 22 cm; matrix, 128 mm; sections, 30 � 5 mm. Diffu-

sion gradients were applied along 6 noncollinear directions with

b-values of 0 and 1000 s/mm2, resulting in a 51-second acquisi-

tion time. DSC perfusion was performed with a single-shot gra-

dient-echo EPI sequence with the following parameters: TR/TE,

1450/22 ms; flip angle, 90°; FOV, 22 � 22 cm; matrix, 128 mm;

sections, 30 � 4 mm. Sixty dynamic frames were obtained during

a 90-second acquisition time. A generalized autocalibrating par-

tially parallel acquisition technique with an acceleration factor of

2 was used for both DWI and DSC.

DSC perfusion was processed with US Food and Drug Admin-

istration–approved software (Olea Sphere; Olea Medical, La Cio-

tat, France) by applying a Bayesian probabilistic method.18 Bayes-

ian is a delay-insensitive probabilistic method in which the Bayes

rule is applied to combine experimental perfusion data and a pri-

ori information about the parameters, to compute a posteriori

probability distribution functions for every parameter of interest.

From these distributions, parameter estimates and errors on those

estimates can be derived (eg, the mean and SD of the posteriori

distributions). Arterial tissue delay (ATD), defined as time-to-

maximum of the Bayesian-estimated tissue residue function,

CBF, and CBV, was generated. The software used a 6-df transfor-

mation and a mutual information cost function to coregister DWI

and all perfusion maps for each patient. DSC maps were normal-

ized to an ROI placed in normal-appearing white matter in the

centrum semiovale, contralateral to the infarct side, to calculate

the ratios for CBV and CBF values.

Because ATD is essentially a Bayesian-estimated time-to-

maximum (Tmax), previously used time-delay thresholds of 2

and 6 seconds12,13,19 were used to differentiate brain tissue

perfusion properties. ATD � 2 seconds defined any visually

perceptible delayed perfusion, and ATD maps with thresholds

of 2 and 6 seconds were generated. We applied the following

designations: 1) Tissue with ATD � 6 seconds was defined as

having severe delayed perfusion; 2) tissue with 2 seconds �

ATD � 6 seconds was defined as having moderately delayed

perfusion.

Subsequently, a VOI from the above-described ATD maps was

calculated using a voxel-based signal intensity threshold method

subsuming the entire region of hypoperfusion within the defined

threshold. The volume of each VOI and its corresponding relative

cerebral blood flow (rCBF) and relative cerebral blood volume

(rCBV) were calculated for each patient. Assuming that most

blood volume in the moderate hypoperfused tissue is likely via col-

laterals, we calculated a new perfusion index as the Perfusion Collat-

eral Index (PCI), defined as the volume of moderately hypoperfused

tissue (ATD2–6 seconds) multiplied by its corresponding mean rCBV

(PCI � Volume of ATD2–6 seconds � rCBV2–6 seconds).

We defined the baseline infarct volume as the volume of tissue

with an apparent diffusion coefficient �600 � 10�6 mm2/s on the

baseline MR diffusion images.20 Final infarct volume was calcu-

lated from the follow-up imaging (obtained within 7 days from

the initial imaging) using the volume of FLAIR-hyperintense tis-

sue or CT-hypodense tissue.

DSA Analysis
Angiographic collateral grading was performed with the Ameri-

can Society of Interventional and Therapeutic Neuroradiology

(ASITN)/Society of Interventional Radiology Collateral Flow

Grading System on baseline angiography (ASITN grades 0 – 4)21:

grade 0: no collaterals visible; grade 1: slow collaterals to the pe-

riphery of the ischemic site with persistence of some of the defect;

grade 2: rapid collaterals to the periphery of the ischemic site with

persistence of some of the defect; grade 3: collaterals with slow-

but-complete angiographic blood flow of the ischemic bed by the

late venous phase; and grade 4: complete and rapid collateral

blood flow to the vascular bed in the entire ischemic territory by

retrograde perfusion.

Patients were dichotomized to those with good collaterals

(ASITN grades 3 and 4) and insufficient collaterals (ASITN grades

0, 1, and 2). Primary revascularization following mechanical

thrombectomy was assessed with the TICI scale.22 Data were

dichotomized with TICI � 2b as an indication of successful

revascularization.

Statistical Analysis
Baseline characteristics and neuroimaging variables were com-

pared between subjects with insufficient-versus-good collaterals

using the Fisher exact and Wilcoxon rank sum tests as appropri-

ate. For multivariate analysis, a Classification Tree (binary recur-

sive partition) model was used to simultaneously evaluate all (n �

12) included imaging (baseline infarction volume, final infarction

volume, ATD�6 seconds, ATD2– 6 seconds, rCBF, rCBV, and PCI)

and clinical (age, sex, baseline NIHSS score, IV tPA administra-

tion, time-to-groin puncture from last known well) parameters of

insufficient-versus-good collaterals.
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Accuracy statistics were computed with a nonparametric re-

ceiver operating characteristic (ROC) analysis. Thresholds for

separating insufficient from good collaterals were chosen to max-

imize the unweighted overall accuracy, defined as the weighted

average of the percentage of insufficient and good collateral

vessels. Sensitivity, specificity, overall accuracy defined as

(sensitivity � specificity) / 2, and the area under the ROC curve

were reported. The significance level was set at P � .05 in our

statistical analysis.

RESULTS
Among 108 charts reviewed, 39 patients met our inclusion crite-

ria. In 61 patients, baseline DSA was inadequate to provide a score

of collateral vessels (lack of an adequate number of phases and

injections). Eight patients were excluded due to inadequate and

nondiagnostic MR perfusion data. Of those patients included in

the analysis, 22 were men, 17 were women (mean age, 63.3 years;

range, 37– 85 years). The median and interquartile range of the

NIHSS scores were 17 and 14 –19. Five patients had distal internal

carotid occlusion, and 34 patients had proximal MCA occlusion.

Twenty-two (56%) patients were classified as having good collat-

erals defined by ASITN � 3 on baseline conventional

angiography.

Clinical Data
Demographic data and basic clinical information for patients

with insufficient-versus-good collaterals are provided in Table

1. Among the 39 patients included, 18 (46%) received IV tPA

before undergoing conventional angiography. Administration

of IV tPA was not significantly different (P � .45) between

patients with good (10/22, 45%) versus insufficient collaterals

(8/17, 47%) (Table 1). The time gap

between MR imaging and DSA was

not significantly different between

patients with good collaterals (mean,

100 � 45 minutes) versus insufficient

collaterals (mean, 128 � 39 minutes).

Endovascular treatment was per-

formed with a Merci retriever (Con-

centric Medical, Mountain View, Cal-

ifornia) catheter (n � 12) or the

Penumbra (Penumbra, Alameda, Cal-

ifornia) suction thrombectomy cathe-

ter (n � 16) and stent retrieval device

(n � 11).

Imaging Data
Univariate analysis showed significantly smaller baseline in-

farction volume, final infarction volume, and volume of severe

(ATD�6 seconds) delayed perfusion in patients with good collaterals

(Table 2). On the other hand, rCBF, rCBV, PCI, and the volume of

moderate (ATD2–6 seconds) delayed perfusion were significantly

higher in patients with good collaterals (Table 2). The rate of primary

postprocedural revascularization did not differ significantly between

the 2 groups (Table 2). Figs 1 and 2 show examples of our image

analysis in 2 patients with right proximal MCA occlusion; one had

good and the other had insufficient collaterals, respectively.

The Classification Tree (binary recursive partition) model in the

simultaneous evaluation of all 12 included predictive parameters of

insufficient-versus-good collaterals showed that the 2 best single pa-

rameters with the highest predictive ability were rCBV2–6 seconds and

volume of moderate (ATD2–6 seconds) hypoperfusion, with an overall

diagnostic accuracy of 85% and 82.1%, respectively. Both

rCBV2– 6 seconds (at a threshold of �1.6) and volume of

ATD2–6 seconds (at a threshold of �38.28 mL) could identify 18/22

(81.8%) patients with good collaterals when used alone. A combina-

tion of the 2 parameters used in our newly defined Perfusion Collat-

eral Index (Volume of ATD2–6 seconds � rCBV2–6 seconds) resulted in

improved predictive accuracy over each measure alone to correctly

identify all 22 patients (100%) with good collaterals. Model accuracy

statistics, including sensitivity, specificity, overall accuracy, and area

under the ROC curve in addition to the optimal threshold for the

variables that reached statistical significance, are reported in Table 3.

In further analysis of our Classification Tree model, a combination of

PCI and baseline infarction volume showed further improvement in

predictive accuracy, providing the best tree model with a nominal

(not validated) 100% accuracy and ROC area � 1.0 (Fig 3).

Table 2: Imaging data in patients with insufficient-versus-good collateral flow

Variable

Good
Collaterals

(n = 22)

Insufficient
Collaterals

(n = 17)
P

Value
Baseline infarct volume (mean) (SD) 29.7 (18.7) 48.3 (30.0) .021a

Final infarct volume (mean) (SD) 51.1 (32.4) 81.0 (44.7) .030a

ATD�6 s (vol) (mean) (SD) 24.7 (17.4) 42.4 (18.2) .004a

ATD2–6 s (vol) (mean) (SD) 64.6 (25.0) 28.2 (17.1) �.001a

rCBF2–6 s (mean) (SD) 1.16 (0.18) 0.98 (0.25) .026a

rCBV2–6 s (mean) (SD) 1.92 (0.32) 1.17 (0.38) �.001a

PCI (mean) (SD) 120.70 (47.6) 36.0 (25.8) �.001a

Primary revascularization
(DSA-TICI) (No.) (%)b

12 (54.5) 5 (29.4) .190

Note:—vol indicates volume.
a Significant.
b Primary revascularization based on the outcome of thrombectomy, dichotomized to 0 and 1 using TICI � 2b.

Table 1: Baseline and clinical data in patients with insufficient-versus-good collateral flow

Variable
Overall
(n = 39)

Good
Collaterals

(n = 22)

Insufficient
Collaterals

(n = 17)
P

Value
Age (mean) (SD) (yr) 63.3 (13.3) 62.8 (15.3) 63.9 (10.2) .85
Sex (M/F) (22:17) (11:11) (11:6) .52
Baseline NIHSS score (median) (IQR) 17, 14–19 16, 13–18 18, 15–20 .19
IV tPA (No.) (%) 18 (46%) 10 (45%) 8 (47%) .45
Hr to groin puncture from last known well (median) (IQR) 6.10, 5.54–7.14 5.98, 5.67–7.54 6.08, 5.27–7.10 .93
Hr from MRI to groin puncture (median) (IQR)a 1.40, 0.80–2.20 1.10, 0.70–1.75 1.5, 0.90–2.14 .58

Note:—IQR indicates interquartile range.
a Subset analysis (only available for 20 patients, 13 patients with good collaterals and 7 patients with insufficient collaterals).
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DISCUSSION
In this study, we showed that multiparametric MR perfusion en-

ables accurate assessment of collateral status in patients with an-

terior circulation proximal arterial occlusion who may be candi-

dates for endovascular revascularization. By incorporating rCBV

in addition to commonly used perfusion time maps, we defined

the Perfusion Collateral Index as a new perfusion parameter su-

perior to other baseline imaging variables to predict the status of

FIG 1. A 61-year-old woman with left hemiparesis who had right MCA (M1) occlusion (not shown) but sufficient collaterals on baseline conven-
tional angiography. DWI shows right MCA territorial infarction. Processed perfusion maps show 3.5 mL of severe (ATD�6 seconds) hypoperfusion,
42 mL of moderate (ATD2– 6 seconds) hypoperfusion, and a mean rCBV2– 6 seconds of 1.7 within the hypoperfused area. The Perfusion Collateral
Index is 42 � 1.7 � 71.4.
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collaterals with a diagnostic accuracy of 94% in comparison with

baseline DSA.

There are several studies on the use of MR perfusion for

assessing the collateral status in patients with acute ischemic

stroke with predominant focus on the

use of perfusion time maps. In 2008,

Bang et al5 showed that patients with

good collaterals had a larger volume of

mild (2 seconds � Tmax � 4 seconds)

delayed perfusion, but they found no

relationship between collateral status

and perfusion-diffusion mismatch us-

ing Tmax � 4 seconds. Later, in 2013,

Campbell et al12 showed that better

baseline collateral flow measured by

digitally subtracted perfusion MR imaging was associated with
a larger diffusion-perfusion mismatch using Tmax � 6 sec-

onds. In 2014, good collateral status was shown to be associ-

ated with a smaller volume of severe hypoperfusion using

Table 3: Optimal threshold, sensitivity, specificity, overall accuracy, and ROC area imaging
variables that were significant with univariate analysis

Variable Threshold Specificity Sensitivity
Overall

Accuracy
ROC
Area

Base infarct volume (mL) 24.1 76.5% 63.6% 70.1% 0.717
Final infarct volume (mL) 45 82.4% 59.1% 70.7% 0.706
Volume of ATD�6 s (mL) 27.77 88.2% 63.6% 75.9% 0.777
Volume of ATD2–6 s (mL) 38.28 82.4% 81.8% 82.1% 0.906
rCBF 1 58.8% 90.9% 74.9% 0.709
rCBV2–6 s 1.6 88.2% 81.8% 85.0% 0.900
PCIa 61.70 88.2% 100.0% 94.1% 0.973

a PCI � Volume of ATD2– 6 seconds � rCBV2– 6 seconds.

FIG 2. A 70-year-old woman with left paresis who had right MCA (M1) occlusion (not shown) and insufficient collaterals on baseline conventional
angiography. DWI showed right MCA territorial infarction. Processed perfusion maps show 17 mL of severe (ATD�6 seconds) hypoperfusion, 20 mL
of moderate (ATD2– 6 seconds) hypoperfusion, and a mean rCBV2– 6 seconds of 0.9 within the hypoperfused area. The perfusion collateral index is
20 � 0.9 � 18.
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Tmax � 6 seconds13 and ATD � 6 seconds.19 Later, Olivot et

al23 showed that a smaller hypoperfusion intensity ratio (de-

fined as the proportion of Tmax �6-second lesion volume

with a Tmax �10-second delay) was associated with good col-

lateral status. Most interesting, in 2015, by applying a proba-

bilistic method, Lee et al14 showed that good collaterals were

associated with more severe delayed perfusion with a Tmax of

16 –22 seconds.

In our study, in addition to commonly used perfusion time

maps, we incorporated additional information obtained via

rCBV to improve our prediction of collateral status. The hall-

marks of collateral perfusion are delay and dispersion.24 Per-

fusion deficits noted on MR perfusion time maps (such as

Tmax) encompass both delayed perfusion due to underlying

arterial occlusion and delayed flow via collateral circulation.

The addition of CBV to routinely used time maps may provide

information regarding the amount of blood flow to the isch-

emic region of the brain (dispersion component); although the

arterial source of sustained perfusion may not be evident, in

the presence of large arterial occlusion, most of it will be from

the collateral circulation.

We showed that in the presence of proximal arterial occlusion,

rCBV provides essential information about the status of collater-

als and is insightful concerning the distribution and dispersion of

collateral flow, a component that may be overlooked using perfu-

sion time maps alone. We showed that mean rCBV values calcu-

lated from the region with moderate hypoperfusion have an over-

all diagnostic performance (85%) similar to that of the volume of

ATD2– 6 seconds (82.1%) for predicting good baseline collaterals.

However, when used in combination with our newly defined

PCI (Volume of ATD2– 6 seconds � rCBV2– 6 seconds), it further

improved the overall diagnostic performance to 94.1%.

This translated into identifying 4 additional (20%) patients

with good collaterals who were falsely

categorized by rCBV or a volume

of ATD2– 6 seconds alone.

Our results also showed that a larger

volume of moderate (ATD2–6 seconds)

hypoperfusion is a better indicator

of good baseline collateral status,

with higher specificity (81.8%) com-

pared with a smaller volume of

severe (ATD�6 seconds) hypoperfusion

(specificity of 63.6%). This finding is

interesting and somewhat different

from prior reports in which a better

association between good collateral

status and a smaller volume of severe

hypoperfusion has been shown using

Tmax � 6 seconds.12,13,23 This may be

explained by intrinsic technical differ-

ences between Bayesian-estimated ATD

and singular value decomposition– es-

timated Tmax.

To increase the broad acceptance of
perfusion imaging in the stroke neu-

rology community, further improve-

ment of methodology in image postprocessing is required, es-

pecially when dealing with a noisy imaging environment such
as DSC perfusion. In this study, we used ATD rather than
Tmax to take advantage of inherent noise-resistance behavior

of the Bayesian postprocessing. Although Bayesian-derived

ATD is equivalent to deconvolution-derived Tmax in terms of

definition (maximum time-to-peak of the residue function),

they do not share the same properties. The Bayesian method is

a robust probabilistic method that minimizes effects of oscil-

lation, tracer delay, and low SNR during residue function esti-

mation compared with other deconvolution methods.18,25 The

inherent delay insensitivity of the Bayesian technique is essen-

tial for accurate evaluation of the perfusion time delay to min-

imize the effect of existing underlying arterial occlusion.26 In

addition, simulation studies in agreement with the recommen-

dations from the Acute Stroke Research Imaging Roadmap II27

have shown highly reproducible and accurate data for ATD

estimation.18 A follow-up study between ATD and Tmax-esti-

mated PCI may be helpful for exploring potential differences

between these techniques.

Our study has several limitations. First, we acknowledge po-

tential selection bias associated with retrospective studies. Sec-

ond, our small sample size may affect some part of our results. For

example, we showed that patients with good baseline collaterals

tend to have a higher recanalization rate, but this trend was not

statistically significant (P � .19), which may have been a function

of the small sample size. In our Classification Tree model, com-

bining PCI and baseline infarct volume yielded a nominal accu-

racy of 100% (Fig 3). However, this result must be interpreted in

the context of our small sample, and like any predictive model,

our results need to be validated in a large prospective cohort.

Finally, we excluded 61 patients due to inadequate DSA data for

collateral scoring. This is an inevitable challenge in acute ischemic

FIG 3. The Classification Tree model using a combination of the PCI (Volume of ATD2– 6 seconds �
rCBV2– 6 seconds) and baseline infarction volume provides a nominal (not validated) 100% accuracy
and ROC area � 1.0.
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stroke because performing a complete diagnostic angiography for

collateral assessment poses a delay in treatment. This further

highlights the need for development of an advanced noninvasive

collateral grading system such as ours from which accurate collat-

eral status may be imputed. To establish the accuracy of our per-

fusion parameters, we had to compare our results with the cur-

rent standard of reference (DSA). It is, however, plausible that

perfusion imaging may outperform rough collateral grading

obtained from 2D DSA as shown by prior reports.12

CONCLUSIONS
Using a multiparametric MR imaging approach, we identified the

Perfusion Collateral Index, defined as Volume of ATD2–6 seconds �

rCBV2– 6 seconds, as a new perfusion parameter that provides accu-

rate noninvasive estimation of baseline collateral status with a

diagnostic accuracy of 94% compared with DSA. If its potential is

realized, the PCI can be used to accurately identify patients with

good collaterals, potentially extending the treatment window and

increasing the number of patients who may benefit from endo-

vascular treatment in the current era of endovascular therapy.
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ORIGINAL RESEARCH
ADULT BRAIN

On the Reproducibility of Inversion Recovery Intravoxel
Incoherent Motion Imaging in Cerebrovascular Disease

X S.M. Wong, X W.H. Backes, X C.E. Zhang, X J. Staals, X R.J. van Oostenbrugge, X C.R.L.P.N. Jeukens, and X J.F.A. Jansen

ABSTRACT

BACKGROUND AND PURPOSE: Intravoxel incoherent motion imaging can measure both microvascular and parenchymal abnormalities
simultaneously. The contamination of CSF signal can be suppressed using inversion recovery preparation. The clinical feasibility of
inversion recovery–intravoxel incoherent motion imaging was investigated in patients with cerebrovascular disease by studying its
reproducibility.

MATERIALS AND METHODS: Sixteen patients with cerebrovascular disease (66 � 8 years of age) underwent inversion recovery–intra-
voxel incoherent motion imaging twice. The reproducibility of the perfusion volume fraction and parenchymal diffusivity was calculated
with the coefficient of variation, intraclass correlation coefficient, and the repeatability coefficient. ROIs included the normal-appearing
white matter, cortex, deep gray matter, white matter hyperintensities, and vascular lesions.

RESULTS: Values for the perfusion volume fraction ranged from 2.42 to 3.97 �10�2 and for parenchymal diffusivity from 7.20 to 9.11 � 10�4

mm2/s, with higher values found in the white matter hyperintensities and vascular lesions. Coefficients of variation were �3.70% in
normal-appearing tissue and �9.15% for lesions. Intraclass correlation coefficients were good to excellent, showing values ranging from
0.82 to 0.99 in all ROIs, except the deep gray matter and cortex, with intraclass correlation coefficients of 0.66 and 0.54, respectively. The
repeatability coefficients ranged from 0.15 to 0.96 � 10�2 and 0.10 to 0.37 � 10�4 mm2/s for perfusion volume fraction and parenchymal
diffusivity, respectively.

CONCLUSIONS: Good reproducibility of inversion recovery–intravoxel incoherent motion imaging was observed with low coefficients
of variation and high intraclass correlation coefficients in normal-appearing tissue and lesion areas in cerebrovascular disease. Good
reproducibility of inversion recovery–intravoxel incoherent motion imaging in cerebrovascular disease is feasible in monitoring disease
progression or treatment responses in the clinic.

ABBREVIATIONS: CV � coefficient of variation; D � parenchymal diffusivity; f � perfusion volume fraction; ICC � intraclass correlation coefficient; IR � inversion
recovery; IVIM � intravoxel incoherent motion; NAWM � normal-appearing white matter; RC � repeatability coefficient

Perfusion imaging using an exogenous contrast agent is com-

monly used in the clinic in patients with cerebrovascular dis-

eases.1,2 This technique is sensitive to the microcirculatory con-

dition and provides insight into the cerebral hemodynamics in,

for example, patients with ischemic stroke. Because this technique

is contraindicated in patients with impaired renal function, there

is interest in techniques that avoid contrast agents. For example,

by labeling endogenous blood as a tracer, arterial spin-labeling

has been used to measure perfusion. However, this technique is

associated with low signal-to-noise ratios and is dependent on the

arterial transit time. Changes in flow conditions due to disease

(eg, stroke) can complicate selecting the correct arterial transit

time.3 Another technique without the use of a contrast agent that

has received attention is intravoxel incoherent motion (IVIM)

imaging. IVIM is a DWI technique that measures the diffusion

properties of water molecules in static tissue and in blood flowing

into the capillary networks. Therefore, it can measure perfusion

and diffusion properties in the brain simultaneously.4 The result-

ing perfusion volume fraction (f) and parenchymal diffusivity (D)
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provide information on the microvasculature and parenchymal

microstructure, respectively, and have shown promising re-

sults in assisting in the assessment of stroke.5,6 Moreover, with

this technique, the affected microvasculature and parenchyma

in patients with cerebral small-vessel disease have been dem-

onstrated previously.7

Unfortunately, the IVIM signal and the resulting measures can

be affected by partial volume effects of CSF. The contamination of

CSF has been previously demonstrated to be relevant for DWI,

and an improved accuracy of diffusion measures was shown when

suppressing the CSF signal.8,9 Recently, this suppression has been

applied to IVIM.10 This so-called inversion recovery– based IVIM

technique (ie, IR-IVIM) can be particularly helpful for patients

with cerebrovascular disease because these patients often have

brain atrophy,11 which can increase the CSF contamination.

The reproducibility of IR-IVIM has not yet been fully studied.

Several groups have investigated the reproducibility of conven-

tional IVIM and have shown good results (eg, low coefficients of

variation [CVs]) for both the perfusion volume fraction and pa-

renchymal diffusivity.12-15 Thus far, only 1 reproducibility study

has been performed on IR-IVIM. This study examined only f and

healthy participants.10

We aimed to assess the clinical feasibility of IR-IVIM using the

reproducibility of the perfusion volume fraction and parenchy-

mal diffusivity.

MATERIALS AND METHODS
Study Population
For this study, we enrolled patients with varying manifestations of

cerebrovascular disease (n � 17): 1) cerebral small vessel disease

(n � 11), 2) cortical stroke (n � 5), and 3) intracerebral hemor-

rhage (n � 1). Patients were recruited in either the transient isch-

emic attack outpatient service or the stroke unit of the department

of neurology of the hospital. A more detailed description of the

study population has been published previously.16

All patients were scanned twice on separate days. The patient

with intracerebral hemorrhage did not complete both sessions

and was excluded from analysis. This exclusion resulted in 16

patients (14 men and 2 women; mean age, 66 � 8 years; 1.9 � 2.2

mean days between the 2 sessions) suitable for image analysis.

Standard Protocol Approvals, Registrations, and
Patient Consents
The medical ethics committee of our institution approved this

study. Written informed consent was obtained from patients be-

fore participation.

Imaging Protocol
Participants underwent brain imaging on an MR imaging system

(3T, Achieva TX; Philips Healthcare, Best, the Netherlands) using

a 32-element head coil suitable for parallel imaging. For IVIM

imaging, a Stejskal-Tanner DWI single-shot spin-echo EPI pulse

sequence was used (TR/TE, 6800/84 ms; FOV, 221 � 269 � 139

mm3; 2.4-mm cubic voxel size). To suppress the CSF signal, an

inversion pulse (TI, 2230 ms) was given before the DWI se-

quence.10 The total scan time of IVIM imaging using the inversion

pulse was 14 minutes. Fifteen DWIs were acquired in 3 orthogo-

nal directions using multiple diffusion-sensitive b-values (0, 5, 7,

10, 15, 20, 30, 40, 50, 60, 100, 200, 400, 700, and 1000 s/mm2).

IVIM images were aligned with the corpus callosum (ie, the line

connecting the center of the genu and splenium of the corpus

callosum). The number of signal averages for the highest 2 b-val-

ues was 2 and 3, instead of 1, respectively, to increase the signal-

to-noise ratio at high b-values.

For anatomic reference, a T1-weighted sequence (TR/TI/TE,

8.3/800/3.8 ms; FOV, 256 � 256 � 160 mm3; cubic voxel, 1.0

mm3) and T2-weighted FLAIR sequence (TR/TI/TE, 4800/1650/

299 ms; FOV, 250 � 256 � 180 mm3; cubic voxel, 1.0 mm3) were

performed.

Image Analysis

Brain Segmentation. T1-weighted images were segmented into

white matter, cortex, and deep gray matter using FreeSurfer soft-

ware (http://surfer.nmr.mgh.harvard.edu)17 and FSL (Version

5.0; http://www.fmrib.ox.ac.uk/fsl).18 Subsequently, the normal-

appearing white matter (NAWM) was separated from the white

matter hyperintensities on FLAIR using a semiautomated seg-

mentation algorithm19 followed by visual checks. Visible vascular

lesions were identified (n � 4) by a neuroradiologist (�20 years of

experience). Because a range of cerebrovascular diseases was in-

cluded (ie, cerebral small-vessel disease and cortical infarction),

we explored various ROIs: NAWM, cortex, deep gray matter,

white matter hyperintensities, and vascular lesions (Fig 1A, -B).

For patients (n � 5) with an acute infarct, only the contralateral

hemisphere was considered for analysis.

IVIM Analysis. IVIM images were corrected for distortions and

head displacements by registering to a corresponding T1-

weighted image, using ExploreDTI Version 4.8.3 (http://

exploredti.com/).20 Subsequently, trace images were obtained by

calculating the geometric mean of the DWIs measured in 3 or-

thogonal directions. Henceforth, spatial smoothing was per-

formed on the trace images with a 3-mm (full width at half max-

imum) Gaussian kernel. The signal-to-noise ratio21 of cerebral

tissue of the trace images was 60; and of the images obtained in 1

direction, it was 45 with a b-value of 1000 s/mm2, which was

higher than the recommended value (ie, 30) for reliable IVIM

estimation.22

Model Fitting. We used a 2-compartment model representing a

vascular and nonvascular component, which also accounts for

CSF contamination and differences in the relaxation time of

blood and tissue.7 The IVIM signal was fitted biexponentially us-

ing a 2-step approach, which has been described previously7,23,24:

1) The parenchymal diffusivity was obtained by fitting a monoex-

ponential decay to the signal attenuation curve, obtained with

b-values of �200 s/mm2; and 2) a biexponential decay was fitted

to the signal attenuation curve, using all b-values and a fixed D,

to obtain the perfusion volume fraction. This fitting was per-

formed in a voxelwise manner; and for each ROI, the average

IVIM measure was calculated. This calculation was performed

with in-house software in Matlab R2012a (MathWorks, Natick,

Massachusetts).
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Reproducibility Assessment and Statistical Analysis
All IVIM measures obtained with the trace images were calculated

for 2 sessions and compared between sessions to evaluate the re-

producibility using the coefficient of variation (CV), the repeat-

ability coefficient (RC), and the intraclass correlation coefficient

(ICC).25 The CV expresses the relative variation within the subject

from 1 session to the second session, whereas the ICC provides

information on the effect of this variation with respect to the

biologic variation of the study population. Furthermore, the RC

indicates the minimal difference needed between the 2 measure-

ments obtained from the same method to be considered an actual

change rather than a test-retest error.26

CV was calculated to express the relative within-subject vari-

ation and is defined as

CV �
�ws

�ws
� 100%,

where �ws is the population SD during 2 sessions within the same

subject and �ws the mean value during 2 sessions within the same

subject.

The repeatability coefficient was calculated as

RC � 1.96 � �2 � �ws.

Both the CV and RC were calculated per participant and averaged

over all subjects to represent the overall CV and RC. Low CV and RCs

represented good test-retest reproducibility.

Third, the intraclass correlation coefficient was used, defined as

ICC �
�bs

2

�bs
2 � �ws

2 ,

where �bs
2 denotes the biologic variance, which was obtained by

calculating the variance over the average values of both sessions in

all patients. The ICC expresses the effect of the biologic variance

on the total variance rather than the test-retest error (�ws
2). ICC

values toward 1 represent good reproducibility. The ICC was cat-

egorized as follows: poor, ICC � 0.40; moderate, 0.40 � ICC �

0.60; good, 0.60 � ICC � 0.75; and excellent, 0.75 � ICC �

1.00.27

Effect of Smoothing
To analyze the effect of smoothing on the reproducibility, we

smoothed DWIs with a Gaussian kernel with increasing full width

at half maximum ranging from 0 to 6 mm. Subsequently, CV

values were calculated and used for comparing the reproducibility

for increased smoothing. This calculation was performed for both

f and D and for the ROIs in the white and gray matter.

RESULTS
The Table shows the results of the reproducibility of the IVIM

parameter perfusion volume fraction and parenchymal diffusiv-

ity. Figure 1C, -D shows examples of f and D maps. The measured

f (2.42–2.90 � 10�2) and D (7.20 –7.44 � 10�4 mm2/s) seen in

patients with cerebrovascular disease are in the range of expected

values in NAWM and gray matter. White matter hyperintensities

and vascular lesions had values for f and D ranging from 3.22–

3.97 � 10�2 and 8.83–9.11 � 10�4 mm2/s, respectively. CVs of

�3.7% for f and D were observed for the white and gray matter.

Vascular lesions showed relatively higher CVs for f and D of 9.15

and 1.30%, respectively. Excellent ICCs (0.82– 0.97) were ob-

served for both IVIM parameters, except for f in the deep gray

matter and D in the cortex showing moderate-to-good ICCs. Fur-

FIG 1. A, FLAIR image of a patient with a cortical infarct. Cerebral tissue was segmented (B) into normal-appearing white matter (green), cortex
(brown), deep gray matter (pink), white matter hyperintensities (light blue), and vascular lesion (red). C and D, The calculated perfusion volume
fraction map and parenchymal diffusivity map are shown, respectively.

Reproducibility values of the perfusion fraction and parenchymal
diffusivity

Region

Session 1a

(mean)
(SD)

Session 2a

(mean)
(SD)

CV
(%) RCb ICC

f
NAWM 2.42 (0.23) 2.42 (0.22) 2.27 0.15 0.86
Cortex 2.79 (0.37) 2.76 (0.38) 2.89 0.21 0.89
DGM 2.90 (0.27) 2.81 (0.31) 3.70 0.29 0.66
WMH 3.22 (0.33) 3.23 (0.31) 2.47 0.22 0.84
VL 3.46 (0.79) 3.97 (1.33) 9.15 0.96 0.82

D
NAWM 7.20 (0.19) 7.27 (0.22) 0.49 0.10 0.88
Cortex 7.35 (0.12) 7.44 (0.17) 0.68 0.14 0.54
DGM 7.36 (0.28) 7.42 (0.27) 0.46 0.09 0.95
WMH 9.02 (0.64) 9.11 (0.69) 0.70 0.18 0.97
VL 8.83 (1.88) 9.09 (2.10) 1.30 0.37 0.99

Note:—DGM indicates deep gray matter; WMH, white matter hyperintensities; VL,
vascular lesion.
a Mean and SD were calculated for all participants.
b Units: �10�2 (f); �10�4 mm2/s (D).
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thermore, RCs ranged from 0.15– 0.96 � 10�2 for f and from

0.09 – 0.37 � 10�4 mm2/s for D.

When comparing our CVs obtained with smoothing (ie, full

width at half maximum � 3 mm) with CVs without smoothing

(ie, full width at half maximum � 0 mm), we observed lower CVs

for f (CV, 2.27%–3.70%) when smoothing was applied than when

no smoothing was applied (CV, 7.05%–12.20%) in the white and

gray matter. For D, lower CVs were also found when smoothing

was applied (CV, 0.49%– 0.70%) than without smoothing (CV,

0.54%–2.34%) in the white and gray matter. In Fig 2, the CVs for

an increasing size of the smoothing kernel are shown. For f, CVs

without smoothing ranged from 7.05%–12.20%, and with

smoothing, from 2.20%–5.45% in the white and gray matter. For

D, CVs without smoothing ranged from 0.54%–2.34%, and with

smoothing, from 0.43%– 0.88% in the white and gray matter.

DISCUSSION
In this study, we assessed the reproducibility of IR-IVIM. Low

CVs and moderate-to-excellent ICCs were observed for both nor-

mal-appearing tissue and lesion areas. Furthermore, low values

for RCs were observed for all regions.

Several groups have evaluated the reproducibility of conven-

tional IVIM in the brain.12-15 In patients with gliomas, CVs of

6.5% and 0.6% in the NAWM outside

the tumor mass for f and D were

reported, respectively.12 Furthermore,

Peterson et al15 investigated healthy par-

ticipants and reported moderate-to-ex-

cellent ICCs for f in the deep gray matter.

In a multicenter study14 also in healthy

participants, CVs of f were 5.8% and

11.1%, and CVs of D were 1.7% and

2.1% in the white matter and gray mat-

ter, respectively. In comparison with

these results, we reported somewhat

lower CVs of f and D for the white and

gray matter, not exceeding 3.70% and

0.70%, respectively, and comparable

ICCs. An explanation for the lower CV

values might be the effect of smoothing.

We have shown that our CVs with

smoothing (ie, full width at half maxi-

mum � 3 mm) were generally 3 times

lower than when no smoothing was ap-

plied. When one assesses CVs with no

smoothing (f, CV � 12.20%; and D,

CV � 2.34%), it can be observed that

CVs are in the same range as in the other

studies (ie, f, 5.8%–11.1%; and D, 0.6%–

2.1%12,15,14). This finding indicates that

the reproducibility of IR-IVIM is like

that of conventional IVIM. Neverthe-

less, differences exist between our study

and other studies that can influence the

accurate comparison between IR-IVIM

and IVIM, including the study popula-

tion (ie, healthy controls14,15 versus pa-

tients with disease and cerebrovascular disease versus brain glio-

mas12); the exact method used (eg, IVIM versus IR-IVIM and

selection of ROIs to analyze the reproducibility); and image-ac-

quisition settings, which can contribute to a better signal-to-noise

ratio (eg, the number of averages and the number of diffusion-

sensitizing directions).

A study that used a similar IR-IVIM technique also explored

the reproducibility of f in 5 healthy adults at 1.5T in the gray

matter.10 They reported high-repeatability indices (dissimilar to

the repeatability coefficient but comparable with CV) ranging

from 27.3% to 65.2%, with a smoothing window full width at half

maximum of 0 – 6 mm. The seemingly higher reproducibility we

show from our CVs (ie, full width at half maximum, 0 – 6 mm:

CVs, 2.77%–12.20%) may be explained by several factors: First,

our study was performed at a higher field strength (ie, 3T versus

1.5T). At a higher field strength, a better signal-to-noise ratio

and/or a higher spatial resolution can be acquired, which may

contribute to better reproducibility. Second, the methods used to

calculate the reproducibility values were different. Whereas we

have calculated reproducibility values from the mean IVIM mea-

sure taken over an ROI (ie, “mean method”), they calculated the

reproducibility values in a voxelwise manner. An earlier study has

shown that CVs calculated in a voxelwise manner are approxi-

FIG 2. Coefficients of variation as a function of the full width at half maximum of the smoothing
kernels ranging from 0 to 6 mm for the perfusion volume fraction (A) and parenchymal diffusivity
(B). Higher CVs are present when no smoothing was performed. CVs decreased up to 3 times when
smoothing was applied.
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mately twice as high as CVs obtained with the mean method.25 On

the basis of this observation, our CV values of f for the voxelwise

method can be roughly estimated to be approximately �7.40%

for the white and gray matter, which is lower than that reported by

Hales and Clark (27.3%– 65.2%)10 and is indicative of good

reproducibility.

In our study, we applied spatial smoothing, which is beneficial

because it improves the signal-to-noise ratio and corrects for

small movement or spatial registration errors. We observed that

smoothing might lead to improved CVs (f, 2.20%–5.45%; D,

0.43%– 0.88%), which were generally up to 3 times lower com-

pared with CVs without smoothing (f, 7.05%–12.20%; D, 0.54%–

2.34%). This finding is in accordance with a previous study that

reported better reproducibility with an increasing full width at

half maximum of the smoothing kernel.10

Lower ICCs in the cortex and DGM can be observed, which

indicate lower reproducibility in those areas. We argue that partial

volume effects in general can still contribute to the lower repro-

ducibility values. Even though CSF is suppressed and contamina-

tion of CSF is reduced, other tissue (eg, white matter) can still

contribute to partial volume effects leading to lower reproducibil-

ity values.

The clinical contribution of IVIM in neuroimaging is an active

research topic. IR-IVIM shows good reproducibility in both nor-

mal-appearing tissue and lesion area, which is required when

monitoring disease progression or treatment responses. The clin-

ical applicability of our reproducibility results can be demon-

strated by the following: A difference in f and D in the stroke

region (f, 2.6% � 1.9%; D, 3.9 � 0.79 � 10�4 mm2/s) compared

with the contralateral side (f, 5.6% � 2.5%; D, versus 7.5% �

0.86 � 10�4 mm2/s) has been reported.6 Our RC values in the

vascular lesions of 1.0 and 0.4 for f and D, respectively, show that

this difference can be easily detected with IR-IVIM. Furthermore,

another benefit of IR-IVIM, as opposed to contrast-enhanced

techniques, is that it can be performed multiple times to assess

both diffusion and perfusion properties without the concern of

contrast deposition in the brain. In addition, the advantage of

DWI in ischemic stroke has already been widely reported,2 and

the IR-IVIM– derived D was corrected for microvascular contri-

butions; this process resulted in a more accurate D (ie, less

biased).

The strength of this study is that it was performed in a patient

group in which both normal-appearing tissue and lesion areas (ie,

white matter hyperintensities and vascular lesions) were investi-

gated. On the contrary, in this study, only 2 sessions were per-

formed, whereas multiple scan sessions could have improved the

reproducibility evaluation. Furthermore, IVIM imaging without

suppression of the CSF would have provided a more accurate

comparison of reproducibility between IVIM with and without

CSF suppression. However, IVIM without CSF suppression was

not acquired because there was limited scan time. In addition,

only a few patients (n � 4) had an acute infarct that we could use

to investigate the vascular lesion area. However, we were able to

provide some preliminary results. Last, in this study, we assumed

a random microvascular network and hence an isotropic f. How-

ever, in a recent study, f was shown to be anisotropic in the gray

matter.28 Further investigation is needed to study the effect on the

reproducibility of fitting the anisotropic f.

CONCLUSIONS
IR-IVIM shows good reproducibility in its clinical feasibility in

patients with cerebrovascular disease. Good reproducibility is a

primary requirement in monitoring disease progression or treat-

ment responses in the clinical setting.
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ORIGINAL RESEARCH
ADULT BRAIN

The CT Swirl Sign Is Associated with Hematoma Expansion in
Intracerebral Hemorrhage

X D. Ng, X L. Churilov, X P. Mitchell, X R. Dowling, and X B. Yan

ABSTRACT

BACKGROUND AND PURPOSE: Hematoma expansion is an independent determinant of poor clinical outcome in intracerebral hemor-
rhage. Although the “spot sign” predicts hematoma expansion, the identification requires CT angiography, which limits its general acces-
sibility in some hospital settings. Noncontrast CT, without the need for CT angiography, may identify sites of active extravasation, termed
the “swirl sign.” We aimed to determine the association of the swirl sign with hematoma expansion.

MATERIALS AND METHODS: Patients with spontaneous intracerebral hemorrhage between 2007 and 2014 who underwent an initial and
subsequent noncontrast CT at a single center were retrospectively identified. The swirl sign, on noncontrast CT, was defined as iso- or
hypodensity within a hyperdense region that extended across 2 contiguous 5-mm axial CT sections.

RESULTS: A total of 212 patients met the inclusion criteria. The swirl sign was identified in 91 patients with excellent interobserver
agreement (� � 0.87). The swirl sign was associated with larger initial hematoma (P � .001) and earlier initial CT (P � .001) and hematoma
expansion (P � .028). Multivariable regression modeling demonstrated that if one assumed similar initial hematoma volume, onset-to-first
scan, and time between CT scans, the median absolute hematoma growth was 5.77 mL (95% CI, 2.37–9.18 mL; P � .001) and relative growth
was 35.6% (95% CI, 18.5%–52.6%; P � .001) higher in patients with the swirl sign compared with those without.

CONCLUSIONS: The NCCT swirl sign was reliably identified and is associated with hematoma expansion. We propose that the swirl sign
be included in risk stratification of intracerebral hemorrhage and considered for inclusion in clinical trials.

ABBREVIATIONS: ICH � intracerebral hemorrhage; IQR � interquartile range

The annual incidence of intracerebral hemorrhage (ICH)

worldwide is estimated at 4 million with a large proportion

occurring in low- to middle-income countries.1 ICH confers a

poorer prognosis compared with ischemic stroke with morbidity

and mortality approaching 50% at 30 days.2

Established prognostic factors include initial hematoma vol-

ume, age, low Glasgow Coma Scale score, and shorter time from

onset to presentation.3,4 These factors may not reflect the dy-

namic nature of hematoma evolution and expansion, which are

important in the clinical outcome.5 Hematoma growth due to

active extravasation and rebleeding has been reported in 38% of

patients after initial CT.6 Hematoma expansion has been shown

to be an independent determinant of poorer clinical outcome.5

Consequently, identification of patients at increased risk of hema-

toma expansion and the development of strategies to limit hema-

toma growth have been a focus of clinical trials.1,5,7-10

Current Phase II trials, the Spot Sign and Tranexamic Acid On

Preventing ICH Growth—AUStralasia Trial (STOP-AUST),

“Spot Sign” Selection of Intracerebral Hemorrhage to Guide He-

mostatic Therapy (SPOTLIGHT), Intensive Blood Pressure Re-

duction in Acute Cerebral Hemorrhage Trial 2 (INTERACT 2),

and Antihypertensive Treatment of Acute Cerebral Hemorrhage

(ATACH II), investigated the reduction of hematoma growth us-

ing tranexamic acid, recombinant factor VIIa, and blood pressure

control.1,9-11 STOP-AUST and SPOTLIGHT used the CTA “spot

sign” as a basis for patient selection. The spot sign is a biomarker

for active hemorrhage and independently predicts relative and

absolute hematoma expansion.12-17 Currently, CT angiography is

widely performed in cases in which an ischemic stroke is sus-

pected, while it is less commonly performed in the hemorrhagic

subtype. Limitations for contrast administration include nephro-

toxicity, contraindications in moderate-to-severe renal impair-
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ment, prior contrast reaction, and access and availability of staff

or infrastructure in rural areas, which preclude the use of this

prognostic tool.18,19 Thus, there remains a role for noncontrast

CT in identifying patients at risk for hematoma growth.

The “swirl sign” has been previously described as a hypo- or

isodensity within a region of a hyperdensity that correlates with

active hemorrhage on surgical evacuation.20 It is reproducible

and an independent predictor of 1-month mortality and func-

tional outcomes.21 The utility of the swirl sign in predicting he-

matoma growth has not been thoroughly investigated.21,22 We

aimed to further define the swirl sign and evaluate its value in

predicting hematoma expansion. With the CT swirl sign, it may

be possible to identify patients with intracerebral hemorrhage

most likely to have hematoma expansion in the absence of CT

angiography and for whom hemostatic therapy will be of benefit.

MATERIALS AND METHODS
Study Population
This was a retrospective analysis of all patients who presented to

the Royal Melbourne Hospital, a quaternary stroke referral cen-

ter, with a spontaneous intracerebral hemorrhage diagnosed be-

tween September 2007 and August 2014. All potential cases were

identified with our prospective stroke data base. The diagnosis

was made on CT by a neuroradiologist. The exclusion criteria

were an absence of an initial CT at our institution or a repeat CT

scan, imaging performed 96 hours after symptom onset (includ-

ing interhospital transfers) or subsequent CT performed 96 hours

after initial CT, surgical decompression

between CT1 and CT2 (for which the

hematoma volume on subsequent CT

could not be assessed), concurrent

vascular abnormalities (intracranial an-

eurysms, arteriovenous malformations,

cavernomas, hemangiomas), trauma, or

tumor. The study adhered to the princi-

ples of the Declaration of Helsinki and

was approved by the Melbourne Health

Human Research Ethics Committee.

Demographic and Clinical Data
Demographic and clinical data were ob-

tained via a prospectively organized

stroke data base compiled after review of

patient medical records. Parameters in-

cluded age, sex, history (previous stroke/

transient ischemic attack, diabetes mel-

litus, hypertension), medications, time

of onset, and initial examination find-

ings (Glasgow Coma Scale, initial sys-

tolic blood pressure). The modified

Rankin Scale score on admission was

also calculated. Interventions, including

warfarin reversal, were also noted.

Biochemical results including hemo-

globin level, platelet level, and coagula-

tion profile (international normalized

ratio, activated partial thromboplastin

time, fibrinogen levels) were obtained

using the electronic pathology data base of Melbourne Health,

clinical information service.

Radiologic Findings
Initial noncontrast CT scans were reviewed independently by the

primary investigator (D.N., 6 months of neuroimaging experi-

ence) and an interventional neuroradiologist (R.D., 18 years of

neuroimaging experience) for the presence or absence of the swirl

sign. They were blinded to clinical data and the presence of hema-

toma enlargement. The swirl sign was defined as an area of low

density (30 –50 HU, hypo- or isodense to brain parenchyma) sur-

rounded by a hyperdense region (Figure). The hypodensity had to

extend across 2 contiguous 5-mm axial CT sections. The sign

represents active hemorrhage within an area of acute hematoma.

Hematoma volume, location (supra- or infratentorial in relation

to the tentorium cerebelli), presence of midline shift, and intraven-

tricular extension were obtained from previously published data in

our stroke data base.23 Hematoma growth was calculated as absolute

(hematoma volume measured on CT2–CT1) and relative values (he-

matoma volume measured on CT2–CT1) / Volume on CT1).

Statistical Analysis
Statistical analysis was conducted by using STATA 13 IC (Stata-

Corp, College Station, Texas). P values � .05 were indicative of

statistical significance.

Patient characteristics of those included and excluded from

FIGURE. Noncontrast brain CT of a 73-year-old woman who presented with right-sided weak-
ness. Initial brain CT (A–C) demonstrates a left parietal hematoma measuring 33 mL, demonstrat-
ing hypodense hematoma with hypodense foci, the swirl sign. Follow-up CT (D–F) performed 8
hours later demonstrates increased hematoma volume, 46 mL.
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the study, those positive or negative for the swirl sign, and those

with the swirl sign with and without hematoma growth were sum-

marized as median and interquartile range (IQR) for continuous

variables and counts and proportions for categoric variables and

were compared using the Wilcoxon-Mann-Whitney and Fisher

exact tests, respectively.

Interobserver agreement for the presence of the swirl sign was

estimated using the Cohen � score, with a � of 0.81–1.00 correspond-

ing to almost perfect agreement; 0.61–0.80, substantial; 0.41–0.60,

moderate; 0.21–0.40, fair; 0.00–0.20,

slight; and �0.00, poor agreement.24

To investigate the association between

the presence or absence of the swirl sign

and hematoma growth, we created 2 kinds

of models in which hematoma growth was

expressed as either an absolute or a relative

change. Multiple median regression was

performed with hematoma growth as an

output; the swirl sign as a factor; and he-

matoma volume on the initial CT, time

difference between the first and second

CT, and onset of symptoms to the first CT,

as covariates. The resulting models were

further validated by running linear least-

squares regression models with the same

input but with the output transformed by

using fifth-root transformation to ensure

satisfaction of model assumptions.

RESULTS
Patient Characteristics
A total of 672 patients were treated for

spontaneous ICH and had an assessable

initial CT scan between October 2007

and August 2014. Four hundred sixty

were excluded from the analysis, includ-

ing 405 who did not have a repeat CT, 30

in whom the interval between onset and

initial CT exceeded 4 days, 8 in whom

the interval between CT1 and CT2 ex-

ceeded 4 days, 15 who underwent surgi-

cal decompression between CT1 and

CT2 (13 demonstrated the swirl sign on

initial CT), and 2 who could not be as-

sessed due to poor image quality.

A total of 212 patients met the inclu-

sion criteria, including 86 (40.6%) men

with a median age of 68 years (IQR, 61–

77.5 years).

Previous stroke was documented in

33 (15.9%) patients with a hemorrhagic

etiology in 12 (5.8%) and ischemic in 21

(9.9%). Clinical risk factors for ICH in-

cluded hypertension (n � 166, 78.3%),

antiplatelet use 70 (33%), and anticoag-

ulant use 42 (19.8%). On presentation,

patients had a median international nor-

malized ratio of 1.1 (IQR, 1.0 –1.2) and a

Glasgow Coma Scale score of 14 (IQR, 12–15).

The median time from symptom onset to initial CT was 4.5 hours

(IQR, 2.29–17.5 hours). The hemorrhage was supratentorial in 173

(81.6%) patients, associated with intraventricular extension in 88/

145 (60.7%), and midline shift in 78 (36.8%).

Comparison between Included and Excluded Patients
The excluded patients were older (P � .001) and were more likely

to have midline shift (P � .006) (Table 1). No statistically signif-

Table 1: Comparison of included and excluded patients

Patient Characteristics

Patients with
Spontaneous
ICH (n = 212)

Patients Excluded
(n = 460) P Value

Age (median) (IQR) (yr) 68 (61–77.5) 75 (64.5–83) �.001
Male sex (No.) (%) 86 (40.6) 210 (45.7) .21
Time to initial CT (median) (IQR) (hr) 4.5 (2.29–17.5) 4.4 (2.0–11.6) �n � 299� .06
Time to second CT (median) (IQR) (hr) 11.92 (5.38–29.27) 19.9 (4.6–56.64) �n � 287� .005
PMHx (No.) (%)

Hypertension 166 (78.3) 329 (71.8) .09
Hypercholesterolemia 68 (32.1) 114 (30.6) .71
Statin use 68 (32.1) 145 (31.5) .92
Diabetes 54 (25.6) 108 (23.8) .32
Ischemic heart disease 39 (18.4) 79 (17.6) .83
Atrial fibrillation 47 (22.2) 93 (20.7) .68

Previous stroke
Transient ischemic attack 13 (6.2) 29 (6.5) 1.00
Ischemic stroke (n � 207) 21 (9.9) 43 (11.5) .68
Hemorrhagic stroke 12 (5.8) 35 (9.4) .15

Anticoagulant (No.) (%)
Warfarin 42 (19.8) 87 (18.9) .83
Antiplatelet 70 (33.0) 164 (35.6) .54

GCS on presentation (median) (IQR) 14 (11–15) �n � 207� 14 (10–15) �n � 355� .52
Radiologic (No.) (%)

Location supratentorial 173 (81.6) 309 (67.2) .42
IV extension (n � 326) 88 (41.5) 60 (52.6) .06
Midline shift (n � 499) 78 (36.8) 142 (49.5) .006

Note:—GCS indicates Glasgow Coma Scale; PMHx, past medical history; IV, intraventricular.

Table 2: Comparison of patients positive and negative for the swirl sign

Patient Characteristics
Swirl Sign −ve

(n = 121)
Swirl +ve
(n = 91) P Value

Age (median) (IQR) (yr) 69 (51–76) 68 (51–72) .4
Male sex (No.) (%) 50 (41.3) 36 (39.6) .89
Time to initial CT (median) (IQR) (hr) 16.1 (1.1–95.3) 8.0 (0.37–94) �.001
Time to second CT (median) (IQR) (hr) 21.0 (10.3–28.5) 16.5(5.9–29.5) .12
Initial hematoma volume (median) (IQR) (mL) 8.56 (3.83–14.95) 23.2 (11.65–43.3) �.001
PMHx (No.) (%)

Hypertension 99 (81.8) 67 (73.6) .18
Hypercholesterolemia 45 (37.3) 23 (25.3) .08
Statin use 40 (33.1) 28 (30.8) .77
Diabetes 33 (27.5) 21 (23.1) .52
Ischemic heart disease 21 (17.4) 18 (19.8) .72
Atrial fibrillation 21 (17.4) 26 (28.6) .06

Previous stroke
Transient ischemic attack 9 (7.5) 4 (4.4) .40
Ischemic stroke (n � 207) 10 (8.5) 11 (12.2) .49
Hemorrhagic stroke 8 (6.8) 4 (4.4) .56

Anticoagulant (No.) (%)
Warfarin 19 (15.7) 23 (25.3) .12
Antiplatelet 42 (34.7) 28 (30.8) .56

GCS on presentation (median) (IQR) (n � 207) 14 (12–15) 13 (11–14) .018
INR (median) (IQR) 1.1 (1.0–1.2) 1.1 (1.0–1.4) .13
Radiologic (No.) (%)

Location supratentorial 95 (78.5) 78 (85.7) .21
IV extension (n � 145) 50 (63.3) 38 (57.6) 1.00
Midline shift 27 (22.3) 51 (56.0) �.001

Note:—INR indicates international normalized ratio; �ve, negative; �ve, positive; PMHx, past medical history; GCS,
Glasgow Coma Scale; IV, intraventricular.
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icant differences in sex, time to initial CT, traditional cardiovas-

cular risk factors, previous stroke, and use of anticoagulants be-

tween included and excluded patients were observed (Table 1).

Interobserver Agreement
A random sample of 60 CT scans demonstrated excellent interob-

server agreement in identifying the swirl sign (� � 0.87; 95% CI,

0.75– 0.99). There was disagreement about the presence of the

swirl sign in 4 of 60 patients. Three of these patients had a small

hematoma volume (�10 mL).

The Swirl Sign and Clinical Variables
The swirl sign was present in 91 (42.9%; 95% CI, 36.2%– 49.9%)

patients. Hematoma expansion occurred in 65 (71%; 95% CI,

61%– 80.4%) patients with positive

swirl signs compared with 33 (27%; 95%

CI, 19.6%–36.1%) of those without the

swirl sign (Table 2). On univariate anal-

ysis, no significant difference in the age,

sex, presence of hypertension, diabetes,

previous stroke of any cause, ischemic

heart disease, or antiplatelet use was ob-

served between those with and those

without the swirl sign (Table 2). No sta-

tistically significant association between

the presence of the swirl sign and the ini-

tial Glasgow Coma Scale score, initial

mRS, or international normalized ratio

was observed (Table 2). No statistically

significant association between the pres-

ence of the swirl sign and time of symp-

tom onset to initial CT (P � .08), atrial

fibrillation (P � .06), or anticoagulant

use (P � .12) was observed (Table 2).

Association between the Swirl Sign
and Hematoma Growth
Patients positive for the swirl sign had

larger initial hematoma volumes (P �

.001) and a shorter time between symp-

tom onset and initial CT (P � .001) and

were more likely to have midline shift

(P � .001) compared with those without

(Table 2). No statistically significant dif-

ferences in the hemorrhage location or

time taken for repeat imaging were

observed.

Patients with the swirl sign and he-

matoma growth were more likely to

have atrial fibrillation (P � .018), be on

warfarin (P � .003) with a higher inter-

national normalized ratio (P � .01), and

have a shorter interval between onset

and CT1 (P � .01) and between CT1 and

CT2 (P � .001) (Table 3).

Multivariable regression modeling

demonstrated that if we assumed similar

initial hematoma volume, onset-to-first

scan time, and time between CT scans, the median absolute he-

matoma growth was 5.77 mL (95% CI, 2.37–9.18 mL; P � .001)

higher and the median relative hematoma growth was 35.6%

(95% CI, 18.5%–52.6%; P � .001) higher in patients with the

swirl sign compared with those without (Tables 4 and 5).

Qualitatively similar associations were observed on a robust-

ness analysis using least-squares linear regression models with the

same input and the output transformed by using fifth-root

transformation.

DISCUSSION
Our retrospective study demonstrates that if we assume similar

initial hematoma volume and time between CT scans, the median

Table 3: Comparison of patients positive for the swirl sign with and without hematoma
growth

Patient Characteristics

Increased
Hematoma

Volume (n = 65)

Stable/Reduced
Hematoma

Volume (n = 26) P Value
Age (median) (IQR) (yr) 71 (63–76) 66 (55–72) .06
Male sex (No.) (%) 25 (38.5) 11 (42.3) .81
Time to initial CT (median) (IQR) (hr) 3 (1.7–6.6) 4 (2.6–12.7) .01
Time to second CT (median) (IQR) (hr) 12 (4.2–23.8) 26.8 (14.7–36.0) �.001
Initial hematoma volume (median) (IQR) (mL) 24 (12.2–49.6) 21.6 (10.3–38.5) .37
PMHx (No.) (%)

Hypertension 46 (70.7) 21 (80.8) .43
Hypercholesterolemia 17 (26.2) 6 (23.8) 1.00
Statin use 22 (33.9) 6 (23.8) .45
Diabetes 16 (24.6) 5 (19.2) .78
Ischemic heart disease 15 (23.1) 3 (11.5) .26
Atrial fibrillation 23 (35.4) 3 (11.5) .018

Previous stroke
Transient ischemic attack 3 (4.6) 1 (3.9) 1.00
Ischemic stroke (n � 207) 8 (12.3) 3 (11.5) 1.00
Hemorrhagic stroke 3 (4.6) 1 (3.9) 1.00

Anticoagulant (No.) (%)
Warfarin 22 (33.9) 1 (3.9) .003
Antiplatelet 22 (33.9) 6 (23.8) .45

GCS on presentation (median) (IQR) 14 (9.8–14) 13 (11–14) .13
INR (median) (IQR) 1.2 (1.0–1.8) 1.1 (1.0–1.1) .01
Radiologic (No.) (%)

Location supratentorial 55 (84.6) 23 (88.5) .75
IV extension 17 (26.2) 11 (42.3) .35
Midline shift 33 (50.8) 18 (69.2) .16

Note:—GCS indicates Glasgow Coma Scale; PMHx, past medical history; IV, intraventricular; INR, international normal-
ized ratio.

Table 4: Multiple median regression model (follow-up volume)

Follow-Up Volume
Median Absolute

Growth (mL) P Value 95% CI
Swirl sign 5.77 .001 2.37 to 9.18
Initial hematoma volume (mL) 1.01 .000 0.95 to 1.06
Time between CT1 and CT2 (hr) �0.07 .028 �0.12 to �0.007
Time between onset and CT1 (hr) �0.0003 .251 �0.0008 to 0.0002

Table 5: Multiple median regression model (relative hematoma volume change)

Relative Hematoma Volume Change
Median Relative

Growth (%) P Value 95% CI
Swirl sign 35.6 �.001 18.5 to 52.6
Initial hematoma volume (mL) �0.23 .158 �0.56 to 0.09
Time between CT1 and CT2 (hr) �0.42 .008 �0.73 to �0.11
Time between onset and CT1 (hr) 0.0 .424 �0.01 to 0.00
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absolute hematoma growth (5.77 mL; 95% CI, 2.37–9.18 mL; P �

.001) and relative hematoma growth (35.6%; 95% CI, 18.5%–

52.6%; P � .001) in patients with the swirl sign were higher than

in those without. The swirl sign was common and present in 43%

(91/212) of our study population.

Hematoma evolution in ICH is a dynamic process that begins

as a primary hemorrhagic insult. Multiple studies have shown that

a significant proportion of patients (38%) undergo hematoma

expansion on repeat CT imaging.6 The currently recognized clin-

ical prognostic factors (including initial hematoma volume, neu-

rologic deficit at presentation, age, and infratentorial location) do

not directly reflect the dynamic nature of hematoma evolution.

Hematoma growth is thought to be due to active hemorrhage and

rebleeding and has been shown to be an independent determinant

of mortality and morbidity.5 Early identification and hematoma

limitation have become a treatment goal.5

The swirl sign on noncontrast CT is iso- or hypodense within

a hyperdense region and is thought to represent an area of active

hemorrhage within an acute hematoma.20 The swirl sign was first

described in traumatic extra-axial hematomas.25 Greenberg et

al26 and Al-Nakshabandi20 documented that following surgical

exploration, the swirl sign correlated with areas of active hemor-

rhage in subdural hematomas.

Selariu et al21 demonstrated that the swirl sign was reproduc-

ible and correlated with increased mortality and poorer func-

tional outcomes. The swirl sign was present in 30% (61/203) of

the study population. The patients positive for the swirl sign were

more likely to demonstrate midline shift and intraventricular he-

matoma extension and have larger initial hematoma volumes

(mean, 52 versus 15 mL). Our study supports these findings.

Gökçe et al22 studied the CT findings of 45 patients with ICH

on antihypertensive and anticoagulant agents. The median initial

hematoma volume was 46 mL, with the swirl sign identified in 32

(71%) patients. All patients with the swirl sign demonstrated he-

matoma enlargement on repeat imaging.22 Kim et al27 found that

the swirl sign, among other prognostic factors, was associated

with increased mortality but did not independently predict mor-

tality and hematoma growth.

To our knowledge, no previous study has specifically exam-

ined the association between the swirl sign and hematoma

growth. The CTA spot sign has been extensively investigated and

prospectively validated as an independent determinant of hema-

toma expansion, morbidity, and mortality.3,12,13,28 Currently, the

spot sign is the imaging benchmark for hematoma growth in large

national trials investigating hemostatic agents.1 However, CT an-

giography is contraindicated in patients with prior contrast reac-

tions and renal impairment and has reduced availability. Identi-

fication of baseline CT predictors of ICH expansion is important

to aid selection in hemostatic trials when CTA is not possible. This

study supports the swirl sign as a reproducible marker of hema-

toma growth that can be used as an adjunct to the spot sign.

The strengths of our study include the study population size

and length of the recruitment period. The swirl sign was further

defined to improve reproducibility and attempt to reduce the im-

pact of imaging artifacts.

Limitations of the study include a selection bias, which may

have been introduced by our exclusion criteria. The excluded pa-

tients were older (P � .001) and more likely to demonstrate mid-

line shift (P � .006) on initial CT. These features probably reflect

the effects of a larger hematoma, and it is postulated that a higher

proportion of these patients would be swirl-positive. Thus, this

understates the incidence and strength of the association of the

swirl sign and hematoma growth. In addition, a number of pa-

tients were transferred from another hospital, resulting in a longer

time to imaging, which may underestimate the degree of active

hemorrhage. Furthermore, the impetus for repeat CT imaging

was dependent on the degree of clinical concern of the treating

neurology team. Consequently, the interval between initial and

subsequent CT varied; this difference may underestimate the de-

gree of hematoma expansion in delayed imaging due to clot

retraction.

CONCLUSIONS
The noncontrast CT swirl sign was reliably identified with excel-

lent interrater agreement. The presence of the swirl sign was as-

sociated with hematoma expansion. We propose that the swirl

sign should be included in the risk stratification of intracerebral

hemorrhage and should be considered for inclusion in clinical

trials.
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CLINICAL REPORT
ADULT BRAIN

Dural Arteriovenous Fistulas: A Characteristic Pattern of Edema
and Enhancement of the Medulla on MRI

X A.Z. Copelan, X A. Krishnan, X H. Marin, and X R. Silbergleit

ABSTRACT
SUMMARY: Medullary edema with enhancement is rarely reported at initial MR imaging in intracranial dural arteriovenous fistulas. We
report a series of 5 patients with dural arteriovenous fistulas, all of whom demonstrated a characteristic pattern of central medullary
edema and medullary enhancement at initial MR imaging. Cognard type V dural arteriovenous fistula, defined by drainage into the
perimedullary veins and the veins surrounding the brain stem, is a rare yet well-described pathologic entity. Even more rarely reported,
however, is its clinical presentation with predominantly bulbar symptoms and MR imaging findings of central medullary edema with
enhancement. This constellation of findings frequently leads to a convoluted clinical picture, prompting work-up for alternative disease
processes and delaying diagnosis. Because an expedited diagnosis is critical in preventing poor outcomes, it is paramount to make the
referring physician and neuroradiologist more cognizant of this rare-yet-characteristic imaging manifestation of dural arteriovenous
fistula.

ABBREVIATION: DAVF � dural arteriovenous fistula

Intracranial dural arteriovenous fistulas (DAVFs) result from a

meshwork of anomalous communications between dural arter-

ies and dural venous sinuses or cortical veins, without an inter-

vening capillary network or nidus, and account for approximately

10%–15% of intracranial vascular malformations.1 The rare Cog-

nard type V DAVF is defined by its drainage into veins around the

brain stem and further caudally into the perimedullary veins.2

Consequently, this subtype often presents with symptoms related

to swelling of the cervical cord, including a slowly progressive

myelopathy initially involving the upper limbs. The imaging find-

ings include an enlarged cervical cord and engorged perimedul-

lary veins.

What is less commonly understood and described here is the

clinical presentation with bulbar symptoms related to brain stem

involvement.3 The imaging findings within the brain stem are

even more rarely reported, though intuitively, a brain MR may be

the initial imaging test ordered by clinicians in these patients. MR

imaging may reveal central medullary edema with occasional in-

tense medullary enhancement.4 Engorged perimedullary veins

may not be evident. These findings may lead the clinician further

astray and prompt a work-up for a neoplasm and infectious or

inflammatory processes. Ultimately, improper management and,

in some reported instances, biopsy for a suspected neoplasm may

occur.5

We report a series of 5 patients who presented at 2 nearby

academic institutions from 2012 to 2016 with DAVFs demon-

strating medullary edema and enhancement at initial imaging.

Most interesting, the unique pattern of edema was nearly identical

in all 5 cases and, retrospectively, has been anecdotally mentioned

previously.5-7 All 5 patients underwent CT and MR imaging ex-

aminations, and 2 patients underwent MR spectroscopy/perfu-

sion because there was concern for a neoplasm. All patients even-

tually underwent conventional angiography.

This multicenter retrospective study was approved by the in-

stitutional review board of each institution with data compiled

into a single Health Insurance Portability and Accountability Act–

compliant data base.

Cases

Case 1. A 59-year-old man presented with new-onset dizziness

and severe nausea and vomiting. He reported positional vertigo

that had commenced 5 weeks before presentation. MR imaging
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revealed a relatively diffuse T2 hyperintense signal within the me-

dulla, with peripheral and internal linear areas of sparing, as well

as associated mild medullary enhancement (Fig 1A–F). CTA was

also performed, and no vascular malformation was identified. MR

imaging with spectroscopy/perfusion was performed several days

later to exclude neoplasms (Fig 1G–J). This repeat MR imaging

FIG 1. A 59-year-old man who presented with new-onset dizziness and severe nausea and vomiting. Initial MR imaging demonstrates mild hyperintense
signal on axial DWI (b � 1000) (white arrows, A) without definite restricted diffusion on the corresponding ADC map (B). There is relatively diffuse
hyperintense signal abnormality within the medulla on axial T2WI with fat suppression (C and D) with sparing of the periphery and several internal linear
regions (black arrows). This pattern of sparing was not initially recognized. E, Axial FLAIR imaging demonstrates relatively diffuse hyperintense signal
abnormality within the medulla (short white arrow). Axial postcontrast T1WI (F) demonstrates mild patchy enhancement (long white arrow). G, Coronal
postcontrast T1WI reveals a dilated perimedullary vein (white arrow) extending inferiorly from the patchy enhancement within the medulla (black
arrow) and coursing caudally along the upper cervical cord. MR spectroscopy with TEs of 135 (H) and 35 (I) ms demonstrates no significant elevation in
choline with decreased NAA. MR perfusion imaging (J) reveals slightly decreased relative CBV within the medulla. Suspicion was raised for an underlying
DAVF. Left external carotid injection on digital subtraction angiography arterial phase lateral (K) and delayed venous phase anteroposterior (L) views
demonstrates a DAVF in the wall of the left superior petrosal sinus (long white arrow) fed by meningeal branches of the occipital (short white arrow),
ascending pharyngeal (long black arrow), and middle meningeal (short black arrows) arteries, with retrograde venous drainage via the petrosal vein to
the pial perimedullary veins running to the cervical cord as the anterior and posterior spinal veins (black dashed arrows).
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demonstrated prominent vessels along the surface of the medulla

and upper cervical cord (Fig 1G). Spectroscopy did not reveal

findings concerning for an aggressive neoplasm, and MR perfu-

sion demonstrated decreased relative cerebral blood volume (Fig

1J) and flow within the medulla. Concern was raised for a poten-

tial DAVF, and catheter angiography was recommended. Angiogra-

phy revealed a DAVF in the wall of the left superior petrosal sinus (Fig

1K, -L). The patient underwent a combination of endovascular em-

bolization and surgical resection of the DAVF, and repeat angiogra-

phy showed no recurrence. His symptoms markedly improved with

no recurrence at 3-year follow-up.

Case 2. A 72-year-old man presented with 3 months of imbal-
ance, slurred speech, and dysphagia. He had a vestibular
schwannoma resected 15 years prior. MR imaging demon-
strated relatively diffuse T2 hyperintense signal within the me-
dulla, with peripheral and internal linear regions of sparing,
with intense enhancement in the medulla and adjacent cere-
bellar flocculus (Fig 2A–D). Additionally, an unusual enhanc-
ing vascular structure, near but separate from the right verte-
bral artery, was identified (Fig 2D). Concern was initially
raised for a DAVF. The patient underwent 4-vessel cerebral
angiography outside our department, but no vascular malfor-
mation was identified. Subsequent clinical work-up, including
multiple lumbar punctures for cytology, failed to demonstrate
evidence of malignancy. MR spectroscopy/perfusion revealed a
lactate/lipid peak and prolongation of the mean transit time
and mildly decreased cerebral blood volume within the me-
dulla (Fig 2E, -F). The case was reviewed by the tumor board,
and one of the authors strongly suggested a DAVF, despite the
prior negative findings on angiography (which did not include
selective injections of the external carotid arteries). Repeat cere-
bral angiography in our department with selective external ca-
rotid and, potentially, spinal artery injections, was recommended.
Arteriovenous shunting in the region of the anterior condylar
vein was identified on repeat angiography (Fig 2G). Dilated drain-
ing veins along the brain stem and upper cord were present (Fig
2H). Embolization was performed with Onyx injection (Covi-
dien, Irvine, California) in the neuromeningeal division of the
ascending pharyngeal artery feeding the fistula. No evidence of
residual DAVF was seen, and the patient had improvement in
symptoms, particularly his dysphagia. Five-month follow-up an-
giography did not show recurrence, and follow-up MR imaging
revealed resolution of edema and enhancement.

Case 3. A 35-year-old woman with a medical history significant

for pilocytic astrocytoma as a child presented with 4 weeks of

progressive unsteady gait and lower extremity weakness as well as

dysphonia and nasal speech. MR imaging demonstrated patchy

T2 hyperintensity within the medulla, with peripheral and several

internal linear regions of sparing, and subtle intramedullary en-

hancement (Fig 3A, -B). Serpiginous vessels on postcontrast se-

quences and flow voids were seen along the surface of the medulla

and brain stem. CTA revealed prominent perimedullary and ven-

tral and dorsal spinal veins (Fig 3C). Cerebral angiography dem-

onstrated a DAVF in the wall of the superior petrosal sinus (Fig

3D, -E). Endovascular embolization was performed with injection

of Onyx into the mastoid branch of the occipital artery. The pa-

tient experienced marked clinical improvement with mild resid-

ual left lower extremity weakness. A 3-month follow-up angio-

gram showed no recurrence.

Case 4. A 64-year-old woman presented to an outside hospital

with progressive bilateral arm and leg weakness for the prior 6

months that gradually evolved to tetraparesis. MR imaging of the

cervical spine revealed diffuse T2 hyperintensity within the me-

dulla and cervical spinal cord, with peripheral and internal linear

regions of sparing, with relatively diffuse enhancement. This was

initially diagnosed as transverse myelitis and managed with ste-

roids, intravenous immunoglobulin, and plasma exchange. The

patient’s symptoms progressed for the next 5 months, and she was

seen at our institution. MR imaging revealed mild expansion of

the medulla and cervical spinal cord with a similar pattern of T2

hyperintensity and enhancement. Subtle prominent vessels were

now evident along the ventral pial surface of the medulla. CTA

revealed venous congestion at the cervicomedullary junction, and

cerebral angiography demonstrated a DAVF along the superior

petrosal sinus supplied by the tentorial branch of the inferolateral

trunk with perimedullary venous drainage. The DAVF was ini-

tially treated with an Onyx injection into the occipital arterial

supply; however, residual shunting was seen without successful

penetration of Onyx on the venous side. Surgical resection was

performed the following day, and 1-week angiographic follow-up

demonstrated no residual fistula. Clinical recovery, however, was

limited, with persistent tetraparesis 12 months after treatment.

Case 5. A 50-year-old man presented with new-onset upper and

lower extremity weakness. He was initially diagnosed with trans-

FIG 1. Continued.
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FIG 2. A 72-year-old man with 2- to 3-month history of imbalance and dysphagia. A and B, Axial T2WI with fat suppression from initial MR imaging
demonstrates diffuse hyperintense signal in the medulla with segments of linear sparing (short white arrows), creating a geographic pattern, as well as
an unusual vascular structure (long white arrow). C and D, Axial postcontrast T1-weighted fat-suppression imaging demonstrates intense enhancement
within the medulla (short white arrow) and again depicts the unusual vascular structure (long white arrow), which appears separate from the vertebral
arteries. Dynamic susceptibility contrast MR perfusion imaging reveals prolongation in mean transit time (short white arrow, E), and MR spectroscopy
with a TE of 35 ms (F) reveals a lactate/lipid peak (long white arrow) without significant elevation in choline. G, Lateral view from a selective right
ascending pharyngeal injection on DSA demonstrates arteriovenous shunting with early opacification of the anterior condylar vein (short white arrow)
supplied by feeders from the neuromeningeal division of the ascending pharyngeal artery (long white arrow). H, More delayed lateral image demon-
strates dilated veins along the surface of the brain stem and upper cord (short white arrow), draining both superiorly along the anterolateral surface of
the pons toward the petrosal vein (long white arrow) and inferiorly toward the anterior spinal vein (long black arrow). The tortuous vein (short black
arrow) likely corresponds to the anomalous venous structure seen on the original MR imaging.
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verse myelitis and came to our institution for a second opinion.

MR imaging of the cervical spine revealed expansion of the lower

medulla and cervical cord with T2 hyperintensity, sparing the

periphery, and faint enhancement with prominent vessels along

the ventral cervical cord. Cerebral angiography revealed a spinal

DAVF in the left C1 foramen with perimedullary venous drainage

to the anterior spinal vein. Due to the short arterial pedicle, en-

dovascular management was deferred. Surgical management was

initially unsuccessful with persistence of the DAVF. His symp-

toms progressed for the next 6 weeks to marked lower extremity

weakness, bowel and bladder dysfunction, and dysphagia, with an

inability to maintain secretions, requiring percutaneous endo-

scopic gastrostomy tube placement and tracheostomy. A second

operation was then performed and was successful; however, clin-

ical examination findings remained unchanged.

DISCUSSION
While an intracranial DAVF with perimedullary spinal venous

drainage is rare, even more uncommon is its presentation with

medullary or pontomedullary edema, with only 31 cases previ-

ously reported in the English language medical literature. Because

timely diagnosis is paramount in minimizing the potential for

catastrophic outcomes, it is critical to make the referring physi-

cian and neuroradiologist more cognizant of this rare-yet-char-

acteristic imaging manifestation of a DAVF.

This series illustrates the challenges in diagnosing this atypical

presentation of DAVF. Because symptomatology is related to the

distribution of venous drainage rather than the site of the fistula,

the clinical presentation may mimic demyelinating and inflam-

matory disorders, brain stem and spinal cord infarction, or neo-

plasms. Symptom onset may be sudden or gradual, with our pa-

tients’ presentations ranging from sudden onset of nausea and

vomiting to gradually progressive tetraparesis.8-12 As exemplified

in our patients, the challenges in recognizing this rare disease

entity often lead to a significant delay in diagnosis, on the order of

several months from the time of initial investigation and months

to years from the time of initial symptoms.

Imaging findings of DAVF often overlap more common dis-

ease entities, convoluting the diagnostic dilemma. Prominent

perimedullary flow voids on T2WI, a feature suggestive of an un-

derlying vascular malformation, are present in only 37% of cases.4

With contrast-enhanced imaging, the detection rate of atypical

perimedullary vessels increases to 76% but is often subtle.5 Use of

MRA increases the detection rate to 85%.5 Four of our 5 patients

(80%) retrospectively demonstrated atypical perimedullary vessels

or flow voids on initial MR imaging, subtle in some instances. Prom-

inent veins are likely a later sign.5 In Cognard type V lesions, the

perimedullary venous drainage is predominantly through the ante-

rior spinal veins, making them less prominent on MR imaging.4

FIG 3. A 35-year-old woman with a history of pilocytic astrocytoma as a child now presenting with 4 weeks of progressive difficulty in walking.
A, Axial T2WI reveals patchy hyperintensity within the medulla (long white arrow) with peripheral sparing. B, Axial postcontrast T1WI demon-
strates subtle intramedullary enhancement (short white arrow). C, Sagittal CTA reformatted image depicts prominent perimedullary (long black
arrow) as well as ventral and dorsal spinal veins (short black arrows). Selective DSA of the occipital (D) and mastoid branch via microcatheter (E)
demonstrates the fistulous connection in the wall of the superior petrosal sinus with retrograde pial reflux via the petrosal vein to the
perimedullary and spinal veins (black arrows).
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Central medullary or pontomedullary edema has been re-

ported in 73% of patients with Cognard type V DAVFs.5 All our

patients demonstrated a nearly identical pattern of geographic

central medullary edema with sparing of the periphery as well as

internal linear segments in a tigroid pattern. In this series, not all

cases of Cognard type V DAVFs were reviewed; rather, only those

cases demonstrating central medullary edema were included, so

the proportion of total cases of type V DAVFs from our institu-

tions with the aforementioned specific imaging features is un-

known. This peripheral sparing appearance has been mentioned

in case reports.13 This pattern contrasts with the infiltrative pro-

cess seen in brain stem tumors. Maintenance of the normal signal

of the peripheral subpial tissue may be secondary to direct drain-

age of the extracellular vasogenic edema into the CSF through the

permeable pia mater.14,15 Perivascular spaces may also play a role

in draining the peripheral tissue.16

Of the 20 cases in the literature reporting on the presence of

medullary contrast enhancement for Cognard type V DAVFs, 11

cases (55%) demonstrated enhancement. Medullary enhance-

ment was demonstrated in all our cases, 4 of which were initially

scanned on a 1.5T scanner and 1 on a 3T scanner, with 3 different

vendors used. Medullary enhancement was demonstrated in all

our cases. The combination of medullary edema and enhance-

ment may lead to the consideration of neoplastic or inflammatory

etiologies, as was the case in 3 of our 5 cases, and has reportedly led

to inappropriate brain stem biopsies.5 Two of our patients under-

went MR perfusion/spectroscopy because a neoplasm was consid-

ered. MR perfusion and spectroscopy in DAVF are also uncom-

monly reported. A prolonged mean transit time with decreased

cerebral blood volume may be present secondary to venous con-

gestion with ischemia, seen in both of our patients.17,18 Addition-

ally, spectroscopy may reveal increased lactate, which was dem-

onstrated in 1 of our patients.

Four of our 5 patients had true intracranial DAVFs. Case 5

revealed the site of the fistula at the craniocervical junction along

the C1 foramen. In 3 of our 4 cases of true intracranial DAVFs,

conventional angiography revealed the site of the fistula to be

along the superior petrosal sinus, and in 1 case, the anterior con-

dylar vein. The goal of treatment is closure of the draining vein

proximally as it exits the fistula. Successful endovascular emboli-

zation with Onyx was performed in 2 of our patients; combined

embolization and an operation, in 2 patients; and 2 operations, in

1 patient. As in case 2, the medullary edema might resolve follow-

ing treatment.5

Bulbar symptoms were present in 3 of our 5 (60%) cases: case

2 (slurred speech and dysphagia), case 3 (dysphonia and nasal

speech), and case 5 (inability to maintain secretions). A systematic

review of the literature on Cognard type V DAVFs identified bul-

bar symptoms in 31% of patients and found no significant differ-

ence in prognosis between those with versus those without bulbar

symptoms.19 In our series, 2 of 3 patients with clinical improve-

ment and 1 of 2 patients without clinical improvement had bulbar

symptoms, further exemplifying a lack of relationship between

the presence of bulbar symptoms and prognosis.

Three of our 5 patients (60%) had near-complete resolution of

symptoms and angiographically complete occlusion of the DAVF.

Unfortunately, the 2 patients with the most significant delay in

diagnosis and treatment did not show significant clinical im-

provement following treatment, further exemplifying the impor-

tance of early diagnosis and management.

CONCLUSIONS
This relatively unusual-but-characteristic pattern of medullary

edema with areas of sparing and patchy enhancement should

prompt scrutiny for atypical perimedullary vessels. If no such ves-

sels are identified, MRA/CTA or conventional angiography

should be recommended. Of utmost importance, selective injec-

tion of the external carotid arteries is mandated at the time of

conventional angiography to avoid false-negative results as was

the case in 1 of our patients.

Disclosures: Richard Silbergleit—UNRELATED: Consultancy: Relievant Medsystems.
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ORIGINAL RESEARCH
ADULT BRAIN

White Matter Changes Related to Subconcussive Impact
Frequency during a Single Season of High School Football

X S.J. Kuzminski, X M.D. Clark, X M.A. Fraser, X C.C. Haswell, X R.A. Morey, X C. Liu, X K.R. Choudhury, X K.M. Guskiewicz, and
X J.R. Petrella

ABSTRACT

BACKGROUND AND PURPOSE: The effect of exposing the developing brain of a high school football player to subconcussive impacts
during a single season is unknown. The purpose of this pilot study was to use diffusion tensor imaging to assess white matter changes during
a single high school football season, and to correlate these changes with impacts measured by helmet accelerometer data and neurocog-
nitive test scores collected during the same period.

MATERIALS AND METHODS: Seventeen male athletes (mean age, 16 � 0.73 years) underwent MR imaging before and after the season.
Changes in fractional anisotropy across the white matter skeleton were assessed with Tract-Based Spatial Statistics and ROI analysis.

RESULTS: The mean number of impacts over a 10-g threshold sustained was 414 � 291. Voxelwise analysis failed to show significant changes
in fractional anisotropy across the season or a correlation with impact frequency, after correcting for multiple comparisons. ROI analysis
showed significant (P � .05, corrected) decreases in fractional anisotropy in the fornix-stria terminalis and cingulum hippocampus, which
were related to impact frequency. The effects were strongest in the fornix-stria terminalis, where decreases in fractional anisotropy
correlated with worsening visual memory.

CONCLUSIONS: Our findings suggest that subclinical neurotrauma related to participation in American football may result in white
matter injury and that alterations in white matter tracts within the limbic system may be detectable after only 1 season of play at the high
school level.

ABBREVIATIONS: CTE � chronic traumatic encephalopathy; FA � fractional anisotropy; FXST � fornix-stria terminalis; TBSS � Tract-Based Spatial Statistics

The association between head injury and neurodegeneration in

contact sport athletes has been well established. Multiple

postmortem case reports of former American football players

with this neurodegenerative process, termed “chronic traumatic

encephalopathy” (CTE), are present in the literature.1,2 Although

most available data are from middle-aged or elderly individuals,

there is a troubling report of early CTE pathologic changes in a

deceased high school football player.3 CTE is believed to be re-

lated to repetitive brain injuries accrued across time, and the long-

term consequences of exposing the developing brain of a high

school football athlete to several hundred head impacts during a

season have yet to be determined. With �1 million high school

athletes playing football, there is a commensurately large need to

elucidate the neurologic consequences of repetitive, subconcus-

sive impacts.4

There is a growing body of evidence that diffusion tensor im-

aging can detect injuries to the white matter tracts related to con-

tact sports exposure. One study, for example, found alterations in

DTI measures of mean diffusivity and fractional anisotropy (FA)

in high school football athletes that differed from those in con-

trols.5 Most interesting, these alterations in DTI metrics were even

more extensive in the single concussed subject in that study.

These findings are corroborated by studies in which a greater

risk-weighted head impact exposure index was associated with

Received June 11, 2017; accepted after revision October 3.

From the Department of Radiology (S.J.K., C.L., K.R.C., J.R.P.), Brain Imaging and Anal-
ysis Center (C.C.H., R.A.M., C.L., J.R.P.), and Department of Translational Neurosci-
ence (R.A.M.), Duke University, Durham, North Carolina; Department of Exercise
and Sport Science (M.D.C., M.A.F., K.M.G.), University of North Carolina, Chapel Hill,
North Carolina; and Department of Radiological Sciences (S..J.K.), University of
Oklahoma Health Sciences Center, Oklahoma City, Oklahoma.

This work was supported by Department Seed Funding, Department of Radiology,
Duke University, Durham, North Carolina, and the National Institutes of Health
under the Ruth L. Kirschstein National Research Service Award F30NS090816 from
the National Institute of Neurological Disorders and Stroke.

Paper previously presented, in part, as a scientific poster at: Annual Meeting of the
Radiological Society of North America, November 30 –December 5, 2014; Chicago,
Illinois.

Please address correspondence to Samuel J. Kuzminski, MD, Department of Radio-
logical Sciences, University of Oklahoma Health Sciences Center, College of Medi-
cine, P.O. Box 2690, Garrison Tower, Suite 4G4250, Oklahoma City, OK 73126;
e-mail: sam@kuzminskis.com; @Skuzmi8

Indicates open access to non-subscribers at www.ajnr.org

http://dx.doi.org/10.3174/ajnr.A5489

AJNR Am J Neuroradiol 39:245–51 Feb 2018 www.ajnr.org 245

http://orcid.org/0000-0002-4963-4376
http://orcid.org/0000-0002-5019-0290
http://orcid.org/0000-0002-5753-8798
http://orcid.org/0000-0003-0562-9855
http://orcid.org/0000-0002-6517-6969
http://orcid.org/0000-0001-8816-4832
http://orcid.org/0000-0002-0306-2915
http://orcid.org/0000-0002-8682-2130
http://orcid.org/0000-0003-2596-217X
https://twitter.com/Skuzmi8


a greater number of voxels with altered FA.6,7 Expanding to

other sports, the burden of heading events in adult soccer ath-

letes has been associated with alterations in white matter dif-

fusion metrics and diminished performance on computerized

cognitive assessment.8,9

Given the evidence linking subconcussive impacts to neuro-

physiological and neuroanatomic alterations, the purpose of this

pilot study was to use diffusion tensor imaging to assess white

matter changes during a single season of high school football.

Furthermore, we sought to correlate imaging data with helmet

accelerometer and neurocognitive data collected during the same

period. We hypothesized that alterations in white matter diffu-

sion tensor metrics from preseason to postseason would correlate

with cumulative subconcussive impacts, as measured by helmet

accelerometers, and that these DTI changes would also correlate

with alterations in neurocognitive measures.

MATERIALS AND METHODS
Subjects
This was a prospective, longitudinal pilot study to investigate the

effects of cumulative head impacts during 1 high school football

season. An initial MR imaging study was performed for each sub-

ject before the start of fall contact practice (average, 4.6 � 5.0 days

before the first contact practice). Within 4 weeks of the end of the

season (average, 14.5 � 8.5 days after the final game), the subjects

returned for the postseason MR imaging using the same protocol.

If a subject was injured and missed a portion of the season, they

were scanned after the completion of the team’s season. Any sub-

jects who experienced a diagnosed concussion were asked to un-

dergo an additional MR imaging within 48 hours of the injury in

addition to the pre- and postseason scans.

Institutional review board approval was obtained at both par-

ticipating institutions, Duke University and University of North

Carolina, Chapel Hill, before enrollment. Subjects were recruited

from a local high school football team by an informational meet-

ing held with players and parents following a noncontact pre-

season practice. Because all the subjects were minors, informed

consent was obtained from the subject’s legal guardian with assent

from the subject before enrollment in the research study.

Any participant with a contraindication to MR imaging was

excluded. Individuals with metallic dental or surgical implants

that would excessively degrade the echo-planar images were also

excluded. Any subject with a structural abnormality on MR im-

aging, including but not limited to tumors, hematomas, or intra-

parenchymal hemorrhages, was also excluded.

Neurocognitive Data
Before the start of the season and after the last game of the season,

the subjects were administered a computer-based neurocognitive

assessment using CNS Vital Signs (http://cnsvs.com/). The valid-

ity and reliability of CNS Vital Signs have been previously de-

scribed.10,11 Main outcome measures included standard scores

for the following domains: verbal memory, visual memory, psy-

chomotor speed, cognitive flexibility, complex attention, process-

ing speed, reasoning, reaction time, and executive functioning.

Standard scores are based on a normative dataset that matches

participants by age. Subjects also underwent assessment with

Neuropsychological Assessment Metrics, which contained scores

of physical and verbal aggression, anger, and hostility; aggressive-

ness, the Buss-Perry Aggression Questionnaire; anxiety, the State-

Trait Anxiety Inventory; and impulsivity, the Barratt Impulsive-

ness Scale.12-14

Accelerometer Data
Head impact biomechanics were measured using the Head Im-

pact Telemetry System (Simbex; Lebanon, New Hampshire)

mounted in the helmets, which recorded the incidence, direction,

and severity of head impacts received by the players. The subjects

wore the accelerometer-fitted helmets in all contact practices

and games. Head impacts exceeding 10 g of linear acceleration

were collected via radiofrequency communication to a sideline

unit. Head Impact Telemetry System data were preprocessed

by time-gating practice and game sessions and removing non-

impact artifacts.

Table 1: Demographic information and subconcussive head impact burden for study participantsa

Primary
Position

Age
(yr)

Football
Experience

(yr)
No. of Prior
Concussions

No. of
Impacts

>10 g

Cumulative Sum
of Peak Linear

Accelerations (g)

Cumulative Sum of
Peak Rotational
Accelerations (g)

OL 15 5 0 894 24,564.4 1,810,771.7
DL 15 4 0 875 31,184.3 2,153,609.4
RB 15 10 0 860 28,593.6 1,822,181.9
OL 16 11 0 746 19,564.8 1,239,304.9
LBa 16a 10a 3a 642a 18,424.9a 1,281,591.5a

LB 17 6 0 549 15,968.8 1,119,530.6
TE 16 11 3 533 15,452.3 1,030,314.1
WR 16 6 0 387 13,497.6 903,651
DB 16 7 3 323 8164.3 595,068.9
DB 17 12 1 283 8190.2 592,990.3
DB 17 4 0 209 5733.8 354,013.8
WR 16 7 0 207 5017.5 365,631.7
QB 17 7 0 171 4962.7 278,609.3
QB 16 11 0 155 5634.1 368,306.5
WR 16 6 0 99 2589 147,352.9
WR 15 9 3 78 1845.5 130,116.5
QB 17 7 3 20 363.6 25,190.1

Note:—OL indicates offensive lineman; DL, defensive lineman; RB, running back; LB, linebacker; TE, tight end; WR, wide receiver; DB, defensive back; QB, quarterback.
a Concussed subject.
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MR Imaging
All pre- and postseason MR imaging was performed at the Brain

Imaging and Analysis Center at Duke University Hospital on a 3T

scanner (MR750; GE Healthcare, Milwaukee, Wisconsin) with an

8-channel head coil. Diffusion tensor imaging was acquired using

the following parameters: b-value � 1000 s/mm2, 31 directions,

TR/TE � 10,000/96 ms, FOV � 256 � 256 mm2, matrix size �

128 � 128, section thickness � 2 mm, 71 axial sections with no

interslice gap, resolution � 2 � 2 � 2 mm3. 3D sagittal T1-

weighted spoiled gradient-recalled echo was performed for ana-

tomic reference (TE � 1.9 ms, TI � 400 ms, flip angle � 11°, voxel

size � 0.93 � 0.93 � 1.2 mm3).

Image Preprocessing
Preprocessing was performed with the FMRIB Diffusion Toolbox

(http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FDT) to remove eddy cur-

rent distortions and to correct for simple head motion. Eddy cur-

rent distortion was corrected using the FSL software tool, eddy

(https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/eddy). It simultaneously

models the effects of diffusion eddy currents and subject move-

ments on the image. After preprocessing, all images were visually

inspected for quality assurance.

Fractional anisotropy was chosen as the single DTI metric to

be analyzed in this study for 2 primary reasons: First, FA is the

most commonly studied metric in traumatic brain injury, allow-

ing the results to be considered in the context of other available

data. Second, given the small sample size and large number of

regions studied, FA was chosen as the focus of the study to limit

errors due to multiple comparisons. FA is a scalar value describing

the degree to which diffusion is asymmetric, or anisotropic, and

reflects the presence of underlying ordered microstructure within

the tissue, such intact axons and/or myelin sheaths.15

Fractional anisotropy was calculated for each voxel, and the data

were projected onto a group white matter skeleton using Tract-Based

Spatial Statistics (TBSS; http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/TBSS)16

in the following manner: The subjects in the sample were coregis-

tered using a method that ensured white matter alignment using an

intermediate df and nonlinear registration to a 1 � 1 � 1 mm tem-

plate (FMRIB58_FA; https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FMRIB58_

FA). Mean FA images were generated by averaging these normalized

resampled images, and a mean FA skeleton was created in TBSS.

After thresholding the skeleton to exclude low FA values (�0.2), we

projected each subject’s aligned FA image onto the mean FA skeleton.

TBSS Analysis
White matter skeleton difference images of postseason minus pre-

season were created to assess changes in FA across the season

using a 1-sample t test. The difference images were also used to

model the mean-centered, continuous covariate of the number of

impacts across the season. Design matrices were created using the

FSL General Linear Model tool (http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/

GLM), and the FSL Randomize tool (http://fsl.fmrib.ox.ac.uk/fsl/

fslwiki/Randomise/UserGuide)17 was used to perform nonparamet-

ric, permutation-based statistical inference with threshold-free clus-

ter enhancement and correction for multiple comparisons.18 These

methods have been described in detail elsewhere.16 T-statistics were

used to determine main or interaction effects with an a priori � of .05

and 5000 conditional Monte Carlo permutations (giving a confi-

dence limit of .05 � .0062 for the P value).

TBSS ROI Analysis
Mean FA values were derived from the WM skeleton for 24 ROIs

using the ENIGMA DTI Protocol (http://enigma.ini.usc.edu/

protocols/dti-protocols/#eDTI) and applying the ICBM-JHU-

Table 2: Parameter estimates from a mixed linear modela

Parameter Mean Change in FA (×103) P Value
(Intercept) �1.372 .339
ACR 5.360 .058
ALIC 1.906 .499
BCC �2.767 .326
CC �1.386 .623
CGC �1.487 .598
CGH 2.145 .447
CR 2.908 .302
CST �2.916 .301
EC 0.985 .727
FXb 6.677 .018
FXSTb �6.268 .027
GCC �1.024 .716
IC �1.028 .715
IFO 2.183 .439
PCR 1.698 .547
PLIC �1.709 .544
PTR �0.666 .813
RLIC �3.181 .259
SCC 0.224 .937
SCR 0.772 .784
SFO �0.132 .963
SLF �0.744 .792
SS �0.229 .935
Impacts �0.00178 .722
Impacts � ACR �0.00194 .841
Impacts � ALIC 0.00005 .996
Impacts � BCC 0.00811 .402
Impacts � CC �0.00330 .733
Impacts � CGC 0.01671 .085
Impacts � CGHb �0.02059 .034
Impacts � CR 0.00312 .747
Impacts � CST 0.00699 .471
Impacts � EC �0.00440 .650
Impacts � FX 0.00951 .326
Impacts � FXSTb �0.02641 .007
Impacts � GCC �0.01075 .267
Impacts � IC 0.00009 .992
Impacts � IFO �0.01002 .301
Impacts � PCR 0.00327 .735
Impacts � PLIC 0.00033 .973
Impacts � PTR 0.01127 .245
Impacts � RLIC �0.00015 .988
Impacts � SCC �0.01306 .178
Impacts � SCR 0.00874 .367
Impacts � SFO 0.01579 .104
Impacts � SLF 0.00970 .317
Impacts � SS �0.00291 .764

Note:—CGH indicates cingulum hippocampus; CGC, cingulate gyrus; ACR, anterior
corona radiata; ALIC, anterior limb of internal capsule; BCC, body of corpus callosum;
CC, corpus callosum; CR, corona radiata; CST, corticospinal tracts; EC, external cap-
sule; FX, fornix; IC, internal capsule; GCC, genu of corpus callosum; IFO, inferior
fronto-occipital faciculus; PCR, posterior corona radiata; PLIC, posterior limb of in-
ternal capsule; PTR, posterior thalamic radiation; RLIC, retrolenticular part of internal
capsule; SCC, splenium of corpus callosum; SCR, superior corona radiata; SFO, superior
fronto-occipital fasciculus; SLF, superior longitudinal fasciculus; SS, sagittal stratum.
a Parameters for region main effects are centered at the mean number of impacts.
b Indicates statistical significance (P � .05).
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DTI-81 whitematter atlas (http://neuro.debian.net/pkgs/fsl-jhu-

dti-whitematter-atlas.html).19 Pre- to postseason differences in

these mean FA values by region were modeled using a mixed

linear model with region, number of impacts, and their interac-

tion as fixed effects and subject as a random effect, as depicted in

the following equation:

Change in FAi � �0 � �1XRegion � �2XImpacts � �3XRegion

� XImpacts � uSubject � e i,

where �0 represents the intercept (mean FA change across all re-

gions at the mean number of impacts); �1 though �3, the coeffi-

cients for region, impact number, and their interaction, respec-

tively; u, a subject-specific random effect; and ei, the residual error

term for an arbitrary measurement i. We chose this model to take

into account the variability in individual subject responses, rec-

ognizing that repeat measurements across regions in the same

subject are likely to be more similar to each other than to mea-

surements from different subjects.20 Parameter estimates for

main effects and interactions in each region were determined,

with corresponding F-tests. Correlation of FA changes with neu-

ropsychological measures was performed for regions showing a

significant interaction. Statistical analyses were performed with

R statistical software (http://www.r-project.org/),21 the statisti-

cal package nlme (https://cran.r-project.org/web/packages/

nlme/index.html),22 SAS 9.3 (SAS Institute, Cary, North Car-

olina), and JMP 11.2.0 (SAS Institute).

RESULTS
Subjects
Our cohort consisted of 17 male athletes with a mean age of

16 � 0.73 years and mean football experience of 7.8 � 2.53

years. Six athletes reported at least 1 previous concussion using

FIG 1. Mean change in FA for each ROI against the frequency of impacts across the season. Ninety-five percent confidence bands are presented
as shadows around the linear regression line. CGH indicates cingulum hippocampus; CGC, cingulate gyrus; ACR, anterior corona radiata; ALIC,
anterior limb of internal capsule; BCC, body of corpus callosum; CC, corpus callosum; CR, corona radiata; CST, corticospinal tract; EC, external
capsule; FX, fornix; IC, internal capsule; GCC, genu of corpus callosum; IFO, inferior fronto-occipital fasciculus; PCR, posterior corona radiata;
PLIC, posterior limb of internal capsule; PTR, posterior thalamic radiation; RLIC, retrolenticular part of internal capsule; SCC, splenium of corpus
callosum; SCR, superior corona radiata; SFO, superior fronto-occipital fasciculus; SLF, superior longitudinal fasciculus; SS, sagittal stratum; UNC,
uncinate fasciculus.
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a standard definition of concussion23; of these 6, five subjects

reported 3 previous concussions and 1 subject had 1 prior con-

cussion. The mean number of impacts sustained across the season

was 414 � 291, with mean cumulative linear and rotational sums

of 12,338 � 9274 g and 836,367 � 635,830 rad/s2, respectively.

Eleven subjects played an offensive primary position, and the rest

played defense primarily. Three subjects were linemen, and the

remainder were skill positions (any other position except punter

or kicker). Subject demographics and subconcussive impact bur-

dens are presented in Table 1, sorted in descending order by the

number of impacts. One subject (data listed by footnote a) was

concussed on day 93 of the study. He underwent MR imaging the

following day, in addition to his postseason scan 39 days after the

injury; data from the concussed subject’s pre- and postseason

scans are included in all group analyses.

TBSS Analysis
No clusters demonstrated a change in FA across the season that

was significantly different from zero, after correcting for multiple

comparisons. Similarly, no clusters demonstrated a linear rela-

tionship between a change in FA across the season and the num-

ber of impacts during the season.

TBSS ROI Analysis
Parameter estimates of fixed effects for region, number of im-

pacts, and their interaction terms are provided in Table 2. For the

overall mean of the regions, there was no significant main effect

across the season or interaction with impacts. The change in FA

for each region is plotted as a function of the number of impacts in

Fig 1. Of the specific regions examined, 2 were observed to have an

interaction with the number of impacts: the cingulum hippocam-

pus and the fornix-stria terminalis (FXST). The parameter esti-

mates for these 2 interactions were both negative, indicating a

negative change in FA with a higher number of impacts. Of these

2 regions, the FXST demonstrated a greater magnitude of inter-

action and a significant main effect, indicating an overall loss of

FA at the mean number of impacts across all players. FA reduction

in the FXST correlated with a decline in the visual memory score

during the season, but not with other available CNS Vital Signs or

Neuropsychological Assessment data. Pre- and postseason visual

memory scores were available in 14 of the 17 players (Fig 2).

Regarding the subject who was concussed during the season, FA in

the FXST demonstrated a 4.7% reduction within 24 hours of the

concussion. The FA value returned to its baseline level at his post-

season follow-up scan (Fig 3).

DISCUSSION
In this pilot study, we used diffusion tensor imaging to examine

the effects of subconcussive head trauma in high school football

athletes during 1 season. We examined multiple white matter

tracts across the brain for changes in FA as a function of the

number of linear impacts exceeding a minimal threshold and

observed decreases in fractional anisotropy with an increasing

number of impacts in 2 tracts, the FXST and the cingulum

hippocampus, both of which are components of the limbic

system. Overall, the observed effects were greatest in the FXST,

where there was also a significant main effect, meaning a fixed

pre- to postseason decline in FA in the FXST, compared with

other regions.

These results suggest that alterations in white matter tracts

within the limbic system may be detectable after only 1 season of

play at the high school level. Comparison of limbic system white

matter changes with the CNS Vital Signs data revealed a correla-

tion between change in FA in the FXST and visual memory; a

reduction in FA corresponded to a worsening of visual memory

scores. This same association of FA alterations in the fornix-hip-

pocampal pathway and declining verbal memory scores has pre-

viously been found in concussed individuals, suggesting that neu-

ral networks involving memory are susceptible to injury and that

these alterations in our subjects might be related to repetitive

neurotrauma.24

The ROI-labeled fornix-stria terminalis (FXST) correlates an-

atomically with the crus of the fornix and stria terminalis, which

cannot be individually resolved on the white matter skeleton. The

fornix is largely implicated in memory formation,25,26 whereas

the stria terminalis parallels the fornix and is believed to be im-

portant in emotional processing, mood, and anxiety.27,28 Aside

from alterations in visual memory, there were no clinical findings

in our study to suggest changes in emotional processing, though it

is possible that the lack of detectable changes may be due to the

subtle, subclinical nature of white matter injury during a limited

period of a single football season.

There are limitations to our study. First, the sample size was

small and did not include a group of nonexposed, age-matched

controls; therefore, it is not possible to control for alterations in

white matter fractional anisotropy related to brain maturation

during the season. Second, data suggest that the reproducibility of

the ENIGMA-DTI protocol (http://enigma.usc.edu/protocols/

dti-protocols/) overall is excellent, though the fornix is a region

where there is a greater degree of variability among imaging stud-

FIG 2. Scatterplot of changes in FXST FA versus change in the visual
memory domain standard score from CNS Vital Signs. The 95% con-
fidence band is presented as a shadow around the linear regression
line.
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ies.29 It is therefore possible that the observed changes in the FXST

are due to type I error in our small sample and are not generaliz-

able; however, despite these factors, the finding remained robust

to correction for multiple comparisons in the context of our

mixed linear model. Nevertheless, we consider this pilot study

exploratory and hypothesis-generating, necessitating confirma-

tion in a larger sample. Third, given the small sample size,

heterogeneity of trauma, and subtle alterations in white matter

FA, type II error is a possibility as well. Perhaps for this reason,

voxelwise analysis, with appropriate corrections for multiple

comparisons, failed to detect relationships found with the ROI

analysis. We believe that using an ROI approach in conjunc-

tion with the Tract-Based Spatial Statistics analysis increased

sensitivity to subtle changes in white matter without relying on

perfect registration, as would be the case in a voxelwise com-

parison. Moreover, the mixed model allowed a more flexible

statistical approach, incorporating a random variable for sub-

ject, recognizing that response to head impacts might differ

across individuals as a function of a variety of genetic, physio-

logic, and/or environmental factors.

It is unclear whether most of the measured changes during

a single football season might be reversible with rest. Our data

in a single subject who sustained a concussion during the sea-

son showed an approximately 5% decrease in FXST FA within

24 hours after the concussion, but these values normalized at

the postseason scan after several weeks of rest. Although anec-

dotal, this evidence confirms the need

in future studies for imaging fol-

low-up after sustained periods of rest

from contact exposure.

CONCLUSIONS
This pilot study revealed subtle de-

creases in fractional anisotropy within

the white matter tracts of the limbic sys-

tem that worsened with an increasing

number of accelerometer-measured im-

pacts during the season. The white mat-

ter changes observed on imaging in the

FXST correlated with declines in visual

memory, but not other neurocognitive

measures. These findings suggest the pos-

sibility of white matter injury due to re-

petitive subclinical impacts while par-

ticipating in a single season of high

school football; however, they will re-

quire validation with appropriately

powered, hypothesis-driven studies

including age-matched controls. Lon-

gitudinal studies spanning multiple

sequential football seasons with a co-

hort of subjects will also be useful to

evaluate the effects of cumulative

trauma, normalization of white matter

alterations after rest, and the presence

of white matter changes too subtle to

manifest in the short period of 1 foot-

ball season.

Disclosures: Michael D. Clark—RELATED: Grant: National Institute of Neurolog-
ical Disorders and Stroke, Comments: grant No. F30NS090816.* *Money paid to
the institution.
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Macrophages in Glioblastoma and Provide an Improved

Signature for Survival Prognostication
X J. Zhou, X M.V. Reddy, X B.K.J. Wilson, X D.A. Blair, X A. Taha, X C.M. Frampton, X R.A. Eiholzer, X P.Y.C. Gan, X F. Ziad,

X Z. Thotathil, X S. Kirs, X N.A. Hung, X J.A. Royds, and X T.L. Slatter

ABSTRACT

BACKGROUND AND PURPOSE: In glioblastoma, tumor-associated macrophages have tumor-promoting properties. This study deter-
mined whether routine MR imaging features could predict molecular subtypes of glioblastoma that differ in the content of tumor-
associated macrophages.

MATERIALS AND METHODS: Seven internally derived MR imaging features were assessed in 180 patients, and 25 features from the
Visually AcceSAble Rembrandt Images feature set were assessed in 164 patients. Glioblastomas were divided into subtypes based on the
telomere maintenance mechanism: alternative lengthening of telomeres positive (ALT�) and negative (ALT�) and the content of tumor-
associated macrophages (with [M�] or without [M�] a high content of macrophages). The 3 most frequent subtypes (ALT�/M�,
ALT�/M�, and ALT�/M�) were correlated with MR imaging features and clinical parameters. The fourth group (ALT�/M�) did not
have enough cases for correlation with MR imaging features.

RESULTS: Tumors with a regular margin and those lacking a fungating margin, an expansive T1/FLAIR ratio, and reduced ependymal
extension were more frequent in the subgroup of ALT�/M� (P � .05). Radiologic necrosis, lack of cystic component (by both criteria), and
extensive peritumoral edema were more frequent in ALT�/M� tumors (P � .05). Multivariate testing with a Cox regression analysis found
the cystic imaging feature was additive to tumor subtype, and O6-methylguanine methyltransferase (MGMT) status to predict improved
patient survival (P � .05).

CONCLUSIONS: Glioblastomas with tumor-associated macrophages are associated with routine MR imaging features consistent with
these tumors being more aggressive. Inclusion of cystic change with molecular subtypes and MGMT status provided a better estimate of
survival.

ABBREVIATIONS: ALT � alternative lengthening of telomeres; ALT� � alternative lengthening of telomeres negative; ALT� � alternative lengthening of
telomeres positive; IDH � isocitrate dehydrogenase; M� � a tumor with a high content of tumor-associated macrophages; M� � a tumor with a low content of
tumor-associated macrophages; MGMT � O6-methylguanine methyltransferase; PTE � peritumoral edema; VASARI � Visually AcceSAble Rembrandt Images

Glioblastomas are the most common and aggressive primary

malignant brain tumor, with an incidence of 5.26 per

100,000 population.1 With temozolomide and radiation therapy,

the median survival is 14.6 months.1 Patients’ response to treat-

ment and prognosis are notoriously variable. Many studies have

attributed heterogeneous outcomes to molecular differences

among glioblastomas, such as different means to maintain telo-

mere integrity (telomerase activity or an alternative method

known as the alternative lengthening of telomeres [ALT]).2 In

2003, the presence of the ALT telomere maintenance mechanism

was associated with longer patient survival compared with ALT

negative (ALT�) tumors, including those that were telomerase

positive (ALT�) and those where the telomere maintenance

mechanism was unknown.3

It has been recently found that most tumors without a de-

fined telomere maintenance mechanism contain a high con-
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tent of tumor-associated macrophages (M�) that affects as-

says assigning telomere maintenance.4 The revised subgroups

were ALT positive tumors with and without (M�) a high con-

tent of macrophages (ALT�/M� and ALT�/M�) and ALT

negative tumors with and without a high content of macro-

phages (ALT�/M� and ALT�/M�). With temozolomide

treatment, patients with ALT�/M� tumors have improved

survival compared with patients with ALT�/M� tumors,4

suggesting that identifying the increased macrophage content

will distinguish those with a poor outcome.

MR imaging is a diagnostic tool that evaluates tumor as well as

peritumoral characteristics. Improving prognostic determination

based on MR imaging features alone has associated radiologic

necrosis and peritumoral edema (PTE) with poorer survival.5-8

Tumors with a cystic component have been associated with im-

proved patient survival.9,10 However, inconsistencies occur be-

tween studies, and MR imaging features are not always found as

independent factors associated with survival.11-14

Imaging features have been attributed to differences in tumor

biology, suggesting an analysis of MR imaging features combined

with molecular characteristics may improve prognostic predic-

tion. Isocitrate dehydrogenase 1 (IDH1) mutations, O6-methylgua-

nine methyltransferase (MGMT) promoter methylation, and epi-

dermal growth factor receptor overexpressing tumors have been

correlated with MR imaging features.13,15-19 That tumor biology

influences imaging features is further evident in studies that in-

vestigate subgroups of glioblastomas based on multiple gene ex-

pression differences.20

This study aimed to determine whether MR imaging fea-

tures were associated with the telomere maintenance mecha-

nism and tumor-associated macrophage content– based sub-

types. The inclusion of MR imaging parameters with the

molecular subtyping and MGMT promoter methylation status21

was also investigated to determine whether it could better predict

outcome for patients with glioblastoma.

MATERIALS AND METHODS
Study Participants
One hundred eighty patients from Dunedin, Christchurch, and Wai-

kato hospitals in New Zealand with a diagnosis of glioblastoma be-

tween the years 2004 and 2014 were included in the study. The cohort

was aged between 16–82 years (mean, 61 years; 95% CI, 59–63);

39% were female and 61% male; and 93% were white, 3% Maori, and

4% identified with other ethnic groups. All patients were eligible for

standard of care therapy (surgery, radiation therapy, and temozolo-

mide), and no patients received other therapies. The participants

were all diagnosed with glioblastoma after the Stupp protocol was

used in New Zealand.1

Participant Selection/Inclusion Criteria
The inclusion criteria were a diagnosis of glioblastoma (as assessed by

2 pathologists independently), no previous lower-grade brain tumor

or other brain surgery, and no previous radiation or chemotherapy.

No patients received corticosteroids at the time of the preoperative

MR imaging scan. Survival time was defined as the time interval

(months) between the time of diagnosis (defined as the time of the

initial preoperative MR imaging scan) and death.

MR Imaging Features and Interpretation
Preoperative MR imaging scans were evaluated including T1, T2,

FLAIR, and postcontrast T1-weighted sequences after intrave-

nous infusion of 10 mL of gadolinium. Images were taken by

clinical 1.5T (Siemens, Erlangen, Germany or GE Healthcare,

Milwaukee, Wisconsin) scanners. All study scans had routine tu-

mor protocol sequences (T1, T2, FLAIR, DWI, ADC, and post-

contrast gadolinium T1), and some had additional susceptibility-

weighted sequences. At least 3 reviewers (3 neuroradiologists

[M.V.R., B.K.J.W., and D.A.B.] and 1 radiology registrar [J.Z.])

read each MR imaging scan independently in the Public Hospital

PACS. All readers were blinded to patient demographics, treat-

ment regimen, and tumor molecular subtypes. The term “overall

agreement” was defined as when 3 or more examiners agreed and

the term “overall disagreement” was defined as when 2 or more

examiners disagreed. In cases with disagreement between review-

ers, the cases were reanalyzed in a collaborative fashion by at least

3 examiners, and a consensus score was reached and used in the

final analysis.

Based on the current available MR imaging literature and the

cumulative experiences from the 2 tertiary centers, 7 imaging fea-

tures were analyzed, as detailed in Table 1. These features in-

cluded tumor margin: regular or irregular (Fig 1A, regular margin

being a tumor with a smooth enhancing margin on postgado-

linium T1 and irregular margin being a tumor that lacks a smooth

enhancing margin on postgadolinium T1), fungating or nonfun-

gating (Fig 1B, a fungating margin being a tumor with a thick

heterogeneous “brush”-like enhancing rim and nonfungating

margin being a tumor that lacks a thick heterogeneous “brush”-

like enhancing rim), cystic component (Fig 1C), radiologic necro-

sis (Fig 1D), limited or extensive PTE (Fig 1E), multifocality (Fig

1F), and hemorrhage (Fig 1G).

The protocol for measuring PTE grade was based on that de-

veloped by Wu5 and Hartmann.22 The degree of the white matter

edema was estimated on the basis of the maximal distance from

the tumor margin to the furthest point of the white matter edema.

The tumor’s maximal dimension was estimated based on the

maximal diameter of the tumor on any axis. When the degree of

white matter edema was less or similar (no more than 4 mm

greater) to the tumor’s maximal dimension, the edema was con-

sidered low grade, and when the degree of white matter edema was

greater (more than 4 mm) than the tumor’s maximal dimension,

the edema was considered a high-grade.

Furthermore, the Visually AcceSAble Rembrandt Images

(VASARI) feature set was analyzed on 164 cases (https://wiki.

cancerimagingarchive.net/display/Public/VASARI�Research�

Project18,23,24); 16 cases were missing some sequences required

for the VASARI analysis.

Telomere Maintenance Mechanism Subtyping
Tumors were classified into 4 subgroups: ALT positive tumors

with or without a high content of tumor associated macro-

phages (ALT�/M� and ALT�/M�, respectively) and ALT

negative tumors with or without a high content of tumor asso-

ciated macrophages (ALT�/M� and ALT�/M�, respec-

tively) based on established methods by using paraffin-embed-

ded tumor sections.4,25 Tumors from 80 cases were typed for
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telomere maintenance mechanisms as part of an earlier study,

and 100 tumors were new to this study.4 The tumor-associated

macrophage content was identified by immunohistochemistry

staining for CD163 positive macrophages. The CD163 anti-

body used was EPR19518 (Abcam, Cambridge, United King-

dom), and the macrophage content was estimated as described

previously.4

Mutant IDH1 and IDH2 Determination
The presence of the R132H IDH1 mutation was estimated by

using immunohistochemistry.26 To confirm the presence and

frequency of IDH1 mutations and to estimate the number of

IDH2 mutations, exon 4 of IDH1 and IDH2 were amplified

from tumor-extracted DNA and sequenced.27 Tumor DNA

was extracted from paraffin embedded tumor sections or fro-

zen tumor.

MGMT Promoter Methylation Determination
The method to determine whether tumors had a methylated or

unmethylated MGMT promoter was based on published meth-

ods.21,28 In this study, genomic DNA was extracted from paraffin-

embedded tumors by using the QIAmp DNA FFPE tissue Kit

(QIAGEN, Tokyo, Japan), and bisulfite

DNA conversion was performed by us-

ing the EpiTect Bisulfite kit (QIAGEN).

Statistical Methods
The clinico-demographic and MR im-

aging features were compared between

the 3 telomere maintenance– based

subtypes by using Pearson �2 tests and

1-way ANOVA as appropriate. The �

statistical test was performed to assess

the concordance between interob-

server agreement. Logistic regression

was used to test if imaging could pre-

dict the ALT�/M� and ALT�/M�

subtypes and used imaging features as

covariants. Survival was compared

between the subtypes by using the log-

rank test and the independent associa-

tion of the MR imaging features in

addition to the subtype effects. To test

multiple variants on survival, Cox

proportional hazards regression mod-

els were used. A 2-tailed P value �.05

was taken to indicate statistical

significance.

RESULTS
Whether the 7 internally derived MR

imaging features could be consistently

identified was investigated by compar-

ing MR imaging scores from the 3 differ-

ent readers and calculating the percent-

age of scans on which all 3 blinded

reviewers agreed on the presence or ab-

sence of each MR imaging feature. � sta-

tistical analyses were performed. The interobserver data including

� value demonstrated reproducible results (Table 2). The inter-

observer agreement rate was highest for the glioblastoma cystic

component feature (86.2%, � � 0.71), followed by multifocal

lesion (85.6%, � � 0.71). The margin-based parameters had the

lowest interobserver agreement percentages (regular margin,

62.9%, � � 0.23; fungating margin, 64.6%, � � 0.28).

MR Imaging Features Predictive of ALT� and M� Status
In the 7 internally derived MR imaging feature groups, the

clinico-demographic features and the frequency of IDH1 and

IDH2 mutations and MGMT promoter methylation among the

telomere maintenance subtypes are given in Table 3. Three telo-

mere maintenance– based subtypes had sufficient numbers to in-

vestigate MR imaging features (ALT�/M�, n � 26; ALT�/M�,

n � 92; and ALT�/M�, n � 56). Because of the lack of glioblas-

tomas in the ALT�/M� group (n � 6), these cases were not

included in the subsequent analyses. The frequency of each MR

imaging feature among the telomere-based subtypes is given in

Table 4. Five MR imaging features—regular margin, fungating

margin, tumor cystic component, radiologic necrosis, and limited

Table 1: Specific classification of MRI features
Imaging Feature with: Classification Criteria

Regular enhancing margin
Yes Smooth enhancing margin on post-Gd T1
No Lack of smooth enhancing margin on post-Gd T1

Fungating margin
Yes Thick heterogeneous brushlike enhancing rim on post

Gd T1
No Lack of thick heterogeneous brushlike enhacing rim on

post-Gd T1
Cystic

Yes A well-circumscribed region with low T1 and high T2
signal; loses signal on the FLAIR sequence

No Lack of well-circumscribed region with low T1 and high
T2 signal; does not lose signal on the FLAIR sequence

Proportion of necrosis
Yes An area within the tumor that had high signal on T2

and low signal on T1; had heterogeneous
enhancement on post-Gd T1; the proportion of the
tumor estimated to represent more than 5%
necrosis

No Less than 5% or none
Proportion of edemaa

Limited (�50% of the entire
abnormality)

Less than half of the entire abnormality is estimated to
represent vasogenic edema

Extensive (� 50% of the entire
abnormality)

More than half of the entire abnormality is estimated
to represent vasogenic edema

Multifocal and multicentric lesion
Yes Two or more enhancing intra-axial tumors on post-Gd

T1
No One intra-axial tumor on post-Gd T1

Hemorrhage
Yes Tumor has an area of internal high or isolated T1 and

low T2; area of internal high T1 and high T2; area of
internal low T1 and low T2. Takes into account that
the signal characteristics differ depending on the
age of the hemorrhage. SWI sequences were also
used.

No No hemorrhage

Note:—Gd indicates gadolinium.
a The protocol for measuring PTE grade was based on that by Wu et al5 and Hartmann et al.22
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or extensive PTE—showed altered fre-

quency among the 3 tumor subgroups.

The ALT�/M� subgroup had the

lowest incidence of tumors with a cystic

component (10.7%) compared with the

ALT�/M� (38.5%) and the ALT�/M�

(23.9%) groups (P � .014). This subtype

had the highest incidence of tumors with ex-

tensive PTE (44.6% versus 23.1% for

ALT�/M�and22.8%forALT�/M�,P�

.014) and the highest incidence of tumors

with radiologic necrosis (85.7% versus

72.8% for ALT�/M� and 58% for ALT�/

M�; P � .021).

The ALT�/M� subgroup had the

highest incidence of tumors with a reg-

ular margin (58% versus 30% in both

the ALT�/M� and ALT�/M� groups;

P � .026) and the lowest incidence of

tumors with a fungating margin (19%

versus 53% and 61% in the ALT�/M�

and ALT�/M� groups, respectively;

P � .002).

With the exception of PTE, the other

MR imaging features were strongly asso-

ciated with each other. Cystic tumors

were more likely to have regular margins

with no necrosis, and noncystic tumors

were more likely to have irregular mar-

gins with necrosis (cystic association

with regular margin, P � .0001; cystic

with no necrosis, P � .0001).

To test whether imaging could pre-

dict ALT�/M� or an ALT�/M� sta-

tus, a logistic regression analysis was

performed. For predicting ALT�/M�

tumors, 3 features— cystic component

(standard error, 1.18; P � .0077; OR,

0.04; 95% CI, 0.004 – 0.43), radiologic

necrosis (standard error, 1.16; P �

.0001; OR, 84; 95% CI, 8.6 – 821), and

fungating margin (standard error,

0.61; P � .015; OR, 0.23; 95% CI, 0.07–

0.75) showed statistical differences

and were included in the final model.

For predicting ALT�/M� tumors, 2

features— extensive PTE (standard er-

ror, 0.48; P � .007; OR, 0.27; 95% CI, 0.11– 0.7) and fungating

margin (standard error, 0.36; P � .014; OR, 2.5; 95% CI, 1.2–

4.8) showed statistical differences and were included in the

final model.

Using the VARSARI feature set, 6 VASARI features—side of le-

sion center (F2), proportion of necrosis (F7), cysts (F8), T1/FLAIR

ratio (F10), proportion of edema (F14), and ependymal extension

(F19)—were found to be correlated with the 3 tumor subgroups. The

full set of VASARI features and the associations with telomere main-

tenance glioblastoma subtypes is detailed in On-line Table 1.

FIG 1. Examples of MR imaging features in glioblastoma. A, Tumor classified with a regular (left) or
irregular margin (right). B, Tumor classified with a fungating (left) or nonfungating margin (right). C,
Tumors classified with a cystic component (left) or noncystic component (right). D, Tumor clas-
sified with (left) and without (right) radiologic necrosis. E, Tumor classified with low (limited, left)
and high (extensive, right) PTE. F, Tumor classified as being multifocal. G, tumor classified with
hemorrhage. Gd indicated gadolinium; C, contrast.

Table 2: Interobserver reliability assessment for MRI features in
glioblastoma

MRI Feature
% Where All

3 Reviewers Agree � Value
Regular margin 62.9% 0.23
Fungating margin 64.6% 0.28
Cystic 86.2% 0.71
Necrosis 72.6% 0.50
Limited PTE 70.7% 0.43
Hemorrhage 78.3% 0.56
Multifocal lesion 85.6% 0.71
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The ALT�/M� subgroup had the lowest incidence of tumors

with a cyst (4%) compared with the ALT�/M� (30%) and the

ALT�/M� (12%) groups (P � .007), the highest incidence of

tumors with a higher proportion of necrosis (71%) versus 49% for

ALT�/M� and 42% for ALT�/M (P � .026), and the highest

incidence of tumors with the highest grade of edema (grade 5;

53%) compared with 32% in the ALT�/M� and 14% in the

ALT�/M� group (P � .002).

The ALT�/M� subgroup had the highest incidence of tu-

mors with an expansive T1/FLAIR ratio (79%) compared with

41% in the ALT�/M� and 37% in the ALT�/M� group (P �

.0003), the lowest incidence of tumors located in the right side

of the brain (17%) compared with 41% in the ALT�/M� and

54% in the ALT�/M� group (P � .007), and the lowest inci-

dence of tumors with ependymal extension (30%) compared

with 60% in the ALT�/M� and 49%

in the ALT�/M� group (P � .036).

To test whether the VASARI imag-

ing features could predict ALT�/M�

or an ALT�/M� status, a logistic re-

gression analysis was performed. For

predicting ALT�/M� tumors, 3 fea-

tures were significant—F2 side of le-

sion center % left (standard error,

0.52; P � .049; OR, 2.8; 95% CI, 1.01–

7.8), F8 cysts (standard error, 0.57;

P � .04; OR, 3.2, 95% CI, 1.05–9.8),

and F10 T1/FLAIR ratio % expansive

(standard error, 0.52; P � .016; OR,

3.5; 95% CI, 1.26 –9.7). To predict ALT�/M� status, only 1

feature was significant: F8 cysts (standard error, 0.77; P � .03;

OR, 0.19; 95% CI, 0.04 – 0.87).

MR Imaging Features Correlated with IDH1 and IDH2
Mutations
In the 7 internally derived MR imaging feature groups, the mutant

IDH1 or mutant IDH2 was present in 30 tumors; this included

most ALT�/M� (n � 19/26, 73%; Table 3) tumors and was less

frequent in ALT�/M� (n � 8/92, 9%) and ALT�/M� tumors

(n � 3/56, 5%).

Tumors with mutant IDH1 and IDH2 had a higher inci-

dence of the cystic component feature (37%) compared with

tumors with wild-type IDH1 and IDH2 (17%, P � .017) and

fewer incidences of tumors with a fungating margin (33%)

compared with wild-type tumors (55%, P � .028; Table 5).

Using the VASARI features, patients with mutant IDH1 and

IDH2 glioblastomas had a higher incidence of tumors with an

expansive T1/FLAIR ratio (80%) compared with the wild-type

tumors (40%, P � .0001) and a lower incidence of grade 5

edema (17%) compared with wild-type tumors (38%, P �

.024; On-line Table 2).

MR Imaging Features Predict Survival Beyond Molecular
Status
Consistent with earlier studies, the ALT�/M� subgroup patients

had the best survival (Fig 2), and the ALT�/M� subgroup pa-

tients had an improved overall survival compared with the

Table 3: Clinico-demographic features among telomere maintenance glioblastoma subtypes

Demographics

Telomere Maintenance Subtype
Pearson �2

(or F-Ratio)
and P ValuesaALT+/M− (n = 26) ALT−/M− (n = 92) ALT−/M+ (n = 56)

% Male (no.) 57.7 (15) 63 (58) 57.1 (32) 0.6, .742
Mean age (range), yrs 45.9 (16–66) 64.1 (40–81) 63.2 (39–82) 34.8, �.001
Median survival, mo 21.0 10.6 7.1 40.1, �.001
% Treated with at least 4 cycles of temozolomide (no.) 42.3 (11) 38 (35) 32 (18) 0.63, .629
% Treated with radiotherapy (no.) 84.6 (22) 78.3 (72) 92.9 (52) 5.5, .064
Type of surgery

Biopsy, % (no.) 15.4 (4) 24 (22) 16 (9) 37.9, �.0001
Near total, % (no.) 76.9 (20) 61 (56) 27.3 (15)
Partial 8 (2) 15.2 (14) 56.4 (31)

MGMT promoter methylation status, % (no.) 61.5 (16) 45 (36) 48 (25) NS
IDH1 and IDH2 mutation status, % (no.) 73 (19) 9 (8) 5 (3) 67, �.0001

Note:—NS indicates not significant.
a Statistical comparisons were made between 3 groups: ALT�/M�, ALT�/M�, and ALT�/M�.

Table 4: MRI features among telomere maintenance glioblastoma subtypes

MRI Feature

Telomere Maintenance Subtype

ALT+/M− ALT−/M− ALT−/M+
Pearson �2

and P Valuesa ALT+/M+
No. of patients 26 92 56 6
Regular margin, % (no.) 58 (15) 30 (28) 30 (17) 7.3, .026 33 (2)
Fungating margin, % (no.) 19 (5) 53 (49) 61 (34) 12.8, .002 67 (4)
Cystic component, % (no.) 39 (10) 24 (22) 11 (6) 8.5, .014 50 (3)
Radiologic necrosis, % (no.) 58 (15) 73 (67) 86 (48) 7.7, .021 83 (5)
Extensive PTE, % (no.) 23 (6) 23 (21) 45 (25) 8.6, .014 17 (1)
Multifocal lesion, % (no.) 15 (4) 12 (11) 23 (13) NS 33 (2)
Hemorrhage, % (no.) 8 (2) 20 (18) 7 (4) NS 3 (2)

Note:—NS indicates not significant.
a Statistical comparisons were made between 3 groups: ALT�/M�, ALT�/M�, and ALT�/M�.

Table 5: MRI features among mutant IDH1 and IDH2 tumors

MRI Feature

Tumor Type

IDH1 and
IDH2 Mutant

(n = 30)

IDH1 and IDH2
Wild-Type

(n = 150)

Pearson �2

and
P Values

Regular margin 50% 31% NS
Fungating margin 33% 55% 4.8

.028
Cystic component 37% 17% 5.7

.017
Radiologic necrosis 63% 77% NS
Extensive PTE 23% 32% NS
Multifocal lesion 10% 16% NS
Hemorrhage 10% 15% NS

Note:—NS indicates not significant.
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ALT�/M� group (Fig 2, P � .009 ALT�/M� versus ALT�/

M�, P � .0001 ALT�/M� versus ALT�/M�, and ALT�/M�

versus ALT�/M� P � .001).3,4,29 There were no significant dif-

ferences (P � .05) among telomere maintenance– based sub-

groups in relation to the amount of patients treated with radiation

therapy, concurrent temozolomide, or adjuvant temozolomide.

In an earlier study and in this study (Table 4), the ALT�/M�

subgroup was associated with an increased frequency of partial

resections compared with near-total resections.4

A Cox regression analysis by using forward and backward

stepwise models was used to determine whether 4 imaging fea-

tures (margin regularity, cystic, necrosis, and PTE grade) added to

telomere maintenance– based subtype and MGMT promoter

methylation status to better determine patient prognosis. Cystic

feature was significant (P � .045) in predicting patients’ survival

independent of tumor subtype and MGMT promoter methyl-

ation status (Table 6).

DISCUSSION
An assessment of MR imaging features is an advantage to using

histologic-based subtypes alone because the characteristics of

whole tumor in situ can be assessed before surgery. In this study,

we found radiologic features (including the VASARI MR imag-

ing) associated with telomere maintenance and tumor-associated

macrophage content– based subtypes, consistent with MR imag-

ing features being informative in identifying differences in tumor

biology. A cystic component was additive in predicting an im-

proved patient outcome, suggesting that inclusion of this MR

imaging feature along with an assessment of telomere mainte-

nance subtypes and MGMT promoter methylation status will
improve patient outcome prediction. Both feature sets had im-
aging parameters that predicted the ALT�/M� and the
ALT�/M� subgroups.

Because temozolomide use ALT�/M� tumors are associated
with the poorest survival independent of patient age, extent of
surgery, and treatment received.4 ALT�/M� tumors were asso-
ciated with a higher proportion of necrosis, extensive edema, and
lack of a cystic component. Whether the increased macrophage
content directly contributes to the associated MR imaging fea-
tures is unknown. Tumor-associated macrophages have many tu-
mor-promoting activities including proinvasive and proangio-
genesis properties.30 Increased edema may result from increased
vascular permeability. Increased vascular endothelial growth fac-
tor and angiogenesis correlated with edema,31,32 and a molecular
marker found on endothelial cells (deltalike ligand 4) that func-
tions in angiogenesis was associated with PTE and poorer patient
survival.33 Consistent with a link between PTE and angiogenesis,
patients treated with the vascular endothelial growth factor inhib-
itor bevacizumab had reduced PTE.34

Increased edema has been associated with poorer progno-
sis.6-8 In the study by Carillo et al,13 edema was additive for sur-
vival for MGMT methylated but not unmethylated tumors. In the
current study, edema was not additive to survival by tumor sub-
type; this is likely attributable to edema being closely associated
with the ALT�/M� subtype. In a future study, we aim to incor-
porate quantitative MR imaging techniques, more specifically
DTI in vivo to demonstrate the PTE grade.35 The imaging features
associated with the ALT�/M� group are consistent with this
subgroup comprising aggressive tumors. The increased content
of macrophages in the ALT�/M� subtype, combined with
these tumors having a poorer prognosis that has not changed
with temozolomide, suggests this subtype would be an ideal
target for immunotherapies, particularly those that could ac-
tivate macrophages to remove the malignant cells or those that
inhibit the tumor-promoting activities of tumor-associated
macrophages.4,36

Alternative lengthening of telomere-positive tumors is associ-
ated with the best overall patient survival independent of patient
age, extent of surgery, treatment received, and IDH1 mutant sta-
tus.3,4,29 In this study, ALT� tumors were more likely to have a
regular margin, lack of a fungating margin, cystic component,
expansive T1/FLAIR ratio, and lack of ependymal extension, con-
sistent with ALT� tumors being less aggressive. The MR imaging
data from other studies support ALT� tumors being less aggres-
sive.29,37,38 Sharper margins and less contrast enhancement by
MR imaging have been associated with features of ALT� tumors,
including mutant IDH1, mutant tumor protein p53 (TP53),
or proneural tumors.13,16,18,20,39,40 Considering that most
ALT�tumors in this study had mutant IDH1 or IDH2, MR im-
aging features of ALT may be due to mutant IDH. The expansive
T1/FLAIR VASARI feature had greater significance when tumors
were compared based on IDH mutant status rather than telomere
maintenance subtype.

The presence of the cystic component was associated with im-
proved survival. A cystic component has been associated with
improved survival in some,9,10 but not all studies.6,12,13 If molec-

FIG 2. The 3 telomere maintenance mechanism subtypes are associ-
ated with differences in patient survival. Eighty cases were those used
in a previous study,4 and 100 cases were new to this study.

Table 6: Cox regression analysis to test if radiology features
added to telomere maintenance subtype and MGMT promoter
methylation status in predicting patient survival

Category Variable Wald Value df Significance P
Molecular subtype 26 2 �.0001
MGMT 6.89 1 .009
Cystic 4 1 .045
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ular differences are driving phenotypes that are detected by MR
imaging, inconsistencies between studies may be improved if the
molecular subgroups are included in analyses of MR imaging fea-
tures. Tumors that were ALT�/M� and ALT�/M� had a higher
cystic component compared with non-ALT�/M� tumors. In a
study by Carrillo et al,13 a cystic component was one of 4 features
that could predict mutant IDH1 glioma with 94% accuracy. A
cystic component associated with mutant IDH1 could explain the
higher incidence of the cystic component in ALT� tumors. Sim-
ilarities exist between clinical parameters for those with cystic
glioblastoma and those with secondary glioblastoma, suggesting
the cystic component may indicate those with previously undiag-
nosed low-grade glioma. This may be the case for those with
ALT� tumors because ALT�/M� is more frequent in secondary
glioblastoma. A cystic component was present in a considerable
portion of ALT�/M� tumors; fewer of these had mutant IDH1
(n � 3/22, 13%), and most are thought to arise de novo.

The cystic component in ALT�/M� tumors may arise be-
cause of a different mechanism to that in ALT� tumors. Why
ALT�/M� tumors with a cystic component are associated with
improved survival is unclear. The cystic component may repre-
sent a distinct tumor biology that responds well to treatment, or it
may directly aid in the acquisition or detainment of temozolo-
mide. The cystic component was reproducibly identified among
different radiologists. A larger study to investigate whether
ALT�/M� tumors with a cystic component are those that re-
spond well to temozolomide is warranted.

Limitations of this study include its retrospective nature. The
study excluded patients previously treated with radiation therapy
to prevent factors that would affect MR imaging interpretation.
This would exclude more patients with secondary glioblastoma
that are more likely to be ALT�. Thus, the MR imaging features of
the ALT� group will be representative of a subset of ALT�

tumors.

CONCLUSIONS
The radiologic feature of cystic component was a predictive factor

for survival and could be combined with telomere maintenance

mechanism and macrophage content– based subtypes and

MGMT promoter methylation status to provide a better estima-

tion of survival. A lack of cystic component, a lack of left-sided

tumor epicenter, higher necrosis and edema, along with a higher

ependymal extension are more often present in tumors with a

high tumor-associated macrophage content, suggesting that the

presence of macrophages leads to a more invasive tumor behavior

and a greater difficulty in obtaining near total resection, which

could be predicted by MR imaging.
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Diagnostic Accuracy of Centrally Restricted Diffusion in the
Differentiation of Treatment-Related Necrosis from Tumor

Recurrence in High-Grade Gliomas
X N. Zakhari, X M.S. Taccone, X C. Torres, X S. Chakraborty, X J. Sinclair, X J. Woulfe, X G.H. Jansen, and X T.B. Nguyen

ABSTRACT

BACKGROUND AND PURPOSE: Centrally restricted diffusion has been demonstrated in recurrent high-grade gliomas treated with
bevacizumab. Our purpose was to assess the accuracy of centrally restricted diffusion in the diagnosis of radiation necrosis in high-grade
gliomas not treated with bevacizumab.

MATERIALS AND METHODS: In this prospective study, we enrolled patients with high-grade gliomas who developed a new ring-
enhancing necrotic lesion and who underwent re-resection. The presence of a centrally restricted diffusion within the ring-enhancing
lesion was assessed visually on diffusion trace images and by ADC measurements on 3T preoperative diffusion tensor examination. The
percentage of tumor recurrence and radiation necrosis in each surgical specimen was defined histopathologically. The association
between centrally restricted diffusion and radiation necrosis was assessed using the Fisher exact test. Differences in ADC and the ADC ratio
between the groups were assessed via the Mann-Whitney U test, and receiver operating characteristic curve analysis was performed.

RESULTS: Seventeen patients had re-resected ring-enhancing lesions: 8 cases of radiation necrosis and 9 cases of tumor recurrence. There
was significant association between centrally restricted diffusion by visual assessment and radiation necrosis (P � .015) with a sensitivity of 75%
and a specificity of 88.9%, a positive predictive value 85.7%, and a negative predictive value of 80% for the diagnosis of radiation necrosis. There
was a statistically significant difference in the ADC and ADC ratio between radiation necrosis and tumor recurrence (P � .027).

CONCLUSIONS: The presence of centrally restricted diffusion in a new ring-enhancing lesion might indicate radiation necrosis rather than
tumor recurrence in high-grade gliomas previously treated with standard chemoradiation without bevacizumab.

ABBREVIATIONS: HGG � high-grade glioma; RN � radiation necrosis

The appearance of a new ring-enhancing lesion after surgery

and chemoradiation for high-grade glioma (HGG) can be seen

in tumor recurrence and radiation necrosis (RN). A radiation-in-

duced ring-enhancing lesion contains coagulative necrosis second-

ary to vascular endothelial injury and fibrinoid necrosis of small

blood vessels.1 On the other hand, the nonenhancing necrotic com-

ponent in recurrent glioblastoma contains liquefactive necrosis.2

Differentiation between the 2 remains difficult on conventional MR

imaging.3-6 Diffusion restriction has been reported in HGGs treated

with bevacizumab2 and in radiation necrosis of metastatic

brain lesions.7 Our purpose was to assess the accuracy of cen-

trally restricted diffusion in the diagnosis of RN in HGG not

treated with bevacizumab.

MATERIALS AND METHODS
Patient Population
We consecutively enrolled patients with HGG who developed a new

enhancing lesion on follow-up MR imaging after resection, radiation

(60 Gy in 30 fractions of 2 Gy during 6 weeks), and temozolomide

therapy, from December 2012 to December 2016. The patients were

part of a prospective diagnostic accuracy study on dynamic contrast-

enhanced and DSC MR imaging for glioma recurrence, approved by

our institutional research ethics board. Written informed consent

was obtained from all the patients. For the assessment of central dif-

fusion restriction in newly developed necrotic enhancing lesions, the

inclusion criteria were the presence of a central area of necrosis
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within the newly enhancing lesion and surgical re-resection of this

lesion. The exclusion criteria were an entirely solid newly enhancing

lesion, bevacizumab therapy, and an operation �3 months after the

study MR imaging. A short interval between the operation and the

MR imaging was chosen to ensure that the pathology results were

representative of the lesions visualized on the imaging study.

MR Imaging Acquisition Protocols
Each patient was scanned on a 3T MR imaging scanner (Mag-

netom Trio; Siemens, Erlangen, Germany) with the following

parameters: conventional MR imaging protocol using axial T1

precontrast (TR � 280 ms, TE � 2.51 ms, flip angle � 90°,

voxel size � 1.1 � 0.9 � 3 mm), axial FLAIR (TR � 9710 ms,

TE � 93 ms, TI � 2580 ms, voxel size � 1.1 � 0.9 � 3 mm),

axial T2 (TR � 6910 ms, TE � 97 ms, voxel size � 0.7 � 0.7 �

3 mm), and a postcontrast axial T1 volumetric interpolated

brain examination (TR � 8.48 ms, TE � 3.21 ms, flip angle �

12°, voxel size � 1 � 1 � 1 mm). We used an IV injection of 0.1

mmol/kg of gadobutrol (Gadovist 1.0; Bayer Schering Pharma,

Berlin, Germany). Diffusion tensor imaging was performed

with the following parameters: TR � 3100 ms, TE � 106 ms, 20

directions, b � 0/1000, voxel size � 1.3 � 1.3 � 2.5 mm.

MR Image Interpretation and Data Collection
The ADC maps were coregistered to the axial T1-weighted post-

contrast images using a commercially available software (Olea

Sphere 1.3; Olea Medical, La Ciotat, France). Qualitative and

quantitative assessments were performed by 1 neuroradiologist

(N.Z.) blinded to the clinical information and histopathologic

results. The presence of centrally restricted diffusion within part

or all of the necrotic component was visually assessed in each

ring-enhancing lesion and recorded as present or absent. Central

diffusion restriction was defined as higher signal on trace images

with lower signal on ADC compared with the rest of the lesion.

For quantitative analysis, ADC values were calculated from DTI.

Separate ROIs (Fig 1C) were manually placed within the necrotic

component of each lesion excluding the enhancing wall, as well as

within the enhancing component of the lesions, and the mini-

mum ADC was recorded. The ROI size was kept between 20 and

30 mm2. ROIs were placed in the contralateral normal-appearing

white matter. We calculated the following ADC ratios: ADC Ne-

crosis Ratio � ADC Central Necrosis/ADC White Matter; ADC

Enhancement Ratio � ADC Enhancing Component/ADC White

Matter; and ADC Necrosis/Enhancement Ratio � ADC Central

Necrosis/ADC Enhancing Component.

Histopathologic Analysis
Following surgical resection, an experi-

enced neuropathologist (J.W. or G.H.J.),

blinded to the imaging findings, deter-

mined the presence or absence of viable

tumor and/or radiation necrosis using the

2007 World Health Organization classifi-

cation and estimated the percentage of vi-

able tumor and radiation necrosis within

the specimen. Visual assessment was per-

formed under �4 high-power-field mi-

croscopy to determine the approximate

percentage area of radiation necrosis or

tumor recurrence relative to the whole tis-

sue area. The following criteria were used

FIG 1. Radiation necrosis: A, Axial T1-weighted MR image shows a left frontal necrotic ring-
enhancing lesion. B and C, Axial DWI and ADC map demonstrate diffusion restriction within the
necrotic center of the lesion. Representative ROIs are placed on the ADC map corresponding to
the enhancing rim (black ROI) and the necrotic component (white ROI).

FIG 2. A, Specimen showing recurrent tumor (TR) adjacent to an area of brain tissue showing reactive gliosis (RG). B, Specimen showing
predominantly radiation necrosis (RN, center) with a small amount of viable tumor peripherally containing residual glioma (RT). Lines in both
images show interface between reactive brain and radiation necrosis, respectively, with recurrent tumor. Both sections stained with hematox-
ylin and eosin. Scale bars � 100 microns.
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for the diagnosis of radiation necrosis: the presence of coagulative

necrosis, hyalinized vessels, and microcalcifications. For the diagno-

sis of recurrent tumor, we used the following criteria: the presence of

increased cellularity and nuclear pleomorphism. Given that most le-

sions consisted of a mixture of tumor- and treatment-related changes

in different proportions, a lesion was categorized as predominantly

tumor recurrence or predominantly RN based on the component

with the higher proportion in the specimen (Fig 2).

Statistical Analysis
The association between the presence of centrally restricted diffu-

sion and pathologically proved radiation necrosis was assessed

using the Fisher exact test, and the diagnostic accuracy of this

finding was calculated using receiver operating characteristic

curve analysis. Differences in the minimum ADC and ADC ratio

of the necrotic component as well as the enhancing rim between

radiation necrosis and tumor recurrence were assessed via the

Mann-Whitney U test. A P value of .05 indicated statistical signif-

icance. All data were analyzed with MedCalc for Windows (Ver-

sion 12; MedCalc Software, Mariakerke, Belgium).

RESULTS
Thirty-seven patients with HGG with new necrotic peripherally

enhancing lesions were identified. Twenty-three patients had re-

resection of the identified lesions, and 14 had nonsurgical man-

agement. Three patients had an operation �3 months after the study

MR imaging. Three patients were subsequently excluded on the basis

of the pathology results: Two had equal proportions of necrosis and

tumor, and 1 had hemorrhage and pus with no evidence of tumor

recurrence or RN (Fig 3). Of note, the lesion excluded for presence of

pus and blood product in the center of the lesion at the operation had

central diffusion restriction on imaging.

There were 13 men and 4 women in the included patients.

Average age was 55.9 � 10.3 years (range, 33.3–77.6 years). The

average duration between the operation and the MR imaging ex-

amination was 25.8 � 23.99 days (range, 1–78 days).

Qualitative Assessment
Nine patients had predominant tumor recurrence, and 8 had pre-

dominant RN (Fig 3). The presence of centrally restricted diffu-

sion in the necrotic lesions was significantly associated with the

predominance of RN on histopathologic analysis (P � .015) (Figs

1 and 4 and Table 1). Central diffusion restriction was seen in 6

patients with RN. From the 9 patients with predominant tumor

recurrence, only 1 patient had central diffusion restriction. On

histopathologic analysis, radiation necrosis comprised approxi-

mately 30% of this patient’s surgical specimen. The presence of

central diffusion restriction had a sensitivity of 75% and a speci-

ficity of 88.9%, with a positive predictive value of 85.7% and a

negative predictive value of 80% for the diagnosis of radiation

necrosis in a newly developed necrotic lesion after treatment of

HGG. From the 20 patients who were excluded, 9 patients had

central diffusion restriction on visual inspection.

Quantitative Assessment
There was a significant difference in the minimum ADC and ADC

ratio in the necrotic component of the

tumor recurrence and RN lesions (P �

.027) with a lower median ADC and

ADC ratio in the RN group compared

with the tumor recurrence group (Table

2). On the basis of the receiver operating

characteristic curve analysis (area under

the curve � 0.82; 95% CI, 0.5– 0.96; P �

.002), an ADC cutoff value of �1316 �

10�6 mm2/s provides 100% specificity

for RN but only 55.6% sensitivity. Using

a cutoff of �1197.03 � 10�6 mm2/s re-

sults in 80% specificity and 66.7% sensi-

tivity for the identification of RN. Simi-

larly, an ADC necrosis ratio cutoff value

FIG 3. Flow chart illustrating patient selection. TR indicates tumor
recurrence.

FIG 4. Tumor recurrence. A, Axial T1-weighted MR image shows a left frontal necrotic ring-
enhancing lesion. B and C, Axial DWI and ADC map demonstrate facilitated diffusion within the
necrotic center of the lesion.
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of �1.78 provides 100% specificity and 55.6% sensitivity for the

identification of RN (Fig 5).

No significant difference was found in the ADC and ADC ratio of

the enhancing components between tumor recurrence and RN (P �

.63 and P � .85) (Table 2). However, there was a significant differ-

ence in the necrotic-to-enhancing component ADC ratio (P � .043),

with a lower ratio in the RN group (Table 2). On the basis of the

receiver operating characteristic curve analysis (area under the

curve � 0.79; 95% CI, 0.53–0.95; P � .001), a cutoff value of �0.95

provides 88.9% sensitivity and 62.5% specificity for RN (Fig 5).

DISCUSSION
The results of the current study suggest that evaluation of diffu-

sion restriction in the nonenhancing necrotic center rather than

the peripheral enhancing component of ring-enhancing lesions

developing after treatment of HGG may be a useful tool in differ-

entiating RN from tumor recurrence. Central diffusion restric-

tion is associated with a predominance of radiation necrosis on

pathology, with a lower minimum ADC in the lesion center in RN

compared with tumor recurrence.

Most of the previously published studies assessing the diag-

nostic accuracy of DWI in differentiating tumor recurrence and

RN focused on assessment of diffusion restriction and ADC val-

ues in the enhancing component of the lesion with the expecta-

tion that the increased cellularity in tumor recurrence and in-

creased extracellular space associated with cell death in RN would

result in diffusion restriction and lower ADC values with tumor

recurrence.8-10 However, the results were not consistent.11-15 A

meta-analysis of the diagnostic accuracy of DWI showed moder-

ate diagnostic performance and recommended against the use of

DWI alone in differentiating RN and tumor recurrence.16

Like the results of the current study, evaluation of the central

zone of radiation necrosis and malignant glioma in rat models

identified a pattern of central diffusion restriction in radiation

necrosis with significantly lower ADC values compared with ma-

lignant glioma. The diffusion restriction in the central zone of

radiation necrosis corresponded to coagulative necrosis on

histopathology.12

Asao et al17 reported that most of the radiation necrosis lesions

in their patient population, consisting predominantly of astro-

cytic neoplasms, had heterogeneous signal intensity on DWI with

hyperintensities within the lesions. There are also a few reported

cases in the literature with diffusion restriction in the center of

radiation necrosis, simulating central diffusion restriction in the

abscess.18,19 In fact, one of the cases that showed central diffusion

restriction in our series was found to have infection and hemor-

rhage within the lesion center at the operation.

Nonenhancing diffusion restriction has also been reported in

bevacizumab-treated HGG20,21 as well as bevacizumab-treated

brain metastasis.22 Nguyen et al2 demonstrated that progressively

expanding diffusion restriction in HGG treated with bevaci-

zumab pathologically represents coagulative necrosis surrounded

by viable tumor cells. They also showed lower ADC in the diffu-

sion-restricted necrosis compared with the hypercellular nonen-

hancing tumor.

In their series of treated metastatic lesions, Cha et al7 described

a 3-layer pattern of radiation necrosis with a central core of lique-

FIG 5. Graph displaying ADC central necrosis, the ADC necrosis ratio,
and ADC necrosis/enhancement receiver operating characteristic curves.

Table 1: Results of qualitative assessment for the presence of
centrally restricted diffusion

Diagnosis

Central Diffusion
Restriction

Present Absent
RN 6 2
TR 1 8

Note:—TR indicates tumor recurrence.

Table 2: Median ADC values and ADC ratios of the necrotic and enhancing components for radiation necrosis and tumor recurrencea

ADC

RN TR

PMedian 95% CI Median 95% CI
Necrosis (10�6 mm2/s) 992.15 684.72–1220.80 1759.86 1054.80–2588.01 .027

(755.06–1197.29) (1136.70–2401.44)
Necrosis ratiob 1.24 0.91–1.74 2.21 (1.41–2.9) 1.31–3.32 .027

(0.96–1.57)
Enhancement (10�6 mm2/s) 1044.37 867.08–1245.53 1106.70 955.86–1241.24 .63

(945.09–1229.65) (958.53–1200.02)
Enhancement ratioc 1.38 1.02–1.59 1.39 (1.14–1.51) 1.12–1.60 .85

(1.13–1.55)
Necrosis/enhancementd 0.93 0.56–1.27 1.59 (0.98–2.3) 0.96–2.41 .043

(0.74–1.07)

Note:—TR indicates tumor recurrence.
a Interquartile ranges are in parentheses.
b Necrosis Ratio � ADC Central Necrosis/ADC White Matter.
c Enhancement Ratio � ADC Enhancing Component/ADC White Matter.
d Necrosis/Enhancement � ADC Central Necrosis/ADC Enhancing Component.
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fied necrosis showing increased ADC, a nonenhancing middle

layer of coagulative necrosis with low ADC, and an outer layer of

elevated CBV representing a zone of active inflammation. Our

findings of diffusion restriction centrally in the nonenhancing

component along the inner aspect of the enhancing ring likely

correspond to the middle layer in their 3-layer pattern. They also

showed lower minimum ADC values in RN compared with tumor

recurrence, comparable with the current study.7

In this study, we included only surgically proved cases, leading

to the small number of patients in this series, which is the main

limitation to the study. Although only surgically proved cases

were included, the pathologic samples were not limited to the

areas of diffusion restriction, another limitation to this study.

While we classified the lesions into predominant tumor recur-

rence or RN on the basis of the component with the higher pro-

portion in the surgical specimen, the proportion of tumor in the

cases classified as predominant RN in this series ranged from 5%

to 20%. However, it can still be argued from a pathologic point of

view that the presence of any amount of tumor cells in the speci-

men should be considered evidence of tumor recurrence. Future

studies with image-guided stereotactic biopsy of the regions of

centrally restricted diffusion would be of great value in confirm-

ing the current findings. The results of this study cannot be gen-

eralized to patients treated with bevacizumab or lesions with no

necrosis.

CONCLUSIONS
This study shows that the presence of central nonenhancing re-

stricted diffusion in a newly necrotic ring-enhancing lesion might

indicate RN rather than tumor recurrence in HGG previously

treated with standard chemotherapy without bevacizumab.
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21. Rieger J, Bähr O, Müller K, et al. Bevacizumab-induced diffusion-
restricted lesions in malignant glioma patients. J Neurooncol 2010;
99:49 –56 CrossRef Medline

22. Sivasundaram L, Hazany S, Wagle N, et al. Diffusion restriction in a
non-enhancing metastatic brain tumor treated with bevacizumab:
recurrent tumor or atypical necrosis? Clin Imaging 2014;38:724 –26
CrossRef Medline

264 Zakhari Feb 2018 www.ajnr.org

http://dx.doi.org/10.1016/j.ijrobp.2013.05.015
http://www.ncbi.nlm.nih.gov/pubmed/23790775
http://dx.doi.org/10.3174/ajnr.A4898
http://www.ncbi.nlm.nih.gov/pubmed/27492073
http://dx.doi.org/10.1148/radiology.217.2.r00nv36377
http://www.ncbi.nlm.nih.gov/pubmed/11058631
http://www.ncbi.nlm.nih.gov/pubmed/16155144
http://dx.doi.org/10.3174/ajnr.A2397
http://www.ncbi.nlm.nih.gov/pubmed/21393407
http://dx.doi.org/10.2214/AJR.11.7417
http://www.ncbi.nlm.nih.gov/pubmed/22194475
http://dx.doi.org/10.1007/s00330-012-2638-4
http://www.ncbi.nlm.nih.gov/pubmed/22903642
http://dx.doi.org/10.1148/rg.325125002
http://www.ncbi.nlm.nih.gov/pubmed/22977022
http://dx.doi.org/10.1097/00004728-200309000-00003
http://www.ncbi.nlm.nih.gov/pubmed/14501357
http://www.ncbi.nlm.nih.gov/pubmed/14970018
http://www.ncbi.nlm.nih.gov/pubmed/15113465
http://dx.doi.org/10.1007/s11060-011-0719-x
http://www.ncbi.nlm.nih.gov/pubmed/21948114
http://dx.doi.org/10.1016/j.nicl.2016.02.016
http://www.ncbi.nlm.nih.gov/pubmed/27298760
http://dx.doi.org/10.1016/j.acra.2012.06.011
http://www.ncbi.nlm.nih.gov/pubmed/22884399
http://dx.doi.org/10.3348/kjr.2013.14.4.662
http://www.ncbi.nlm.nih.gov/pubmed/23901325
http://dx.doi.org/10.1016/j.jns.2015.02.038
http://www.ncbi.nlm.nih.gov/pubmed/25748965
http://www.ncbi.nlm.nih.gov/pubmed/15956515
http://dx.doi.org/10.2214/ajr.177.3.1770709
http://www.ncbi.nlm.nih.gov/pubmed/11517080
http://dx.doi.org/10.1136/jnnp.74.3.382
http://www.ncbi.nlm.nih.gov/pubmed/12588935
http://dx.doi.org/10.3389/fonc.2013.00258
http://www.ncbi.nlm.nih.gov/pubmed/24137566
http://dx.doi.org/10.1007/s11060-009-0098-8
http://www.ncbi.nlm.nih.gov/pubmed/20035366
http://dx.doi.org/10.1016/j.clinimag.2014.04.014
http://www.ncbi.nlm.nih.gov/pubmed/24910165


ORIGINAL RESEARCH
ADULT BRAIN

Addition of Amide Proton Transfer Imaging to FDG-PET/CT
Improves Diagnostic Accuracy in Glioma Grading: A Preliminary

Study Using the Continuous Net Reclassification Analysis
X A. Sakata, X T. Okada, X Y. Yamamoto, X Y. Fushimi, X T. Dodo, X Y. Arakawa, X Y. Mineharu, X B. Schmitt, X S. Miyamoto, and

X K. Togashi

ABSTRACT

BACKGROUND AND PURPOSE: Amide proton transfer imaging has been successfully applied to brain tumors, however, the relationships
between amide proton transfer and other quantitative imaging values have yet to be investigated. The aim was to examine the additive
value of amide proton transfer imaging alongside [18F] FDG-PET and DWI for preoperative grading of gliomas.

MATERIALS AND METHODS: Forty-nine patients with newly diagnosed gliomas were included in this retrospective study. All patients had
undergone MR imaging, including DWI and amide proton transfer imaging on 3T scanners, and [18F] FDG-PET. Logistic regression analyses
were conducted to examine the relationship between each imaging parameter and the presence of high-grade (grade III and/or IV) glioma.
These parameters included the tumor-to-normal ratio of FDG uptake, minimum ADC, mean amide proton transfer value, and their
combinations. In each model, the overall discriminative power for the detection of high-grade glioma was assessed with receiver operating
characteristic curve analysis. Additive information from minimum ADC and mean amide proton transfer was also evaluated by continuous
net reclassification improvement. P � .05 was considered significant.

RESULTS: Tumor-to-normal ratio, minimum ADC, and mean amide proton transfer demonstrated comparable diagnostic accuracy in
differentiating high-grade from low-grade gliomas. When mean amide proton transfer was combined with the tumor-to-normal ratio, the
continuous net reclassification improvement was 0.64 (95% CI, 0.036 –1.24; P � .04) for diagnosing high-grade glioma and 0.95 (95% CI,
0.39 –1.52; P � .001) for diagnosing glioblastoma. When minimum ADC was combined with the tumor-to-normal ratio, the continuous net
reclassification improvement was 0.43 (95% CI, �0.17–1.04; P � .16) for diagnosing high-grade glioma, and 1.36 (95% CI, 0.79 –1.92; P � .001)
for diagnosing glioblastoma.

CONCLUSIONS: Addition of amide proton transfer imaging to FDG-PET/CT may improve the ability to differentiate high-grade from
low-grade gliomas.

ABBREVIATIONS: ADCmin � minimum ADC; APT � amide proton transfer; AUC � area under the curve; NRI � net reclassification improvement; ROC � receiver
operating characteristic; S0 image � reference dataset acquired without presaturation; SUV � standard uptake value; T/N � tumor-to-normal

MR imaging has an established role for the localization, char-

acterization, and diagnosis of brain tumors, as well as for

assessing the effects of treatment. Several studies have demon-

strated the utility of various types of advanced sequences for grad-

ing brain tumors through the visualization of water diffusion,

tumor metabolites, or perfusion characteristics.1,2 For pre- and

postoperative assessment of gliomas, DWI has been the most

commonly used of these advanced sequences,2 and the derived

ADC is a quantitative parameter that is inversely correlated with

tumor cellularity and hence glioma grade.3,4 However, its clinical

impact has remained limited because of the substantial overlap in

regional ADCs among gliomas of different grades.5

PET is another quantitative imaging technique used in neuro-

oncology.2 The standard uptake value (SUV) obtained with FDG-

PET also plays an important role in the grading of brain tumors.2

High-grade gliomas generally show a higher level of glucose me-

tabolism than low-grade gliomas and therefore exhibit increased
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SUV. However, physiologic FDG uptake by the brain may obscure

tumor uptake. PET also has shortcomings in terms of the cost,

exposure to radiation, and relatively low spatial resolution.

In addition to the aforementioned methods, chemical ex-

change– dependent saturation transfer imaging has recently

emerged as a new contrast mechanism for MR imaging in the field

of cellular and molecular imaging.6-8 This method of magnetiza-

tion transfer imaging has several variants, one of which is amide

proton transfer (APT) imaging, which focuses on endogenous

cytosolic proteins and peptides with amide protons in the peptide

bond.9 This technique has been successfully applied to human

brain tumors.3,10-16 Some reports have shown that the APT asym-

metry value is useful in tumor grading, allowing differentiation

of pseudoprogression from recurrence17 and the assessment of

treatment response.18,19 However, the relationship between APT

and other quantitative imaging values has yet to be investigated.

The purposes of this study were the following: 1) to compare

the diagnostic accuracy of APT imaging for preoperative grading of

glial tumors with that of DWI and [18F] FDG-PET, and 2) to examine

the additive value of APT imaging combined with [18F] FDG-PET

and DWI for the preoperative grading of gliomas. To quantify the

additive value of APT imaging, we used a statistical method called the

net reclassification index (NRI), an index that shows how well a new

model reclassifies subjects.20 NRI is calculated as the difference in the

proportion of subjects classified correctly as opposed to wrongly clas-

sified after application of a new model. This measure can demon-

strate the superiority of a new model over a previous one.

MATERIALS AND METHODS
Our institutional review board approved this retrospective study

(R0120), and the requirement to obtain informed consent was

waived.

Patients
Eighty-three consecutive adult (older than 18 years of age) pa-

tients with suspected supratentorial gliomas who were treated at

our hospital between December 2012 and April 2015 were re-

viewed. The inclusion criteria were the following: 1) pathologic

diagnosis of grades II–IV diffuse glioma (2007 World Health Or-

ganization criteria)21; 2) the availability of results from preoper-

ative MR imaging, including DWI and APT imaging, and FDG-

PET obtained within the year before the operation. Twenty-four

patients did not meet the inclusion criteria because of no histol-

ogy or histology other than glioma (n � 7) or incomplete datasets

(n � 17). Ten patients were also excluded because of major ther-

apeutic intervention (such as an operation, radiation therapy, or

chemotherapy including steroids) before imaging (n � 5) or se-

vere artifacts (n � 5). Finally, we analyzed data from 49 patients

who underwent [18F] FDG-PET/CT and MR imaging, including

DWI and APT imaging. Subsets from this patient population (n �

26; 13 each) have been used in previous publications,15,22 though

not with the research focus presented in the current study (Fig 1).

Imaging Acquisition

DWI. MR imaging was conducted by using two 3T scanners

(Magnetom Trio; Siemens, Erlangen, Germany) with 32-chan-

nel head coils. In addition to the conventional FLAIR sequence

(TR/TE, 12,000/100 ms; TI, 2760 ms; flip angle, 120°; resolution,

0.69 � 0.69 mm), T2-weighted FSE (TR/TE, 3200/79 ms; flip

angle, 120°; resolution, 0.49 � 0.49 mm) and pre- and postcon-

trast-enhanced T1-weighted imaging were acquired (using mag-

netization-prepared rapid acquisition of gradient echo with the

following settings: TR/TE, 6/2.26 ms; flip angle, 15°; resolution,

0.9 � 0.9 � 0.9 mm). Contrast materials used were 0.1 mmol/kg

of gadopentetate dimeglumine (Magnevist; Bayer HealthCare

Pharmaceuticals, Wayne, New Jersey) or gadoteridol (ProHance;

Bracco Diagnostics, Princeton, New Jersey). DWI (TR/TE,

5000/77 ms; resolution, 1.4 � 1.4 mm; slice thickness, 3 mm with

a 1-mm gap) was performed with motion-probing gradients of

b � 1000 s/mm2 applied in 3 orthogonal directions. Images with-

out motion-probing gradients were also obtained, and ADC maps

were calculated.

APT. APT imaging was conducted using a prototype 3D gradi-

ent-echo pulse sequence (TR/TE, 8.3/3.3 ms; flip angle, 12°; 24

slices; resolution, 1.72 � 1.72 � 4 mm). The presaturation pulses

consisted of 3 consecutive radiofrequency pulses of 100-ms dura-

tion with 100-ms interpulse delays and a time-average amplitude

of 2 �T. Eighteen consecutive datasets were acquired with differ-

ent offset frequencies �� (0, � 0.6, � 1.2, � 1.8, � 2.4, � 3.0, � 3.6,

� 4.2, and � 4.8 ppm) from the bulk water resonance. Saturated

images (S[��]) were normalized with a reference dataset ac-

quired without presaturation (S0 image). The APT effect was cal-

culated as the asymmetry of the magnetization transfer rate using

the following equation: APTasym � (S[�3.5 ppm] � S[�3.5

ppm]) / S0 � 100 (%). The APTasym at 3.5 ppm was obtained

from linear interpolation between the originally sampled

points using an offset resolution of 0.1 ppm and subsequent

correction for inhomogeneity of the static magnetic field, as

previously described.23

FIG 1. Flowchart showing the 83 eligible patients who received a his-
tologic diagnosis of primary glioma after MR imaging and PET and
subsequently underwent an operation during the 29-month period.
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[18F] FDG-PET. PET was performed with a PET/CT scanner (Dis-

covery ST Elite; GE Healthcare, Milwaukee, Wisconsin). Each pa-

tient fasted for at least 4 hours before PET. After intravenous

administration of FDG at 4 MBq/kg body weight, the patient

rested in a waiting room for 30 minutes. After performing low-

dose CT for attenuation correction, we performed emission scans

of the brain for 15 minutes with a 128 � 128 matrix and 47 slices

(resolution, 2.0 � 2.0 � 3.27 mm). The reconstructed PET data

were converted to SUV data using the following equation: SUV �

Count at a Pixel (kBq/cm3) / Injection Dose (MBq) / Weight (kg).

Imaging Analysis
All image processing was conducted by 2 neuroradiologists (A.S.

and T.O., with 4 and 22 years of experience of imaging processing)

in consensus to double-check the quality. Images were coregis-

tered using SPM8 software (http://www.fil.ion.ucl.ac.uk/spm/

software/spm12) implemented in Matlab (MathWorks, Natick,

Massachusetts). All postcontrast T1-weighted, ADC, S0, and APT

images were coregistered to the corresponding FLAIR images and

resliced; S0 images were used for coregistration of APT images to

anatomic images. Registrations were visually inspected and man-

ually corrected if necessary. FDG-PET images were not coregis-

tered to MR images because the image resolution and contrast

were different.

Minimum ADC
Two board-certified neuroradiologists (A.S. and T.D., each with 7

years of experience in diagnostic neuroradiology) analyzed the

ADC maps independently using ImageJ, Version 1.48 (National

Institutes of Health, Bethesda, Maryland). All continuous sec-

tions that included tumor were evaluated by placing 3 circular

ROIs over the low-intensity area corresponding to the solid por-

tion of the tumor.24 The area of the ROIs was predefined as 30

mm2, and each ROI was carefully positioned to avoid contamina-

tion from adjacent tissues and estimation errors caused by necro-

sis, hemorrhage, or calcification.

APTmean

For the APT images, board-certified neuroradiologists (A.S. and

T.D.) independently placed an ROI over a representative slice of

the tumor (1 ROI per patient). In case of tumors with an enhancing

portion, ROIs were drawn on the enhanced area (viable tumor core)

on the contrast-enhanced T1-weighted images. When such enhance-

ment was absent, ROIs were drawn by selecting abnormal signal ar-

eas on the FLAIR images. Foci of necrosis, hemorrhage, or calcifica-

tion were manually avoided. All ROIs were applied to the resliced

APT images, and mean values (APTmean) were calculated.

Tumor-to-Normal Ratio
For SUVmaximum measurement, 2 neuroradiologists with board

certification in nuclear medicine (Y.F. and T.O., with 13 and 18

years of experience respectively) independently drew several oval

ROIs (diameter � 10 mm) to include the area with the highest

SUV. The number of ROIs varied, depending on the size of the

tumor (median, 9; range, 1–25). Fifteen ROIs (5 ROIs on each of

3 axial slices) were also placed on the contralateral frontoparietal

gray matter. When a tumor occupied the bilateral lobes, the hemi-

sphere with the largest part of the tumor was defined as the side of

the tumor. Semiquantitative analysis was performed using the

tumor-to-normal (T/N) ratio, defined as the SUVmaximum in the

tumor divided by the average SUV of the normal gray matter.25

Pathologic Analysis
Tumors were graded according to the 2007 World Health Orga-

nization classification of brain tumors by board-certified neuro-

pathologists with 	15 years of experience.21 The grade of glial

tumor was determined on the basis of histologic characteristics

such as nuclear atypia, mitosis, microvascular proliferation, and

the presence of necrosis. Immunohistochemical analyses were

used when necessary. Grade III and IV tumors were considered

high-grade, and grade II tumors, as low-grade.

Statistical Analysis
To determine the interrater reliability for continuous data (T/N

ratio, minimum ADC [ADCmin] and APTmean measurements),

the intraclass correlation coefficient was calculated with a 2-way

random model with absolute agreement on average measures.

Interpretation of the intraclass correlation coefficient followed

methods described by Landis and Koch26: �0, no reproducibility;

0.0 – 0.20, slight reproducibility; 0.21– 0.40, fair reproducibility;

0.41– 0.60, moderate reproducibility; 0.61– 0.80, substantial re-

producibility; and 0.81–1.00, almost perfect reproducibility.

To assess the ability to correctly differentiate high-grade glio-

mas, we conducted receiver operating characteristic (ROC) curve

analysis for APTmean, ADCmin, and the T/N ratio. We compared

the areas under the curve (AUCs) using the method described by

DeLong et al.27

Clinical models were created for logistic regression analysis,

combining 2 of the 3 parameters APTmean, ADCmin, and the T/N

ratio. The added value of the additional imaging beyond [18F]

FDG-PET (which showed the highest AUC for the primary out-

come) was quantified by consecutively extending the basic model

and assessing the increase in AUC. Furthermore, the number of

patients correctly reclassified after adding these parameters was

expressed as the NRI. The continuous NRI generalizes a summary

measure proposed for reclassification tables by eliminating risk

categories and defining any increase in model-based probability

resulting from the addition of a new marker as upward reclassifi-

cation, and any decrease as downward reclassification. The con-

tinuous NRI index is equal to twice the difference in the proba-

bilities of upward reclassification for the events minus the

nonevents.20 Internal validation for both logistic regression anal-

ysis and NRI was performed with 1000 bootstrapped samples.

Furthermore, we conducted additional ROC and NRI analyses to

evaluate the additive value of APT to ADC.

Statistical analysis was performed using STATA, Version 13

software (StataCorp, College Station, Texas). P � .05 was consid-

ered indicative of a significant difference.

RESULTS
Patient Characteristics
Forty-nine patients (32 men, 17 women) with a new histopatho-

logic diagnosis of glioma and adequate image sets were included

in this study. The mean age was 58.3 years (range, 21–90 years).

AJNR Am J Neuroradiol 39:265–72 Feb 2018 www.ajnr.org 267



Grade II glioma was seen in 15 patients (9 diffuse astrocytomas, 4

oligodendrogliomas, 2 oligoastrocytomas); grade III glioma, in 13

patients (9 anaplastic astrocytomas, 1 anaplastic oligodendrogli-

oma, 3 anaplastic oligoastrocytomas); and glioblastoma, in 21 pa-

tients. Five patients underwent surgical biopsy, and 44 patients

underwent surgical resection. The characteristics of the patients

with low- and high-grade gliomas are given in Table 1. Represen-

tative cases are shown in Figs 2 and 3.

Interrater Reliability
Interrater reliability showed almost perfect reproducibility for the

T/N ratio, ADCmin, and APT measurements, with intraclass

correlation coefficients of 0.89 (95% confidence interval, 0.81–

0.94) for T/N ratio, 0.90 (95% CI, 0.82– 0.95) for ADCmin, and

0.97 (95% CI, 0.95– 0.99) for APT. Given the high interrater

reliability, the subsequent statistical evaluation of these mea-

surements used the mean of the values measured by both raters

for each patient.

ROC Curve for Each Single Method and Comparison of
AUCs
Table 2 and On-line Fig 1 summarize the results of ROC curve

analysis for each parameter. No significant differences were seen

among T/Nratio, APTmean, and ADCmin in the differentiation of

higher grade gliomas from lower grade ones (grades III and IV

versus grade II, P � .60; grade IV versus grades II and III, P � .68).

Logistic Regression Analysis to Evaluate the Added Value
of APT Imaging to [18F] FDG-PET for Differentiation of
High- from Low-Grade Gliomas
Table 3 and On-line Fig 2 summarize the results for the AUCs

of each combination of the 2 parameters. In comparison with

the AUC for the T/N ratio alone, some tendencies toward im-

provement were seen with either combination of the T/N ratio

and APTmean, but the differences did not reach statistical

significance.

Net Reclassification Improvement to
Evaluate the Added Value of APT
Imaging to [18F] FDG-PET for the
Diagnosis of High-Grade Glioma
Table 4 summarizes the NRI results for

each combination of the 2 parameters.

When APTmean was combined with the

T/N ratio, the continuous NRI was 0.64

(95% CI, 0.036 –1.24, P � .04) for diag-

nosis of high-grade glioma and 0.95

(95% CI, 0.39 –1.52; P � .001) for the

diagnosis of glioblastoma.

Validation
Results of the internal validation are

summarized in Tables 5 and 6.

Additive Value of APT Imaging to
DWI for Glioma Grading
Table 7 summarizes the results of the

AUCs for a combination of ADCmin and

APTmean. In comparison with the AUC

for ADCmin alone, some improvement

was observed, though the difference did

not reach statistical significance (grades

III and IV versus grade II, P � .36; grade

IV versus grades II and III, P � .42). The

continuous NRI was 0.48 (95% CI,

�0.13–1.09, P � .12) for the diagnosis

of high-grade glioma and 1.14 (95% CI,

0.58 –1.71; P � .001) for diagnosis of gli-

oblastoma when the APTmean was com-

bined with the ADCmin.

FIG 2. Glioblastoma in a 65-year-old man. A, Axial MR imaging shows a contrast-enhancing lesion
in the left thalamus. B, FDG-PET shows less uptake by the lesion compared with gray matter. C, On
the ADC map, the medial portion of the tumor demonstrates focal low-to-intermediate ADC
values in comparison with normal brain. D, The APT image shows increased signal in both solid and
necrotic portions of the tumor.

Table 1: Patient characteristics
Low-Grade

Gliomas
High-Grade

Gliomas
Patients (No.) 15 34
M/F 10/5 22/12
Age (yr) 51.5 � 15.9 59.5 � 15.6
Median (range) of interval between

surgery and MRI (day)
45 (1–168) 13 (0–76)

Median (range) of interval between
surgery and PET (day)

51 (15–306) 13 (1–218)

T/N 0.75 � 0.26 1.19 � 0.43
ADCmin (�10�6 mm2/s) 980 � 179 757 � 221
APTmean (%) 0.87 � 0.39 1.33 � 0.46
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DISCUSSION
This study has 2 major findings. First, we demonstrated that

APTmean offered good diagnostic accuracy for high-grade glioma,

comparable with that of other single imaging biomarkers such as

ADCmin or the T/N ratio from [18F] FDG-PET. Second, our re-

sults also indicated that multiparametric analysis including APT

and FDG-PET can improve the classification of gliomas of differ-

ing aggressiveness.

By focusing on amide protons, APT imaging has been used to

visualize endogenous mobile proteins and peptides, and tissue

pH, without requiring administration of a contrast agent.9,28,29

The method involves a chemical exchange saturation transfer

mechanism, with the signal changes observed being the result of a

reduction in the bulk water signal intensity caused by chemical

exchanges with magnetically labeled backbone amide protons on

a resonance of around �3.5 ppm of that of free water.

Prior studies on APT imaging have been successfully applied

to the assessment of human brain tumors.3,11-18 However, details

of the relationships between APT imaging and other clinical im-

aging parameters of malignancy have yet to be fully elucidated.

This study confirmed that APT imaging can be used for grading

glial tumors, with a diagnostic accuracy comparable with that of

other imaging biomarkers derived from DWI and FDG-PET. Pre-

vious studies have shown the diagnostic accuracy of APT imaging

to be comparable with DSC-PWI,13,16 and better than contrast-

enhanced T1-weighted imaging.22 As in previous studies, our re-

sults also demonstrated excellent interrater reproducibility in the

measurement of APT.3,11-16 We believe that for the preoperative

grading of brain tumors, APT can be considered an alternative

approach to PET and other MR imaging methods such as DWI.

Multiparametric analysis including APT has the potential to

improve the diagnostic accuracy in glioma grading. Several re-

searchers have argued that multiparametric MR imaging methods

have the potential to improve the diagnostic performance of pre-

operative glioma grading.30-32 Furthermore, Yoon et al1 reported

that adding FDG-PET to multiparametric MR imaging, including

DWI, PWI, and MR spectroscopy, can

improve the diagnostic accuracy of gli-

oma grading. However, few studies have

examined glioma grading with multipa-

rametric imaging that included APT im-

aging and PWI or DWI.10,16 To the best

of our knowledge, our investigation rep-

resents the first study to show the utility

of multiparametric analysis, including

APT and PET, in the preoperative grad-

ing of gliomas.

To assess discrimination in the mul-

tiparametric logistic regression analysis,

we applied 2 different statistical meth-

ods: ROC curve analysis and NRI. In

ROC analysis, the AUC is commonly

used to measure the discriminatory abil-

ity of a model to correctly classify sub-

jects with or without a disease and has

thus been a standard metric used to

quantify improvement. However, this

metric is known to have various limita-

tions, including a lack of clinical rele-

vance and difficulty in interpreting

small-magnitude changes.16 We did not

observe any significant gains to the

AUCs with the addition of either

APTmean or ADCmin to the T/N ratio.

This was partly due to the relatively high

diagnostic accuracy of each single

method. As an alternative, NRI allows

FIG 3. Oligodendroglioma in a 45-year-old woman. A, Axial MR imaging shows no contrast-
enhancing lesion in the right frontal lobe. B, FDG-PET demonstrates little uptake by the lesion
compared with gray matter. C, On the ADC map, the tumor shows foci with no diffusion restric-
tion within the tumor. D, The APT image shows no increased signal in this lesion.

Table 2: AUCs of each single parameter for predicting glioma grading
Grade II vs Grades

III and IV

Optimal Cutoff

Grades II and III vs
Grade IV

Optimal CutoffAUC 95% CI AUC 95% CI
T/N 0.84 0.72–0.97 0.88 0.85 0.83–0.97 1.03
APTmean 0.76 0.66–0.91 1.26% 0.86 0.76–0.97 1.28%
ADCmin 0.78 0.62–0.90 792.5 � 10�6 mm2/s 0.92 0.82–1.00 788 � 10�6 mm2/s
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quantification of the degree of correct reclassification.33,34 This

measure is calculated as a change in the proportion of correct

classifications minus incorrect ones, resulting from the new

model in comparison with the former one.20 Using this approach,

we demonstrated that the addition of APTmean to the first model with

a T/N ratio achieved significant improvements, while the addition of

ADCmin offered no significant improvement in the discrimination of

high-grade gliomas. On the basis of our observations and prior re-

ports that have shown moderate correlations between APTasym val-

ues and histologic or other imaging biomarkers, we believe that APT

shows potential as another useful and adjunctive biomarker of tumor

aggressiveness in neuro-oncology.

We conducted further analysis to evaluate the additive value of

APT imaging to DWI, and our results showed that a combination

of APT and ADC did not significantly improve the primary out-

come (ie, the diagnostic accuracy of high-grade glioma). This is

different from a previous study that demonstrated a significant

improvement.16 Differences in the acquisition parameters may

explain the different findings of the 2 studies, but our results may

indicate the importance of multitechnique imaging– based

diagnosis.

Several limitations must be considered when interpreting the

present results. This study was retrospective in design and in-

cluded a relatively small cohort. We included approximately 20

patients with low-grade gliomas, which

prevented us from conducting robust

multivariate regression analyses with

	2 variables. Second, we excluded pa-

tients with grade I glioma for 2 reasons:

one being that adult cases with grade I
glioma are relatively rare, with most pa-
tients with grade I glioma being diag-
nosed as having pilocytic astrocytoma in
our hospital, in addition to being mostly
younger than18 years of age; and the sec-
ond reason being that grade I glioma is

known to be different from diffuse gli-

oma in its pathologic, genetic, and even

imaging characteristics.35,36 Third, the
intervals between imaging and an oper-
ation were longer for low-grade gliomas
than for high-grade gliomas. This differ-

ence was because elective operations

were conducted for patients with sus-
pected low-grade gliomas, with FDG-
PET being performed in the initial as-

sessment of the tumor in our institution.
FDG-PET was usually not repeated be-

fore the operation, due to the high cost

and radiation exposure. We found no

size increases on conventional MR im-

aging during this interval, so we do not

consider this delay as likely to have af-

fected the results, especially considering

the relatively low proliferative activity of

low-grade glioma.

Fourth, we analyzed only a single

representative slice from the APT imag-

ing. However, a previous study has shown that the difference of

measurements on APT imaging has little effect on glioma grad-

ing.15 Fifth, we conducted this study using 2 scanners of the same

type, with the same sequences and parameters. To our knowledge,

there is no study assessing interscanner or intervendor differences

in APT imaging. There may well be some interscanner differences,

even between scanners of the same type; however, our results

showed that APT imaging has additive value, even when different

scanners of the same type are used. Finally, we did not examine the

relationship between the imaging parameters and the molecular

profiles of tumors. Several recent studies have clarified the impor-

tance of the molecular status of the tumor, including the mutation

of genes such as IDH-1, ATRX, and TERT.37,38 We should con-

duct further studies to investigate the potential associations be-

tween imaging parameters and such molecular or genetic profiles

of gliomas.

CONCLUSIONS
Our findings indicate that APT, DWI, and FDG-PET are useful for

predicting the malignant grade of cerebral glioma. In combination

with FDG-PET, APT showed the potential to improve the diagnostic

performance in the identification of high-grade glioma. To investi-

gate the accuracy of our results, external validation using larger sam-

ples should be conducted in future clinical studies.

Table 3: AUCs of each combination of parameters for predicting glioma grading
Grade II vs Grades III and IV Grades II and III vs Grade IV

AUC 95% CI P Value AUC 95% CI P Value
T/N�APTmean 0.85 0.73–0.97 .75 0.9 0.82–0.99 .24
T/N�ADCmin 0.86 0.76–0.97 .58 0.94 0.86–1.00 .19
T/N 0.84 0.72–0.97 NA 0.85 0.73–0.98 NA

Note:—NA indicates not applicable.

Table 4: Continuous NRI results with the combination of 2 imaging parameters
Grade II vs Grades III and IV Grades II and III vs Grade IV

NRI 95% CI P Value NRI 95% CI P Value
T/N�APTmean 0.64 0.036–1.24 .04 0.95 0.39–1.52 .001
T/N�ADCmin 0.43 �0.17–1.04 .16 1.36 0.79–1.92 �.0001

Table 5: Validated logistic regression analysis results with the combination of 2 imaging
parameters

Grade II vs Grades III and IV Grade IV vs Grades II and III

AUC 95% CI (Bias-Corrected) AUC 95% CI (Bias-Corrected)
T/N�APTmean 0.86 0.70–0.95 0.90 0.79–0.97
T/N�ADCmin 0.86 0.73–0.95 0.93 0.82–0.99

Table 6: Validated continuous NRI results with the combination of 2 imaging parameters
Grade II vs Grades III and IV Grades II and III vs Grade IV

NRI 95% CI (Bias-Corrected) NRI 95% CI (Bias-Corrected)
T/N�APTmean 0.64 �0.14–1.26 0.9 0.29–1.46
T/N�ADCmin 0.49 �0.36–1.28 1.33 0.88–1.76

Table 7: AUCs of ADCmin and APTmean for predicting glioma grading using ROC curve
analysis

Grade II vs Grades III and IV Grades II and III vs Grade IV

AUC 95%CI P Value AUC 95%CI P Value
ADCmin�APTmean 0.82 0.71–0.94 .36 0.94 0.86–1.00 .42
ADCmin 0.79 0.66–0.91 NA 0.92 0.82–1.00 NA

Note:—NA indicates not applicable.
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ORIGINAL RESEARCH
ADULT BRAIN

Diffusion-Weighted Imaging of Brain Metastasis from Lung
Cancer: Correlation of MRI Parameters with the Histologic

Type and Gene Mutation Status
X W.S. Jung, X C.H. Park, X C.-K. Hong, X S.H. Suh, and X S.J. Ahn

ABSTRACT

BACKGROUND AND PURPOSE: Development of noninvasive imaging biomarkers indicating the histology and the gene mutation status
of brain metastasis from lung cancer is important. We aimed to investigate diffusion-weighted imaging parameters as predictors of the
histology and gene mutations of brain metastasis from lung cancer.

MATERIALS AND METHODS: DWI data for 74 patients with brain metastasis from lung cancer were retrospectively reviewed. The patients
were first grouped according to the primary tumor histology (adenocarcinoma, small-cell lung cancer, squamous cell carcinoma), and those with
adenocarcinoma were further divided into epidermal growth factor receptor (EFGR) mutation–positive and wild type groups. Sex; age; number,
size, and location of brain metastasis; DWI visual scores; the minimum ADC; and the normalized ADC ratio were compared among groups using
�2 and ANOVA. Multiple logistic regression analysis was performed to determine independent predictors of the EGFR mutation.

RESULTS: The minimum ADC was lower in the small-cell lung cancer group than in the other 2 groups, though the difference was not
significant. Furthermore, minimum ADC and the normalized ADC ratio were significantly lower in the EGFR mutation–positive group than
in the wild type group (P � .021 and .014, respectively). Multivariate analysis revealed that minimum ADC and the normalized ADC ratio were
independently associated with the EGFR mutation status (P � .028 and .021, respectively).

CONCLUSIONS: Our results suggest that DWI parameters (minimum ADC and normalized ADC ratio) for the solid components of brain
metastasis from lung cancer are not correlated with their histology, whereas they can predict the EGFR mutation status in brain metastasis
from lung adenocarcinoma.

ABBREVIATIONS: ADCmin � minimum ADC; BM � brain metastasis; EGFR � epidermal growth factor receptor; nADC � normalized ADC; NSCLC � non-small-cell
lung cancer; TKI � tyrosine kinase inhibitor

Lung cancer is one of the leading causes of cancer-related deaths in

East Asia and the most frequent site of origin for brain metastasis

(BM).1-4 Despite advances in systemic therapy and improvement in

survival rates for patients with advanced lung cancer, BM remains an

important cause of morbidity and mortality.1 Recently, many studies

reported that compared with those with BM with wild type epidermal

growth factor receptor (EGFR), patients with lung cancer with BM

having EGFR mutations, particularly those with non-small-cell lung

cancer (NSCLC), had improved survival due to higher response rates

to whole-brain radiation therapy and specific chemotherapy medi-

cations such as EGFR-associated tyrosine kinase inhibitors (TKIs).5-8

Development of noninvasive imaging biomarkers indicating

the gene mutation status of BM from lung cancer is important

because they would provide clinicians with strong evidence for mak-

ing clinical decisions, aid in the early initiation of specific chemother-

apy for patients with gene mutations, and, consequently, contribute

to an improved prognosis.8

Diffusion-weighted MR imaging of the brain is based on the dif-

ferential diffusion rates or the Brownian motion of water. It is an

essential technique for diagnosing acute infarction in the brain be-

cause of its ability to detect cytotoxic edema caused by altered water

diffusion secondary to cellular damage. DWI is also widely used for

the assessment of tumor pathology in the field of neuro-oncology.9

Specifically, apparent diffusion coefficient values derived from DWI

have been shown to correlate with tumor cellularity, glioma grade,
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and treatment response.9-13 Moreover, recent studies have

shown that DWI parameters may differentiate the histology of

BM from lung cancer.14,15 However, the association between

DWI parameters and the gene mutation status has not been

assessed for BM from lung cancer, to our knowledge.

We hypothesized that the molecular and genetic backgrounds

of tumors affect signal intensity and ADC values of lung cancer

BM on DWI. Therefore, we aimed to investigate DWI parameters

as imaging biomarkers for prediction of the histologic type and

gene mutation status of BM from lung cancer.

MATERIALS AND METHODS
Patient Population
We retrospectively reviewed data for 100 patients diagnosed with

BM from lung cancer between January 2012 and April 2016. All

patients had received a histopathologic diagnosis of lung cancer

based on bronchoscopic, percutaneous needle-guided, or surgical

biopsies and had undergone gene mutation studies. Accordingly,

they were stratified into groups based on the histopathology of the

lung cancer. Furthermore, patients with lung adenocarcinoma

were divided according to the gene mutation status.

We excluded patients with the follow-

ing conditions: MR imaging evidence of

intratumoral hemorrhage (n � 5), lesions

that were too small for the measurement

of ADC values (n � 12), leptomeningeal

seeding metastasis (n �6), and a history of

chemotherapy or radiation therapy for

BM (n � 3). Eventually, 74 patients were

included in this study. Approval for the

use of clinical data was obtained from the

internal review board of our institution

(Gangnam Severance Hospital).

Pathology and EGFR Mutation
Analysis of Lung Cancer
One experienced pathologist (Heae

Surng Park, with 8 years of experience in

pathology) evaluated the pathology and

EGFR mutation status of the lung can-

cer. Genomic DNA was extracted from

the lung cancer specimen, and EGFR ty-

rosine kinase exons 19, 20, and 21 and

V-Ki-ras2 Kirsten rat sarcoma viral on-

cogene homolog (Kras) were amplified

by a nested polymerase chain reaction

using specific primers. Fluorescence in

situ hybridization testing with ana-

plastic lymphoma kinase (Alk) break-

apart probes was performed to detect

rearrangements. The details of the

sequencing procedure are described

elsewhere.16,17 The presence of EGFR

mutations was determined by the

presence of deletions within exons 19

and 20 and L858R point mutations in

exon 21.

MR Imaging Protocol
All patients were imaged with a 3T clinical MR imaging device (Dis-

covery MR750, GE Healthcare, Milwaukee, Wisconsin; Achieva,

Philips Healthcare, Best, the Netherlands). Our MR imaging proto-

col for BM included routine T2-weighted fast-spin-echo sequences

(TR/TE, 5414/96 ms), axial fluid-attenuated inversion recovery se-

quences (TR/TE/TI, 4000/80/2000 ms), axial diffusion-weighted

echo-planar sequences (TR/TE, 8000/65.6 ms; slice thickness/inter-

section gap, 4/1 mm; matrix size, 160 � 160; FOV, 240 � 240 mm; 3

directions; b-value � 0 and 1000 s/mm2), and contrast-enhanced 3D

T1 fast-spoiled gradient-recalled sequences (TR/TE, 8.2/3.2 ms; flip

angle, 12°; slice thickness, 1 mm; matrix size, 256 � 256; FOV, 220 �

220 mm). Intravenous gadolinium-based contrast agent was used at

a dose of 0.1 mmol/kg body weight. ADC values were automatically

calculated by the operating console of the MR imaging device and

displayed as corresponding ADC maps.

Image Evaluation
Two experienced neuroradiologists (S.H.S., with 12 years of ex-

perience in neuroimaging, and S.J.A., with 6 years of experience in

FIG 1. Representative MR images depicting visual scores based on diffusion-weighted imaging
findings for brain metastasis from lung cancer. Contrast-enhanced T1-weighted images show an
apparent enhanced tumor in the left frontal lobe (A1), left parietal lobe (B1), and right parietal lobe
(C1). T2-weighted images (A2, B2, and C2) show varying degrees of peritumoral brain edema. A3,
BM is not detectable on DWI (A3, score � 1). B3 and C3, DWI images show iso-signal intensity
(score � 2) and high signal intensity (score � 3), respectively, relative to the normal-appearing
cortical gray matter.
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neuroimaging) visually assessed the signal intensity on DWI in

areas corresponding to the enhanced portion of the lesions on

contrast-enhanced T1-weighted images; both were blinded to

the clinical and pathologic information. If there were multiple

brain lesions, the largest one, which reflected DWI findings for

most BM lesions, was selected as the target lesion to increase

the accuracy of the measurement. The lesions on DWI were

visually scored as follows: 1, negative findings on DWI; 2,

isointense relative to the normal-appearing cortical gray mat-

ter; and 3, hyperintense relative to the normal-appearing cor-

tical gray matter (Fig 1).

The study coordinator (W.S.J.) marked circular ROIs (each

area, 20 mm2) over the target lesion on the ADC map, avoiding

cystic or necrotic parts. The minimum ADC (ADCmin) value was

calculated from these ROIs. The same method was applied to a

corresponding site in the contralateral white matter judged as

normal on both contrast-enhanced T1- and T2-weighted images.

Then, to assess the objective difference between the ADC value for

the tumor and for the contralateral normal area, the normalized

ADC (nADC) ratio was calculated as the ratio of the ADCmin of

the tumor divided by the ADCmin of the corresponding contralat-

eral white matter area (Fig 2).

Statistical Analysis
All statistical analyses were performed with the statistical software

SAS, Version 9.2 (SAS Institute, Cary, North Carolina), and Med-

Calc for Windows, Version 12.7.0 (MedCalc Software, Mari-

akerke, Belgium). The �2 test and ANOVA were used to compare

DWI visual scores, ADCmin values, the nADC ratio, the number

and size of the BMs, and the presence of intratumoral necrosis or

hemorrhage among the adenocarci-

noma, squamous cell carcinoma, and

small-cell lung carcinoma groups. Sub-

group analysis according to the gene

mutation status was also performed for

the adenocarcinoma group. For multi-

variate analysis, a linear regression model

was used to identify statistically significant

variables. To investigate the interobserver

reproducibility for DWI visual scores, we

derived the intraclass correlation coeffi-

cient with a 2-way random model of abso-

lute agreement.

RESULTS
Relationship between DWI Visual
Scores and BM Histology and
Mutation Status
In total, 74 patients (mean age,

64.19 � 10.76 years; 50 men and 24

women) with BMs from lung cancer

underwent DWI. Of these, 56 (75.67%)

were diagnosed with adenocarcinoma

(group 1); 11 (14.86%), with small-

cell lung cancer (group 2); and 7

(9.45%), with squamous cell carci-

noma (group 3). Of the 56 adenocar-

cinomas, 12 were poorly differenti-

ated, 2 were well-differentiated, and 1 was moderately

differentiated adenocarcinoma. For the remaining 41 cases

of adenocarcinoma, detailed pathologic results were not

available.

The 56 patients with adenocarcinoma were subdivided ac-

cording to the status of mutations in EGFR, Alk, and Kras. In total,

55 patients had been examined for the EGFR mutation status,

with 26 having EGFR mutations and 29 having wild type EGFR.

Among the patients with EGFR mutations, 13, 4, and 9 had mu-

tations in exons 19, 20, and 21, respectively. In addition, muta-

tions were confirmed in 4 of 29 and 3 of 32 patients examined for

Alk and Kras mutations, respectively.

Interobserver reproducibility for DWI visual scores was

excellent (intraclass correlation coefficient, 0.972; 95% confi-

dence interval, 0.955– 0.982; P � .001). There was no signifi-

cant difference in DWI visual scores among the 3 histology-

based groups (Table 1) and between the 2 mutation-based

groups (Table 2).

Relationship between ADC Values and Histologic Type
ADCmin and the nADC ratio were not significantly different

among the small-cell lung cancer (531.18 � 160.54 � 10�6 mm2/s

and 0.88 � 0.2, respectively), adenocarcinoma (623.38 �

163.07 � 10�6 mm2/s and 1.04 � 0.28, respectively), and squa-

mous cell carcinoma (682.14 � 182.07 � 10�6 mm2/s and 1.11 �

0.28, respectively; P � .131 and 0.144) groups. Moreover, the

location, size, and number of BMs and the presence of intratu-

moral hemorrhage or necrosis showed no significant differences

among groups. The detailed patient characteristics are shown in

Table 1.

FIG 2. Representative images depicting the ROI within a tumor and the corresponding contralat-
eral normal-appearing white matter for the calculation of apparent diffusion coefficient values
for brain metastasis lesions stratified by the EGFR mutation status. A1 and B1, Contrast-enhanced
T1-weighted images show contrast enhancement of the metastasis. A2 and B2, Diffusion-
weighted images show mild-to-moderate high signal intensity in the contrast-enhanced areas. A3
and B3, ADC map with ROIs within the tumor and corresponding contralateral normal-appearing
white matter. A1–A3, Wild type EGFR. B1–B3, EGFR mutation–positive.
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Relationship between ADC Values and Gene Mutation
Status
ADCmin was significantly lower in the EGFR mutation–positive

group than in the wild type group (575.85 � 115.01 � 10�6

mm2/s versus 674.55 � 182.78 � 10�6 mm2/s, P � .021); similar

results were obtained for the nADC ratio (0.95 � 0.19 versus

1.13 � 0.32, P � .014). However, there were no significant differ-

ences in the location, size, and number of BMs and the presence of

necrosis or hemorrhage between groups (Table 2).

ADCmin and the nADC ratio also showed significant differ-

ences according to the following EGFR genotypes: exon 19 and/or

21 mutations (n � 22; 564.14 � 109.25 � 10�6 mm2/s and 0.93 �

0.17, respectively), exon 20 mutations (n � 4; 640.25 � 141.90 �

10�6 mm2/s and 1.05 � 0.28, respectively), and wild type EGFR

(n � 29; 674.55 � 182.78 � 10�6 mm2/s and 1.13 � 0.32, respec-

tively; P � .049 and .038). A post hoc analysis showed that

ADCmin and the nADC ratio were significantly lower in the exon

19 and/or 21 mutation group than in the wild type group (P �

.039 and 0.029, respectively; Fig 3). There was no significant dif-

ference in the 2 parameters between the Alk mutation–positive

and wild type groups and between the

Kras mutation–positive and wild type

groups (Table 2).

Multivariate logistic regression anal-

ysis revealed that ADCmin and the nADC

ratio were independently associated

with the EGFR mutation status (OR,

0.996; 95% CI, 0.992–1.000; P � .028;

and OR, 0.064; 95% CI, 0.006 – 0.666;

P � .021, respectively) after adjustment

for sex; age; size, location, and number

of BMs; presence of intratumoral necro-

sis or hemorrhage; and DWI visual

scores. Specifically, ADCmin and the

nADC ratio were significantly associated

with exon 19 and/or 21 mutations (OR,

0.995; 95% CI, 0.991– 0.999; P � .020; and OR, 0.044; 95% CI,

0.004 – 0.563; P � .016, respectively; Table 3).

DISCUSSION
In the present study, we tested the hypothesis that the signal in-

tensity of BM from lung cancer on DWI may be expressed differ-

ently according to the genetic background of the lesion. Our re-

sults indicated a significant association of ADCmin and the nADC

ratio with the EGFR mutation status and the location of the mu-

tation. However, there was no association between the ADC pa-

rameters and the histologic type of the tumor.

A few previous studies have demonstrated opposing results for

the relationship between the histologic type and DWI parameters

for BM from lung cancer. Hayashida et al14 evaluated 26 brain

metastatic lesions in patients with primary lung cancer and re-

ported that small- and large-cell neuroendocrine carcinomas

showed high signal intensity on DWI. Thus, they concluded that

signal intensity on DWI can predict the histology of metastases.

However, Duygulu et al15 evaluated 37 patients with BM from

lung cancer and reported the absence of a correlation between

Table 1: Characteristics of BM among primary lung cancer groups
Total

(n = 74)
Adenocarcinoma

(n = 56)
Small-Cell Lung
Cancer (n = 11)

Squamous Cell
Carcinoma (n = 7)

P
Value

DWI visual score 1.87 � 0.76 2.27 � 0.90 1.85 � 0.69 .298
ADCmin (�10�6mm2/s) 615.23 � 166.83 623.38 � 163.07 531.18 � 160.54 682.14 � 182.07 .131
nADC ratio 1.02 � 0.28 1.04 � 0.28 0.88 � 0.2 1.11 � 0.28 .144
Age (yr) 64.19 � 10.76 63.63 � 11.15 68.09 � 9.14 62.57 � 9.73 .420
Male sex 50 (67.57) 36 (64.29) 9 (81.82) 5 (71.43) .587
Site of BM .545

Anterior circulation—dominanta 25 (33.78) 21 (37.5) 2 (18.18) 2 (28.57)
Posterior circulation—dominantb 11 (14.86) 7 (12.5) 2 (18.18) 2 (28.57)
Even distribution 38 (51.35) 28 (50) 7 (63.64) 3 (42.86)

No. of BMs .051
1 18 (24.32) 16 (28.57) 0 (0) 2 (28.57)
1�BM�10 43 (58.11) 32 (57.14) 6 (54.55) 5 (71.43)
�10 13 (17.57) 8 (14.29) 5 (45.45) 0 (0)

Target lesion size of BM .367
�10 mm 31 (41.89) 22 (39.29) 7 (63.64) 2 (28.57)
10 mm�BM�30 mm 32 (43.24) 24 (42.86) 3 (27.27) 5 (71.43)
�30 mm 11 (14.86) 10 (17.86) 1 (9.09) 0 (0)

Intratumoral necrosis 32 (43.24) 21 (37.5) 6 (54.55) 5 (71.43) .160
Intratumoral hemorrhage 15 (20.27) 11 (19.64) 3 (27.27) 1 (14.29) .882

a BMs mainly located in the frontal, parietal, and temporal lobes.
b BMs mainly located in the occipital lobes, cerebellum, and brain stem.

Table 2: Comparison of ADCmin values and normalized ADC ratio according to gene
mutation status in adenocarcinoma group

Wild Type Mutation P Value
EGFR 29 (52.7) 26 (47.3)

DWI visual score 1.92 � 0.77 1.87 � 0.76 .179
ADCmin (�10�6mm2/s) 674.55 � 182.78 575.85 � 115.01 .021
nADC ratio 1.13 � 0.32 0.95 � 0.19 .014

Alk 25 (86.2) 4 (13.8)
DWI visual score 1.96 � 0.79 2 � 1.15 .930
ADCmin (�10�6mm2/s) 583.8 � 183.84 562 � 159.12 .825
nADC ratio 1 � 0.34 0.83 � 0.19 .328

Kras 29 (90.6) 3 (9.4)
DWI visual score 1.82 � 0.77 2.33 � 0.57 .274
ADCmin (�10�6mm2/s) 641.31 � 168.32 631.45 � 161.74 .310
nADC ratio 1.08 � 0.31 1.08 � 0.32 .926
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restricted diffusion on DWI and the primary pathology. In the

present study, we also found no correlation between DWI param-

eters and BM histology; we believe our results are more reliable

because of the large sample size compared with those in the pre-

vious studies. However, a nonsignificant trend existed for lower

ADCmin and nADC in the small-cell lung cancer group, even

compared with the adenocarcinoma EGFR mutation–positive

group. In our results, most small-cell lung cancer cases (8/11)

showed lower ADC values (�600 � 10�6 mm2/s), while the mi-

nority (3/11) showed higher ADC values

(�600 � 10�6 mm2/s). Two conflicting

ADC values of small-cell lung cancer

may explain the nonsignificant result of

a lower ADC trend for small-cell lung

cancer. We presume that there may be 2

different subtypes of small-cell lung

cancer and would recommend further

study.

EGFR is a transmembrane protein

with cytoplasmic kinase activity that

transduces important growth factor sig-

naling from the extracellular milieu to

the cell.18 For patients with advanced

NSCLC, initial therapy with a TKI can

lead to substantial therapeutic improve-

ment and may be considered as an alter-

native treatment for BM in the fu-

ture.8,17,19-21 Sensitive EGFR mutations

are found in the first 4 exons (18 –21) of

the tyrosine kinase domain of EGFR,

and the 2 major mutations are deletions

in exon 19 and a single point mutation

in exon 21 (L858R).22-24 Identification

of exon 19 or 21 mutation is also a useful

tool for the prediction of response to

treatment with TKI.25-27 Also, several

studies have demonstrated that the

characteristics of BM are dependent on

the EGFR genotype. The number of BM

lesions was significantly higher in pa-

tients with EGFR-mutated NSCLC than

in those with wild type NSCLC. More-

over, leptomeningeal metastases were

more common in patients with EGFR-

mutated NSCLC.8 Tumors with exon 19

deletions reportedly showed a higher in-

cidence of BM compared with tumors

with exon 21 mutations.28

A previous study indicated that pa-

tients with NSCLC bearing exon 19 de-

letions exhibited a peculiar pattern of

multiple, small brain metastases, sim-

ilar to miliary BM.29 Another study

showed that brain metastases with

exon 21 mutations were more com-

mon in the caudate, cerebellum, and
temporal lobe compared with those

with exon 19 deletions.30 Other characteristic molecular

changes of non-small-cell lung cancer are a Kras mutation and

Alk rearrangement.31,32 Patients who were Alk-positive and

treated with the Alk TKI crizotinib in the second-line setting

experienced improved progression-free survival compared

with standard chemotherapy.33 Patients with NSCLC with Alk

rearrangements have improved survival outcome after radia-

tion therapy for BMs.34 On the contrary, there are currently no

target therapy options for patients with the Kras mutation.

FIG 3. Boxplot for minimum apparent diffusion coefficient (A) and normalized ADC ratio (B)
values for patients with lung adenocarcinoma with wild type EGFR, mutations in exon 19 and/or
21, and mutations in exon 20. Asterisk indicates statistically significant.

AJNR Am J Neuroradiol 39:273–79 Feb 2018 www.ajnr.org 277



Gene expression analysis is based on invasive tissue sampling

and can be associated with sampling errors; therefore, the devel-

opment of imaging markers that reflect the gene mutation status

is important.35 Our findings demonstrated that low ADC values

for BM from lung adenocarcinoma are associated with a high

possibility of an EGFR mutation, particularly in exons 19 and 21.

Such patients are expected to respond well to noninvasive TKI

treatment, and clinicians can plan this treatment accordingly if

the mutation status is known. Moreover, Huang et al13 recently

reported that ADCmin has the potential to predict and monitor

the response of primary CNS lymphoma to chemotherapy.

Therefore, through further study, we can apply serial ADC values

to predict the response of BM from lung adenocarcinoma with

EGFR mutations to TKI treatment.

Our study had several limitations. First, grades of lung can-

cer pathology (well, moderately, or poorly differentiated) in

adenocarcinoma were not considered, which can affect the re-

sults of DWI parameters.14 Second, the genetic testing was

performed with samples obtained from the lungs because brain

metastases were diagnosed using brain MR imaging rather

than histologic confirmation. Further study is necessary, in

which tissues are obtained directly from the brain lesion, re-

vealing the molecular biologic characteristics of the BMs more

reliably.

CONCLUSIONS
We demonstrated that there is no correlation between ADC val-

ues (ADCmin or nADC ratio) of the solid components of the BM

from lung cancer and their histologic type. However, the EGFR

gene mutation status of BM from lung adenocarcinoma can be

predicted using ADC values. A further prospective, large-scale

cohort study is needed to demonstrate the relationship between

gene mutation status and ADC values.
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ORIGINAL RESEARCH
ADULT BRAIN

Diagnostic Accuracy of Amino Acid and FDG-PET in
Differentiating Brain Metastasis Recurrence

from Radionecrosis after Radiotherapy:
A Systematic Review and Meta-Analysis

X H. Li, X L. Deng, X H.X. Bai, X J. Sun, X Y. Cao, X Y. Tao, X L.J. States, X M.D. Farwell, X P. Zhang, X B. Xiao, and X L. Yang

ABSTRACT

BACKGROUND: Current studies that analyze the usefulness of amino acid and FDG-PET in distinguishing brain metastasis recurrence and
radionecrosis after radiation therapy are limited by small cohort size.

PURPOSE: Our aim was to assess the diagnostic accuracy of amino acid and FDG-PET in differentiating brain metastasis recurrence from
radionecrosis after radiation therapy.

DATA SOURCES: Studies were retrieved from PubMed, Embase, and the Cochrane Library.

STUDY SELECTION: Fifteen studies were included from the literature. Each study used PET to differentiate radiation necrosis from tumor
recurrence in contrast-enhancing lesions on follow-up brain MR imaging after treating brain metastasis with radiation therapy.

DATA ANALYSIS: Data were analyzed with a bivariate random-effects model. Sensitivity, specificity, positive likelihood ratio, negative
likelihood ratio, and diagnostic odds ratio were pooled, and a summary receiver operating characteristic curve was fit to the data.

DATA SYNTHESIS: The overall pooled sensitivity, specificity, positive likelihood ratio, negative likelihood ratio, and diagnostic odds ratio
of PET were 0.85, 0.88, 7.0, 0.17, and 40, respectively. The area under the receiver operating characteristic curve was 0.93. On subgroup
analysis of different tracers, amino acid and FDG-PET had similar diagnostic accuracy. Meta-regression analysis demonstrated that the
method of quantification based on patient, lesion, or PET scan (based on lesion versus not, P � .07) contributed to the heterogeneity.

LIMITATIONS: Our study was limited by small sample size, and 60% of the included studies were of retrospective design.

CONCLUSIONS: Amino acid and FDG-PET had good diagnostic accuracy in differentiating brain metastasis recurrence from radionecrosis
after radiation therapy.

ABBREVIATIONS: SRS � stereotactic radiosurgery; QUADAS � Quality Assessment of Diagnostic Accuracy Studies; 11C-MET � [11C]-methyl-L-methionine;
18F-FET � O-(2-[18F]fluoroethyl)-L-tyrosine; 18F-FDOPA � L-3,4-dihydroxy-6-[18F]-fluorophenylalanine

Metastatic brain tumors are the most common brain tumor in

adults, with incidence estimates ranging from 200,000 to

300,000 patients per year.1 The frequency of brain metastasis is

increasing, likely due to increased frequency of advanced imaging

procedures performed.2 Prognosis can vary widely and depends

on age, performance status, number of lesions, extracranial dis-

ease status, and primary malignancy.3 More recently, radiation

therapy, particularly stereotactic radiosurgery (SRS), has become

an increasingly important treatment option for the initial man-

agement of patients with brain metastasis.4 The efficacy of SRS,

when used alone or combined with whole-brain radiation ther-

apy, has been demonstrated in Phase III studies and has shown a

12-month local control rate of 70%–90%.5-8

One of the most common complications after SRS for brain me-

tastasis is radiation injury. These injuries can either be reversible,
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such as swelling of the tumor or demyelination, or irreversible, such

as liquefactive or coagulative necrosis.9,10 The irreversible injury, also

called radionecrosis, can occur during the same period as tumor re-

currence.11 It occurs in approximately 25% of patients after radiation

therapy.12,13 While conventional MR imaging remains the most ac-

curate technique for detecting the presence of brain metastasis, the

appearance of metastasis is similar to that of radionecrosis on con-

trast-enhanced T1-weighted and T2-weighted sequences.14-16 As a

consequence, it is often impossible to distinguish radiation necrosis

from tumor relapse either clinically or with MR imaging. In current

practice, many imaging methods such as advanced MR imaging

(eg, dynamic susceptibility contrast perfusion and susceptibility-

weighted imaging, diffusion-weighted imaging), MRS, perfusion-

weighted MR imaging, SPECT, and PET have been used empirically

to address this problem.17

New postprocessing techniques such as textural analysis and

MR fingerprinting hold great promise for differentiating radia-

tion necrosis from tumor recurrence.18-20 However, no relevant

studies have been performed using these techniques because they

are difficult to implement and data training requires a large num-

ber of patients, which are difficult to recruit from a single institution.

Of these imaging methods, metabolic PET imaging is the most widely

studied due to its availability and established clinical utility for other

indications. 2-[18F]fluoro-2-deoxy-D-glucose (18F-FDG) was used

as the PET radiotracer in some early studies, but the high physiologic

glucose consumption of the brain and the variable glucose uptake of

metastatic brain lesions limited its use.21,22 Recently, amino acid PET

imaging using [11C]-methyl-L-methionine (11C-MET), O-(2-

[18F]fluoroethyl)-L-tyrosine (18F-FET), and L-3,4-dihydroxy-6-

[18F]-fluorophenylalanine (18F-FDOPA) have demonstrated more

promising results.8,23,24

However, current studies that analyze the usefulness of amino

acid and FDG-PET in distinguishing brain metastasis recurrence and

radionecrosis after radiation therapy are limited by a small cohort

size. Thus, we conducted a meta-analysis to assess the diagnostic ac-

curacy of amino acid and FDG-PET in differentiating brain metas-

tasis recurrence from radionecrosis after radiation therapy.

MATERIALS AND METHODS
Search Strategy
We searched PubMed (1966–2017), Embase (1980–2017), and the

Cochrane Library (1996–2017). The studies chosen were restricted

to humans, but not restricted by date, language, or publication status.

We used the following combined search terms: (Positron-Emission

Tomography, PET) AND (recurrence, recurrence*, recurrent, re-

lapse*, recrudescence*, neoplasm metastasis, metastas*, progres-

sion) AND (radionecrosis, radiation necrosis, radiation-induced ne-

crosis, posttreatment necrosis, radiation injury, radionecrotic,

postradiotherapy necrosis) AND (radiation therapy, radiotherap*,

radiation therap*, radiation treatment, radiosurgery, radiosurger*).

We combined the terms appropriately with Medical Subject Head-

ings terms and used an appropriate adjustment for different data

bases. Details of the search strategies can be found in the Appendix.

Selection Criteria
Studies were selected if they included the following: 1) subjects who

underwent amino acid or FDG-PET for differentiating brain metas-

tasis recurrence from radionecrosis after radiation therapy; 2) fol-

low-up data that enabled the building of a 2 � 2 contingency table to

calculate sensitivity and specificity; and 3) at least 10 subjects who

underwent both the experimental test (PET) and the reference stan-

dard test (histopathology or clinical and radiologic follow-up) for the

final brain metastasis recurrence or radionecrosis diagnosis.

We excluded the following types of studies: 1) letters, case reports,

editorials, review articles, and animal studies; 2) nonoriginal and un-

published studies; 3) those that used a patient cohort that overlapped

the cohort of a previous study; and 4) those that included no detailed

information about the diagnostic and quantitative accuracy of PET.

Data Extraction
After literature selection, studies in full text were reviewed by 2

authors (H.L. and L.D.). We retrieved data including first author,

publication year, country, study design, the number of patients,

the number of lesions, the method of quantification, age, sex,

primary tumor, follow-up time, radiation therapy methods,

tracer, standard references, and cutoff index. The number of true-

positive, false-positive, false-negative, and true-negative was cal-

culated. The method of quantification could be based on lesion,

patient, or PET scan. If a study did not specify how many lesions

each patient had and used each patient as the unit of measurement

in reporting their results, the numbers were counted on the basis

of the patient. If a study contained lesions from different PET

scans of the same patient (eg, after repeat treatment), these lesions

were counted separately and the method of quantification was

defined on the basis of the PET scan. All discrepancies were re-

solved in consensus after discussion.

Quality Assessment
Two authors (H.L. and L.D.) assessed the methodologic quality of

the selected studies by using Quality Assessment of Diagnostic

Accuracy Studies (QUADAS)-2 (http://annals.org/aim/article/

474994/quadas-2-revised-tool-quality-assessment-diagnostic-

accuracy-studies).25 Discrepancies were resolved in consensus

meetings by a panel including a third author (H.X.B.). The risk of

bias was analyzed in 4 domains: patient selection, index test, ref-

erence standard, and flow and timing. Applicability was assessed

in the following 3 domains: patient selection, index test, and ref-

erence standard. Signaling questions were applied to determine

the risk of bias and applicability.

Statistical Analysis
We used bivariate random-effects models described previously by

Reitsma et al26 to perform the meta-analysis. The pooled esti-

mates of sensitivity, specificity, positive likelihood ratio, negative

likelihood ratio, and diagnostic odds ratios and their correspond-

ing 95% confidence intervals were calculated, and forest plots

were drawn. In addition, a summary receiver operating character-

istic curve was fit to the estimates of sensitivity, specificity, and

corresponding variances, and the area under the receiver operat-

ing characteristic curve was calculated. The summary receiver

operating characteristic curve and the area under the receiver op-

erating characteristic curve were used to provide an overall sum-

mary of the test performance. This study considered that an area

under the receiver operating characteristic curve of �0.90 indi-
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cated high accuracy and an area under the receiver operating

characteristic curve near 0.50 indicated low accuracy.27 Inter-

study heterogeneity was assessed by calculating the I2 and Coch-

ran Q statistics for each forest plot, and the difference was consid-

ered statistically significant when the P value was �.05. The I2

values were used to determine the proportion of the variation

among the studies attributable to heterogeneity rather than

chance. Heterogeneity was ranked low (25%), moderate (50%),

and high (75%).28 The posttest probability of tumor recurrence

was computed on the basis of likelihood ratios, and pretest prob-

ability, by applying the Bayes theorem.29,30

Additionally, sensitivity analysis was conducted using the

leave-one-out approach by excluding studies one by one to eval-

uate the influences of individual studies on the final effects. Uni-

variate meta-regression and subgroup analysis were used to ex-

plore the sources of heterogeneity. The covariates investigated

included study design, country, radiation therapy methods, tracer,

cutoff index, analytic method used, sample size, median age, and

male percentage. Finally, publication bias was evaluated by the Deeks

test for funnel plot asymmetry. All analyses were performed by using

STATA IC 14 (StataCorp, College Station, Texas).

RESULTS
Literature Search and Characteristics of the Included
Studies
A total of 297 studies were identified, of which 87 were excluded

because of duplication. After we read the titles and abstracts, a

further 139 studies were excluded. The remaining 71 full-text

studies were carefully reviewed, and we eliminated the following:

review articles (n � 5), primary brain tumor (n � 45), duplicate

data (n � 2), and insufficient data (n � 4). Finally, 15 stud-

ies8,13,22-24,31-40 were included for further analysis (Fig 1).

FIG 1. Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA; http://prisma-statement.org/) 2009 flow diagram.
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The characteristics of these studies are summarized in On-line

Table 1. The 15 studies encompassing 505 patients were published

between 2001 and 2017. Six22,23,32,34,36,39 were prospective, and

98,13,24,31,33,35,37,38,40 were retrospective. The age of patients

ranged from 17 to 81 years. Five studies31,34-37 were conducted in

the United States; and 4,8,13,32,39 in Germany. The rest of the

studies were conducted in other countries including the Czech

Republic,22 Italy,23 Belgium,33 the Netherlands,24 France,38 and

Japan.40 The primary tumors for the metastases were mainly from

renal cell carcinoma, lung cancer, breast cancer, colorectal cancer,

and melanoma. The radiation therapy methods were all SRS with

or without other methods. Six studies22,31,34-36,38 used 18F-FDG

as the tracer, 5 studies8,13,32,33,39 used 18F-FET, 2 studies24,40 used
11C-MET, and 2 studies23,37 used 18F-FDOPA. The standard ref-

erence used for all studies except Lai et al36 (only histopathol-

ogy) was histopathology with clinical and/or radiologic

follow-up.

Quality Assessment
Seven domains were assessed regarding bias and applicability for

each article.25 Of the total 105 domains from all articles, 18 do-

mains were determined as high risk (17 for risk of bias and 1 for

applicability concerns). Two domains were determined to be of

unclear risk because of the incomplete reporting of the studies.

Therefore, the overall quality was acceptable. We found that bias

stemmed mainly from the patient selection (n � 9), index test

(high risk, n � 5; unclear risk, n � 2), and flow and timing (n � 2)

domains. The quality assessment of the 15 included articles using

QUADAS-2 is shown in On-line Table 2.

Pooled Measures of Diagnostic Accuracy and
Clinical Utility
Our results showed that pooled sensitivity, specificity, positive

likelihood ratio, negative likelihood ratio, and diagnostic odds

ratio were 0.85 (95% CI, 0.79 – 0.89), 0.88 (95% CI, 0.83– 0.91),

7.0 (95% CI, 5.0 –9.9), 0.17 (95% CI, 0.12– 0.24), and 40 (95% CI,

22–73), respectively (Fig 2). The area under the receiver operating

characteristic curve was 0.93 (95% CI, 0.90 – 0.95), which sug-

gested high diagnostic accuracy (Fig 3). Low heterogeneity was

detected in these estimates (overall heterogeneity: I2 � 0%; 95%

CI, 0%–100%, P � .48; sensitivity: I2 � 27.0%; 95% CI, 0%–

72.1%; P � .16; specificity: I2 � 5.8%; 95% CI, 0%–78.1%; P �

.39) (Fig 2).

To assess the clinical utility of our findings, we estimated the

posttest probability of tumor recurrence after applying positive

and negative likelihood ratios to contrast-enhancing lesions on

MR imaging after radiation therapy with a range of pretest prob-

abilities of tumor recurrence. These data are presented in Fig 4.

Meta-Regression and Subgroup Analysis
To explore the source of heterogeneity, we conducted univariate

meta-regression. Of all the covariates, our results showed that the

FIG 2. Pooled sensitivity and specificity of PET. The point estimates (�), pooled estimates (�), and 95% CIs (error bars) from each study are
shown.
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method of quantification by the study (based on lesion versus not,

P � .07; based on patient versus not, P � .60; based on scan versus

not, P � .11) contributed to the heterogeneity. Studies analyzed

on the basis of lesion8,13,22,23,31-34,37,38,40 showed a lower sensitiv-

ity (0.82; 95% CI, 0.77– 0.87) than those based on patient24,36

(0.91; 95% CI, 0.78 –1.00) or PET scan35,39 (0.95; 95% CI, 0.88 –

1.00). On subgroup analysis of different tracers, 6 studies of 18F-

FDG returned a pooled sensitivity of 0.85 (95% CI, 0.77– 0.94)

and specificity of 0.90 (95% CI, 0.83– 0.96); 5 studies of 18F-FET

returned a pooled sensitivity of 0.83 (95% CI, 0.76 – 0.91) and

specificity of 0.89 (95% CI, 0.83– 0.95); 2 studies of 11C-MET

returned a pooled sensitivity of 0.86 (95% CI, 0.74, 0.98) and

specificity of 0.79 (95% CI, 0.66 – 0.93); and 2 studies of 18F-

FDOPA returned a pooled sensitivity of 0.86 (95% CI, 0.74 – 0.97)

and specificity of 0.88 (95% CI, 0.79 – 0.97). Details are shown in

On-line Table 3.

Sensitivity and Publication Bias Analysis
Sensitivity analysis using the leave-one-out approach demon-

strated that the direction and magnitude of estimates were not

influenced by any study removed (On-line Table 4). After we

excluded the 2 studies that were published as abstracts,24,33 the

results did not change significantly (On-line Table 4). No publi-

cation bias was detected per Deeks funnel plot asymmetry test

(P � .85) (Fig 5).

DISCUSSION
The brain is the most common site for central nervous system

malignancy.41 Brain metastases, which commonly spread from

lung, breast, melanoma, colon, and kidney cancers, are at least 10

times more frequent than primary brain tumor.42 Radiation ther-

apy can be used therapeutically, prophylactically, or most com-

monly as palliative (noncurative) treatment for brain metastasis.

Radionecrosis, a commonly observed complication that is impos-

sible to eliminate, typically shows delayed occurrence and has

been reported to occur in up to 25% of patients after the comple-

tion of radiation therapy. In fact, depending on the irradiated

volume and radiation dose, the risk of radionecrosis may be as

high as 50%.12 Furthermore, clinical monitoring may also be

challenging because both recurrent brain metastasis and radiation

injury are characterized by similar neurologic symptoms and MR

imaging signs.43 Because tumor cells are hypermetabolic (with an

increased rate of glycolysis) with elevated hexokinase activity and

lower glucose-6-phosphatase activity while radiation necrosis is

hypometabolic,44 PET using tracers such as 18F-FDG, 11C-MET,
18F-FET, and 18F-FDOPA has been introduced as a diagnostic

tool for differentiation.

In our meta-analysis, we included 15 studies focusing on

amino acid and FDG-PET in differentiating brain metastasis re-

currence from radionecrosis after radiation therapy. The results

showed that PET had an overall pooled sensitivity of 0.85, speci-

ficity of 0.88, positive likelihood ratio of 7.0, negative likelihood

ratio of 0.17, and diagnostic odds ratio of 40. A summary receiver

operating characteristic curve was developed with an area under

the receiver operating characteristic curve of 0.93. Low heteroge-

neity was found, and further meta-regression analysis demon-

strated that the analytic method used by the individual study may

contribute to the heterogeneity. Most studies8,13,22,23,31-34,37,38,40

(n � 11) analyzed data based on contrast-enhancing lesions

found on brain MR imaging. Only 2 studies24,36 analyzed data

based on patients; and 2 others,35,39 based on each PET scan.

Study design, country, radiation therapy methods, tracers, cutoff

indexes, sample size, median age, and male percentage did not

contribute to heterogeneity. Sensitivity analysis using a leave-one-

out approach and publication bias detection showed that our re-

sults were stable and reliable. Furthermore, the Bayesian plot

demonstrated that PET scans had clinical significance to some

extent.

Among our included studies, Guffens et al33 had the lowest

diagnostic accuracy of 71.8% and sensitivity of 68.8%. This may

be due to differences in baseline characteristics of the included

FIG 3. Summary receiver operating characteristic curve of PET. Each
circle indicates 1 included study, and the size of the circle indicates
the weight of that study. The summary point (�) indicates an esti-
mate of sensitivity and specificity, with the dashed line representing
the 95% confidence region and the dotted line representing the 95%
prediction region.

FIG 4. Bayesian plot of estimates of posttest probability of PET after
applying pooled positive and negative likelihood ratios to donors
with a range of pretest probabilities. LR� indicates pooled positive
likelihood ratio; LR�, pooled negative likelihood ratio.

284 Li Feb 2018 www.ajnr.org



cohort. For example, median age, sex proportion, and radiation

therapy method were all unclear in this study. Furthermore, the

origin of the brain metastasis was less varied than in other studies.

Horky et al35 had a specificity of 100% with no false-positives. The

small sample size (25 patients with 27 lesions) and the brain lesion

size cutoff used (only lesions with volume at least 0.51 cm3 were

evaluated with FDG-PET) may contribute to this result. The low

specificity (75%) reported by Lai et al36 may also have been af-

fected by the small sample size.

Meta-regression and subgroup analyses did not find any dif-

ference in the cutoff index using quantitative methods with or

without the time-activity curve and visual scale. However, we still

question whether a threshold effect made a difference because

each study used different indexes. Moreover, we did not find any

difference in the various tracers used, which is contrary to some

previous studies in the literature.8,13,39 This could be attributed to

the small number of studies in our subgroup analysis. A recent

study by Tomura et al45 demonstrated that PET using 11C-MET

was superior to FDG-PET in differentiating radiation necrosis

from recurrent tumor after gamma knife radiosurgery. The

strength of the study by Tomura et al45 is its direct comparison of

FDG-PET and 11C-MET PET by performing the 2 on the same

patients. However, the study is limited by the small cohort size (15

patients with 18 lesions) as well as testing only 1 amino acid PET

tracer. Future larger studies directly comparing the different trac-

ers on the same lesions are needed to prove the superiority of

amino acid PET over FDG-PET.

Other imaging methods have also been used to differentiate

brain metastasis recurrence from radionecrosis after radiation

therapy, but the studies are few, and the results are inconsistent.

Some researchers focused on the use of conventional MR imag-

ing. Dequesada et al46 showed a good diagnostic accuracy (sensi-

tivity � 80%, specificity � 96%) in 32 patients using an MR

imaging– based parameter called the “lesion quotient,” which was

defined as the ratio of the nodule as seen on T2 imaging to the

total enhancing area on T1 imaging. However, in a subsequent

larger study of 51 patients by Stockham et al,15 the lesion quotient

was inadequately sensitive (59%) and specific (41%) for discrim-

inating tumor progression and radionecrosis. Leeman et al47 cal-

culated the edema/lesion volume ratio on preoperative MR imag-

ing of 49 patients and reported a sensitivity of 63% and specificity

of 85% in differentiating metastasis recurrence from radionecro-

sis. Using qualitative analysis of the time-dependent changes in

lesion morphology on MR imaging of 31 patients treated with SRS

for brain metastases, Wagner et al48 showed that all radiation-

induced injuries had a black interior area on the subtraction im-

ages for 15 to 55 minutes, whereas all malignant lesions had white

components (P � .001). Although these studies based on conven-

FIG 5. Funnel plot for Deeks’ test based on the data of PET for differentiating brain metastasis recurrence from radionecrosis after radiation
therapy.

AJNR Am J Neuroradiol 39:280 – 88 Feb 2018 www.ajnr.org 285



tional MR imaging demonstrated promise, all were based on a

small number of patients and were experimental in nature with

insufficient evidence for clinical use.

Among our included studies, only 2 studies directly com-

mented on the added value of PET over conventional or advanced

MR imaging. Bělohlávek et al22 demonstrated that a subsequent

positive FDG-PET finding following a positive conventional MR

imaging finding could increase the probability of correctly iden-

tifying metastasis recurrence by 68% (from 32% to 100%) and a

negative FDG-PET finding could decrease this probability by

20.9% (from 32% to 11.1%). Chao et al31 showed a higher sensi-

tivity of FDG-PET when coregistered with MR imaging (FDG-

PET with MR imaging coregistration versus FDG-PET alone, 86%

versus 65%). A recent cost-effectiveness analysis49 on the use of

FET-PET in addition to MR imaging compared with MR imaging

alone for the diagnosis of recurrent brain metastases demon-

strated that the additional use of FET-PET increased the rate of a

correct diagnosis by 42% compared with MR imaging alone and

suggests that it may be cost-effective. However, with the relatively

low spatial resolution of PET and variable uptake of metastasis

from tumors of different origins, the sensitivity of PET would not

be expected to reach 100%. The specificity can also hardly reach

100% because of high background activity. Thus, the clinical ap-

plication may be somewhat limited. Although we could show that

amino acid or FDG-PET had high sensitivity and specificity in

distinguishing radiation necrosis from tumor recurrence, the sig-

nificant costs associated with the use of PET may not justify its use

in the patient population with brain metastasis. To demonstrate

its cost-effectiveness, future studies should set carefully selected

inclusion criteria and attempt to link the diagnostic utility of

PET in the selected cohort to changes in management or improve-

ment in survival.50 Potential cost savings include avoiding biop-

sies and futile treatment when diagnosis is uncertain.

In addition to 18F-FDG, 11C-MET, 18F-FET, and 18F-FDOPA

included in our analysis, other PET tracers such as 18F-fluorocho-

line,51 18F-fluorothymidine (18F-FLT),52,53 and 11C-choline54,55

can also be used in differentiating tumor recurrence and radiation

necrosis. For example, Enslow et al52 compared FLT-PET with

FDG-PET in differentiating radiation necrosis from recurrent gli-

oma and demonstrated a higher diagnostic accuracy of FDG-PET

(area under the receiver operating characteristic curve: FLT-PET

versus FDG-PET � mean, 0.86; 95% CI, 0.67–1.00, versus mean,

0.93; 95% CI, 0.80 –1.00). However, the study focused on primary

gliomas and was limited by a small cohort size (n � 15).

Other studies in the literature focused on the use of advanced

imaging techniques to distinguish brain metastasis recurrence

from radionecrosis after radiation therapy. In a study of 14 pa-

tients with cerebral metastasis who had clinical or radiographic

progression following SRS, Lai et al36 reported the sensitivity and

specificity of thallium SPECT to be only 50.0% and 62.5%, respec-

tively. In the same study, arterial spin-labeling MR imaging had a

sensitivity of 83.3% and specificity of 100.0%. Cicone et al23 re-

ported that the overall accuracy of MRP was lower than that of
18F-FDOPA PET (perfusion-weighted MR imaging versus PET:

sensitivity, 86.7% versus 93.3%; specificity, 68.2% versus 90.9%;

accuracy, 75.6% versus 91.9%) in 42 patients with 50 brain me-

tastases, while Hatzoglou et al34 reported a higher sensitivity of

perfusion-weighted MR imaging than 18F-FDG-PET (91% versus

82%) in 53 patients. However, in the study by Hatzoglou et al,34

29 patients received postoperative partial brain radiation therapy

for gliomas and the study cohort was too small for subgroup anal-

ysis. Additionally, MR spectroscopy56 (sensitivity, 36%; specific-

ity, 55%), perfusion CT57 (sensitivity, 85.7%; specificity, 100%),

and chemical exchange saturation transfer58 were also tested for

differential diagnosis in a small number of patients with variable

conclusions. Overall, there are insufficient data for analysis and

comparison with PET.

To our knowledge, this meta-analysis is the first to assess the

diagnostic accuracy of amino acid and FDG-PET in differentiat-

ing brain metastasis recurrence from radionecrosis after radiation

therapy. There are other meta-analyses focusing on PET in differ-

entiating radionecrosis from recurrence in gliomas and demon-

strating good diagnostic value.59-61 However, the mechanism of

tracer uptake can be different between primary brain tumor and

metastasis recurrence because metastasis has vessels that resemble

origin tissues, resulting in the lack of any discernible blood-brain

barrier, while glioma vessels usually have some remaining blood-

brain barrier structure.62

Moreover, we acknowledge several limitations of our study.

First, our total pooled sample size was still quite small. Second, we

included many retrospective studies (n � 9), which reduced the

quality of our study. Third, we did not include studies that inves-

tigated the diagnostic accuracy of amino acid or FDG-PET in

distinguishing postsurgical changes from tumor recurrence.

Fourth, further analysis based on cutoff indexes could not be per-

formed due to the lack of studies and incomplete reporting. Fi-

nally, there is evidence that 18F-FDG can accumulate in abscesses

and inflammatory lesions, which can increase false-positive rates

and add some bias.63

CONCLUSIONS
In this meta-analysis, we demonstrated that amino acid and FDG-

PET had good diagnostic accuracy in differentiating brain metas-

tasis recurrence from radionecrosis after radiation therapy. While

amino acid and FDG-PET may not be the most effective method

to differentiate recurrence from radionecrosis after radiation

therapy, it is still superior to other methods that are currently in

practice.

APPENDIX
PubMed (n � 106)
(Positron-Emission Tomography[MH] OR ((“Positron Emis-

sion”[TIAB] OR “Positron-Emission”[TIAB]) AND tomogra-

phy[TIAB]) OR PET[TIAB]) AND (radionecrosis[TIAB] OR

“radiation necrosis”[TIAB] OR “radiation-induced necrosis”

[TIAB] OR “posttreatment necrosis”[TIAB] OR “radiation in-

jury”[TIAB] OR “radionecrotic”[TIAB] OR “Post-Radiation

therapy Necrosis”[TIAB]) AND (recurrence[MH] OR

recurrence*[TIAB] OR recurrent[TIAB] OR relapse*[TIAB]

OR recrudescence*[TIAB] OR neoplasm metastasis[MH] OR

metastas*[TIAB] OR progression[TIAB]) AND (radiosur-

gery[MH] OR radiosurger*[TIAB] OR radiation therapy[MH]

OR radiotherap*[TIAB] OR “radiation therap*”[TIAB] OR

“radiation treatment”[TIAB])
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Cochrane Library (n � 6)
([mh “Positron-Emission Tomography”] OR ((“Positron Emis-

sion”:ti,ab OR “Positron-Emission”:ti,ab) AND tomography:

ti,ab) OR PET:ti,ab) AND (radionecrosis:ti,ab OR “radiation

necrosis”:ti,ab OR “radiation-induced necrosis”:ti,ab OR “posttreat-

ment necrosis”:ti,ab OR “radiation injury”:ti,ab OR “radionecrotic”:

ti,ab OR “Post-Radiation therapy Necrosis”:ti,ab) AND ([mh recur-

rence] OR recurrence*:ti,ab OR recurrent:ti,ab OR relapse*:ti,ab OR

recrudescence*:ti,ab OR [mh “neoplasm metastasis”] OR metastas*:

ti,ab OR progression:ti,ab) AND ([mh radiosurgery] OR radiosur-

ger*:ti,ab OR [mh radiation therapy] OR radiotherap*:ti,ab OR “ra-

diation therap*”:ti,ab OR “radiation treatment”:ti,ab)

Embase (n � 185)
‘positron emission tomography’/exp/mj OR (’positron emission’:

ti,ab OR ‘positron-emission’:ti,ab AND tomography:ti,ab) OR

pet:ti,ab AND (radionecrosis:ti,ab OR ‘radiation necrosis’:ti,ab

OR ‘radiation-induced necrosis’:ti,ab OR ‘posttreatment necro-

sis’:ti,ab OR ‘radiation injury’:ti,ab OR ‘radionecrotic’:ti,ab OR

‘postradiotherapy necrosis’:ti,ab) AND (’cancer recurrence’/

exp/mj OR ‘tumor recurrence’/exp/mj OR recurrence*:ti,ab OR

recurrent:ti,ab OR relapse*:ti,ab OR recrudescence*:ti,ab OR

‘metastasis’/exp/mj OR metastas*:ti,ab OR progression:ti,ab)

AND (‘radiosurgery’/exp/mj OR radiosurger*:ti,ab OR ‘radiation

therapy’/exp/mj OR radiotherap*:ti,ab OR ’radiation therap*’:

ti,ab OR ‘radiation treatment’:ti,ab) AND [embase]/lim.

Disclosures: Li Yang—RELATED: Grant: Shenghua Yuying Project of Central South
University.
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ADULT BRAIN

Feasibility of Brain Atrophy Measurement in Clinical Routine
without Prior Standardization of the MRI Protocol:

Results from MS-MRIUS, a Longitudinal Observational,
Multicenter Real-World Outcome Study in Patients with

Relapsing-Remitting MS
X R. Zivadinov, X N. Bergsland, X J.R. Korn, X M.G. Dwyer, X N. Khan, X J. Medin, X J.C. Price, X B. Weinstock-Guttman, and

X D. Silva; on behalf of the MS-MRIUS Study Group

ABSTRACT
BACKGROUND AND PURPOSE: Feasibility of brain atrophy measurement in patients with MS in clinical routine, without prior standard-
ization of the MRI protocol, is unknown. Our aim was to investigate the feasibility of brain atrophy measurement in patients with MS in
clinical routine.

MATERIALS AND METHODS: Multiple Sclerosis and Clinical Outcome and MR Imaging in the United States (MS-MRIUS) is a multicenter
(33 sites), retrospective study that included patients with relapsing-remitting MS who began treatment with fingolimod. Brain MR imaging
examinations previously acquired at the baseline and follow-up periods on 1.5T or 3T scanners with no prior standardization were used, to
resemble a real-world situation. Brain atrophy outcomes included the percentage brain volume change measured by structural image
evaluation with normalization of atrophy on 2D-T1-weighted imaging and 3D-T1WI and the percentage lateral ventricle volume change,
measured by VIENA on 2D-T1WI and 3D-T1WI and NeuroSTREAM on T2-fluid-attenuated inversion recovery examinations.

RESULTS: A total of 590 patients, followed for 16 months, were included. There were 585 (99.2%) T2-FLAIR, 425 (72%) 2D-T1WI, and 166
(28.2%) 3D-T1WI longitudinal pairs of examinations available. Excluding MR imaging examinations with scanner changes, the analyses were
available on 388 (65.8%) patients on T2-FLAIR for the percentage lateral ventricle volume change, 259 and 257 (43.9% and 43.6%, respec-
tively) on 2D-T1WI for the percentage brain volume change and the percentage lateral ventricle volume change, and 110 (18.6%) on 3D-T1WI
for the percentage brain volume change and percentage lateral ventricle volume change. The median annualized percentage brain volume
change was �0.31% on 2D-T1WI and �0.38% on 3D-T1WI. The median annualized percentage lateral ventricle volume change was 0.95% on
2D-T1WI, 1.47% on 3D-T1WI, and 0.90% on T2-FLAIR.

CONCLUSIONS: Brain atrophy was more readily assessed by estimating the percentage lateral ventricle volume change on T2-FLAIR
compared with the percentage brain volume change or percentage lateral ventricle volume change using 2D- or 3D-T1WI in this observa-
tional retrospective study. Although measurement of the percentage brain volume change on 3D-T1WI remains the criterion standard and
should be encouraged in future prospective studies, T2-FLAIR– derived percentage lateral ventricle volume change may be a more feasible
surrogate when historical or other practical constraints limit the availability of percentage brain volume change on 3D-T1WI.

ABBREVIATIONS: MS-MRIUS � Multiple Sclerosis and Clinical Outcome and MR Imaging in the United States; PBVC � percentage brain volume change; PLVVC �
percentage lateral ventricle volume change; RRMS � relapsing-remitting MS; SIENA � structural image evaluation with normalization of atrophy

Multiple sclerosis is an inflammatory and neurodegenerative

autoimmune disease of the central nervous system charac-

terized by demyelination and axonal degeneration.1 The mea-

surement of brain atrophy has become one of the most important

biomarkers for assessing the extent of neurodegenerative pathol-

ogy in patients with MS.2-4 Development of brain atrophy in pa-

tients with MS is 3–5 times accelerated compared with the healthy

aging population,2,3,5,6 correlates with physical and cognitive dis-

ability from the earliest disease stages,7,8 and continues through-

out the course of the disease.9-13
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Evidence is mounting that the development of disability progres-

sion in patients with MS is partially independent of accumulation of

active MR imaging lesions and substantially dependent on the devel-

opment of brain atrophy.14 Hence, there is an increasing interest in

evaluating the effect of disease-modifying therapy on decelerating

brain volume loss in clinical trials and consequently making person-

alized, patient-centric treatment choices.2,4,15,16 Therefore, there

is an urgent need for translation and incorporation of brain atro-

phy measurement into clinical routine and patient-level treat-

ment monitoring.2,4

While the need for assessment of brain atrophy on the indi-

vidual patient level for the effectiveness of treatment monitoring

has become a hot topic in the literature recently,15 there is little

understanding of how major obstacles are to be overcome. The

feasibility of brain atrophy measurement for the short term, mid-

term, and long term,2-4,17 using MR imaging sequences available

in a clinical routine is currently unknown.

Against this background, we aimed to determine whether it is

feasible to measure brain atrophy in patients with MS in clinical

routine without prior standardization of the MR imaging proto-

col, using a multicenter study design that included academic and

nonacademic centers in the United States to resemble the real-

world situation. The study evaluated MR imaging scanner

strength, type, and the quality of pulse sequence characteristics

and investigated whether MR imaging changes influence the mea-

surement of brain atrophy on the most commonly used pulse

sequences in a clinical routine on a group level over the midterm.

MATERIALS AND METHODS
The Multiple Sclerosis and Clinical Outcome and MR Imaging in

the United States (MS-MRIUS) study is a multicenter, longitudi-

nal, retrospective, observational chart review of patients with MS

treated with fingolimod (Gilenya) in clinical routine practice. The

methodologic approach and design of this retrospective study

have been previously reported.18

Briefly, clinical information and digital brain MR imaging im-

age data were retrospectively collected from 33 participating aca-

demic and nonacademic MS centers across the United States and

integrated into a central research data base.

The inclusion criteria were the following: 1) adult patients

younger than 65 years of age with relapsing-remitting MS

(RRMS) able to walk 20 m with or without assistance at the index

date (defined as the date the patient first received treatment with

fingolimod), equivalent to an Expanded Disability Status Scale19

score of �6.5; 2) starting fingolimod at the index date and remain-

ing on fingolimod for at least 28 days; 3) the availability of clinical

data �12 months from baseline (index date); and 4) a minimum of

index and follow-up (postindex date) MR imaging examinations

performed from 6 months before to 1 month after the index date and

9–24 months after index, respectively. Key exclusion criteria were the

following: 1) neurologic disease other than MS affecting CNS struc-

ture or function; 2) a history of alcohol or substance abuse; 3) partic-

ipation in an interventional trial during the study period; 4) prior use

of fingolimod or natalizumab; and 5) steroid treatment in the 30 days

prior to the scan dates.

A subgroup of 184 patients had preindex scans performed 9–24

months before fingolimod initiation (median, 13.9 months), but

this was not a required inclusion criterion. This subgroup of pa-

tients was used only to investigate serial longitudinal changes

(3 time points) of brain volume, measured for approximately 30

months.

All demographic and clinical data required for this study were

collected from patient medical records into a study-specific elec-

tronic clinical research form. For each patient, clinical informa-

tion was collected for a 48-month period, including 12–24

months’ data in the pre- and postindex period.

MR imaging examinations should have been performed on

1.5T or 3T scanners, and no standardization was expected. Pa-

tients did not need to have study examinations performed on the

same scanner type and strength to resemble a real-world situa-

tion. 2D- or 3D-T2 fluid-attenuated inversion recovery and 2D-

or 3D-T1-weighted images were collected. The participating sites

transferred digital images using the standard DICOM format. To

ensure that patient privacy was protected and that we adhered to

relevant regulations, the centralized imaging center followed

guidance from DICOM PS3.15 2015b, Security and System Man-

agement Profiles, Annex E: Attribute Confidentiality Profiles

(http://dicom.nema.org/medical/Dicom/2015b/output/html/

part15.html#chapter_E).20 Automatic de-identification via the

on-line transfer portal was performed for all study scans. This

pathway was the simplest and least burdensome for the sites, be-

cause all sites had digital transfer capability. DICOM images were

automatically anonymized before transmission to the centralized

imaging center via encrypted channels, and there was no “burned-

in” information on the images.

All scans were inspected by an experienced rater at the central-

ized imaging center. We evaluated the following quality metrics:

section thickness, excessive patient motion (“yes” or “no”), image

contrast (“bad,” “acceptable,” or “good”), and overall quality

(“bad,” “acceptable,” or “good”). The overall quality metric re-

flected anatomic coverage, the presence of imaging artifacts, noise

level, and contrast. Examinations with excessive patient motion

or bad image contrast automatically received a bad rating for

overall quality. Additionally, for each MR imaging examination,

differences in hardware model, scanner software, and the coil be-

tween index and postindex were evaluated. For each MR imaging

sequence (2D- or 3D-T2-FLAIR, 2D-T1WI, and 3D-T1WI), dif-

ferences in orientation, thickness, and protocol changes were ex-

amined. Then, overall hardware, software, coil, or protocol differ-

ences between time points were determined. Hardware change

was defined as a change in the MR imaging scanner. Software was

defined as an upgrade to a different software version using the

same scanner. Coil change was defined as a change of the coil.

Protocol change was defined as a meaningful change in TR/TE/

TI/flip angle/geometry. When the hardware changes occurred, in

almost all instances, software, coil, and protocol changes were

noticed; therefore, we refer to those as the MR imaging scanner

change. When software, coil, or protocol changes occurred with-

out hardware change, we refer to those as software/coil/protocol

MR imaging changes.

Longitudinal brain atrophy outcomes included percentage

brain volume change (PBVC) measured by structural image eval-

uation, with normalization of atrophy (SIENA)21 on 2D-T1WI

and 3D-T1WI and the percentage lateral ventricle volume change
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(PLVVC) measured by VIENA22 on 2D-T1WI and 3D-T1WI

examinations and measured by NeuroSTREAM23 on T2-FLAIR.

Lesions were inpainted before segmentation to reduce the impact

of T1 hypointensities.24 All outcomes of brain atrophy analyses

were assessed by an experienced rater. Because hardware changes

can affect longitudinal measurements,25-27 SIENA PBVC and

VIENA PLVVC analyses were considered invalid when a patient

was imaged on different hardware. In addition, because Neuro-

STREAM PLVVC was previously shown to be robust to hardware

changes in a study that included 125 patients with MS and 76

healthy controls,23 we explored the stability of this measure in

patients with and without MR imaging hardware changes using

the current real-world setting dataset.

The study adhered to the Health Insurance Portability and

Accountability Act and received central and local institutional

review board approvals.

Statistical Analyses
All statistical analyses were performed using the SAS statistical

software systems (SAS Institute, Cary, North Carolina). All anal-

yses were performed on the basis of a statistical analysis plan de-

fined a priori. Summary statistics for continuous variables in-

cluded the number of patients with valid/missing observations,

mean, SD, median, interquartile ratio, minimum, and maximum.

Summary statistics for categoric variables included frequencies

and related percentages per class level. Demographic, clinical, and

MR imaging characteristic differences were examined with the

Student t, �2, and Wilcoxon rank sum tests as appropriate. The

MR imaging acquisition differences between academic and non-

academic centers were examined using the �2 test. The influence

of MR imaging changes during follow-up was investigated by

analysis of covariance, adjusted for age, sex, days between time

periods during the follow-up, and baseline volume, as appropri-

ate. To investigate correlations between PLVVC on T2-FLAIR

using NeuroSTREAM and PLVVC and PBVC on 2D-T1WI and

3D-T1WI using VIENA and SIENA, respectively, in patients with

MS with and without software/coil/protocol MR imaging changes,

we performed Spearman rank correlations. A nominal P value of

� .05 was considered statistically significant, using 2-tailed tests.

RESULTS
Demographic and Clinical Characteristics at Index and
Postindex
Table 1 outlines demographic and clinical characteristics of the

study subjects, according to the MR imaging scanner changes be-

tween index and postindex. Of the 590 patients with RRMS in-

cluded in the study, 464 (78.6%) were women. Of the 33 centers

participating in the study, 25 (75.8%) centers were nonacademic

specialty and community MS centers and 8 (24.2%) were aca-

demic; 398 (67.5%) patients with RRMS were collected in nonac-

ademic, and 192 (32.5%), in academic centers. Between index and

postindex follow-ups, MR imaging scanner changes occurred in

284 (48.1%) patients with RRMS. The median follow-up between

index and postindex was approximately 16 months.

The median age was somewhat lower in patients with RRMS

with MR imaging scanner changes compared with those without

(P � .007). The number of relapses in 2 years before index was

significantly higher in patients with RRMS with MR imaging

scanner changes compared with those without (P � .001). Pa-

tients with RRMS without MR imaging scanner changes had

higher Expanded Disability Status Scale scores (P � .002). No signif-

icant differences between patients with RRMS with and without MR

imaging scanner changes were detected for disease duration or pre-

vious type of disease-modifying treatment at index.

MR Imaging Acquisition Characteristics at Index and
Postindex
At postindex, there was a higher proportion of patients examined

on 3T scanners (34.1%) compared with the index (29.5%, On-

line Table 1). All except 3 patients at index (99.5%) and 4 patients

Table 1: Demographic and clinical characteristics of the study subjects according to the MRI scanner changes between the index and
postindex periodsa

Index Variables

Total Patients
with RRMS

(n = 590)

Patients with RRMS
with MRI Scanner
Changes (n = 309)

Patients with RRMS
without MRI Scanner

Changes (n = 281)
P

Valueb

Age at index in yr (median) (IQR) 42 (36; 49) 41 (35; 48) 44 (37; 51) .007
Women (No.) (%) 464 (78.6) 247 (79.9) 217 (77.2) .422
Race/ethnicity (No.) (%)

Caucasian/white 494 (83.7) 252 (81.6) 242 (86.1) .319
Non-Caucasian 63 (10.7) 37 (12.0) 26 (9.3)
Unknown 33 (5.6) 20 (6.5) 13 (4.6)

Body mass index at index (median) (IQR) 26.6 (23.2–30.6) 26.5 (23.3–30.4) 26.6 (23–30.9) .895
Disease duration in yr (median) (IQR) 8 (4; 13) 7 (4; 12) 8 (4; 13) .148
Number with relapse in 2 yr before index (No.) (%) 236 (40.0) 143 (46.3) 93 (33.1) .003
EDSS at index (median) (IQR) 2.0 (1.0–3.0) 2.0 (1.0–3.0) 2.5 (1.5–3.5) .002
Use of DMT 2 yr before index (No.) (%)

Teriflunomide 5 (0.9) 3 (1) 2 (0.7) .749
Glatiramer acetate 175 (30.8) 87 (28.9) 88 (32.8) .310
Interferon-� 317 (55.7) 175 (58.1) 142 (53) .217
Alemtuzumab 1 (0.2) 1 (0.3) 0 (0) .345
Dimethyl fumarate 38 (6.7) 21 (7) 17 (6.3) .763
No DMT 94 (15.9) 46 (14.9) 48 (17.1) .467

Note:—EDSS indicates Expanded Disability Status Scale; IQR, interquartile range; DMT, disease-modifying treatment.
a MRI changes include hardware/software/coil/protocol differences between the index and postindex.
b P values represent group comparisons of patients with MS with and without MRI changes during the follow-up derived with the Student t, �2, and Mann-Whitney rank sum
tests as appropriate.
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at postindex (99.3%) had T2-FLAIR examinations, with most be-

ing 2D acquisitions, except for 9 examinations at index and 16

examinations at postindex, which were 3D. The use of 2D-T1WI

decreased during follow-up from 79.7% at index to 75.6% at

postindex, whereas the use of 3D-T1WI increased from 31.4% at

index to 39.7% at postindex. Only 16.6% index and 20.7% postin-

dex examinations had both 2D- and 3D-T1WI. A section thick-

ness of �5 mm was present in 40%–50% of the T2-FLAIR and

35%– 40% of the 2D-T1WI examinations. More than 85% of 3D-

T1WI examinations were �2 mm thick. There was minimal-

to-no excessive patient motion for all sequences, and scanner con-

trast and overall quality of the examinations were generally

acceptable or good. 3D-T1WI examinations had superior quality

to 2D-T1WI, with 80%–90% having good quality compared with

60%–70% on T2-FLAIR and 40%– 45% on 2D-T1WI.

At index and postindex, there was a significantly higher pro-

portion of 3T scanners (P � .001) and more 2D- and 3D-T1WI

examinations in academic centers (On-line Table 2). The section

thickness for various pulse sequences was lower in academic cen-

ters (�5-mm section thickness for T2-FLAIR and 2D-T1WI and

�2-mm section thickness for 3D-T1WI) (On-line Table 2). No

differences in patient motion were found between academic and

nonacademic centers, but scanner contrast and overall scan qual-

ity were better in the academic centers (On-line Table 2).

Eligibility of MR Imaging Examinations for Calculation of
Brain Atrophy Outcomes
On-line Table 3 shows the eligibility of a longitudinal pair of ex-

aminations for calculation of PBVC and PLVVC measures be-

tween index and postindex. Among index-to-postindex examina-

tions, hardware changes were identified in 29.5%; software, in

27.3%; and coil, in 31.9% of the longitudinal pairs. When pooled

together, hardware/software/coil changes were identified in about

50% of the examinations, more frequently in the academic than in

nonacademic centers (59.9% versus 42.2%, P � .002). A similar

frequency of MR imaging protocol changes during the follow-up

occurred on a pulse sequence basis for T2-FLAIR, 2D-T1WI, and

3D-T1WI, with higher rates of change in the academic than in

nonacademic centers.

There were 585 (99.2%) T2-FLAIR, 425 (72%) 2D-T1WI, and

166 (28.1%) 3D-T1WI examinations eligible for calculation of

brain atrophy outcomes. If we excluded longitudinal pairs of ex-

aminations that underwent hardware changes (174, 29.5%), anal-

yses of brain atrophy outcomes were possible for 388 (65.8%)

patients using PLVVC on T2-FLAIR, 259 and 257 (43.9% and

43.6%, respectively) patients using PBVC and PLVVC on 2D-

T1WI, and 110 (18.6%) patients using PBVC and PLVVC on

3D-T1WI.

Changes in Brain Atrophy Measures during Follow-Up
At index (data not shown), no differences were seen in brain at-

rophy measures for any pulse sequence when stratified according

to MR imaging software/coil/protocol changes occurring during

the follow-up, except for the 3D-T1WI lateral ventricle volume,

which was significantly higher in the group that underwent MR

imaging changes (P � .05).

There were no significant differences in PBVC or PLVVC mea-

sures between patients with RRMS with and without software/

coil/protocol MR imaging changes from index to postindex for

any of the MR imaging sequence types explored. Median annual-

ized PBVC was �0.31% on 2D-T1WI and �0.38% on 3D-T1WI.

Median annualized PLVVC was 0.95% on 2D-T1WI, 1.47% on

3D-T1WI, and 0.90% on T2-FLAIR (Table 2).

In a subgroup of 91 patients with RRMS with available prein-

dex, index, and postindex MR imaging examinations, no signifi-

cant differences in brain atrophy measures were found between

patients with RRMS with and without software/coil/protocol MR

imaging changes (On-line Table 4).

Using all patients with RRMS, who had analysis for PLVVC on

T2-FLAIR examination (n � 554) independent of hardware

changes, we found a significant index-to-postindex difference

when comparing those with and without MR imaging scanner

changes (�0.31% versus 1.13%, P � .007, Table 2), but not in

a subgroup of 184 patients with RRMS with available preindex,

Table 2: Brain atrophy measures of the study subjects between index and postindex, according to MRI changesa

Total Patients
with RRMS

Patients with
RRMS with MRI

Software/Coil/Protocol
Changes

Patients with RRMS
without MRI

Software/Coil/Protocol
Changes

P
Valueb

PBVC on 2D-T1WI n � 259 n � 89 n � 170 .233
�0.31 (�0.74–0.13) �0.35 (�0.97–0.11) �0.28 (�0.67–0.14)

PBVC on 3D-T1WI n � 110 n � 37 n � 73 .740
�0.38 (�0.88 to �0.04) �0.38 (�0.93–0.02) �0.37 (�0.81 to �0.08)

PLVVC on 2D-T1WI n � 257 n � 89 n � 168 .848
0.95 (�1.77–3.99) 0.95 (�1.92–4.1) 0.96 (�1.63–3.94)

PLVVC on 3D-T1WI n � 110 n � 37 n � 73 .940
1.47 (�1.26–4.39) 1.5 (�1.36–4.15) 1.01 (�1.17–4.46)

PLVVC on T2-FLAIR n � 388 n � 130 n � 258 .179
0.90 (�2.91–5.94) 0.21 (�4.67–7.2) 1.1 (�2.1–5.51)

PLVVC on T2-FLAIRc n � 554 n � 291 n � 263 .007
0.51 (�3.95–6.01) �0.31 (�6.4–6.9) 1.13 (�2.15–5.53)

a PBVC and PLVVC on 2D-, 3D-T1WI and T2-FLAIR were obtained in patients with software/coil/protocol scanner changes. All values in the table are presented as the number
of patients for a particular analysis, median, and interquartile range. The longitudinal follow-up values are annualized.
b P values represent patients with MS with and without MRI changes during the follow-up group comparisons and were derived using analysis of covariance adjusted for age,
sex, days between index and postindex, and baseline volume as appropriate.
c PLVVC on T2-FLAIR was performed in patients with hardware/software/coil/protocol changes.
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index, and postindex MR imaging examinations (On-line

Table 4).

When only MR imaging hardware change was considered, a

significantly different PLVCC was observed for patients imaged

with hardware changes between index and postindex (n � 166,

30%) compared with those who were not (n � 388, 70%)

(�1.23% versus 0.9%, P � .02).

Correlation among Different Brain Atrophy Measures
Using Different MR Imaging Pulse Sequences
On-line Table 5 shows the correlations between PLVVC on T2-

FLAIR using NeuroSTREAM and PLVVC and PBVC on 2D-

T1WI and 3D-T1WI using VIENA and SIENA, respectively, in

patients with MS with and without software/coil/protocol MR

imaging changes. PLVVC on 3D-T1WI, 2D-T1WI, and T2-

FLAIR was significantly associated with PBVC on 3D-T1WI and

2D-T1WI when all patients with MS were considered. As ex-

pected, correlations were stronger in patients with MS who were

not imaged with software/coil/protocol changes, compared with

those who were. PBVC on 3D-T1WI was associated with PLVVC

on 3D-T1WI (r � �0.7, P � .0001), PLVVC on T2-FLAIR (r �

�0.5, P � .0001), and PLVVC on 2D-T1WI (r � �0.39, P �

.0001) in patients with MS imaged without MR imaging software/

coil/protocol changes during the follow-up.

DISCUSSION
This is one of the first multicenter, retrospective, real-world stud-

ies that investigated the feasibility of brain atrophy measurement

in a clinical routine without prior standardization of the MR im-

aging protocol, using academic and nonacademic centers special-

ized in treatment and monitoring of MS in the United States.

The main findings of the study can be summarized as follows: 1)

The quality of the MR images used for brain atrophy analyses were

mostly acceptable or good in all centers; 2) about 70% of the

centers used 1.5T field strength, and there was a tendency for

higher use of 3T scanners during the follow-up; 3) academic cen-

ters performed MR imaging examinations with thinner sections,

better contrast, and overall scan quality; they also used 3T scan-

ners more frequently, with �50% of postindex examinations be-

ing performed on 3T, and had a higher proportion of 3D-T1WI

examinations; 4) T2-FLAIR examinations were used in �99% of

patients, while the figures were 72% for 2D-T1WI and 28% for

3D-T1WI examinations longitudinally; 5) scanner changes oc-

curred in �50% of the patients during the follow-up, and the

changes occurred more frequently in the academic, compared

with nonacademic centers; 6) measurement of PLVVC on T2-

FLAIR was feasible in 66% of patients, making it the most suitable

measure of brain atrophy for clinical routine, while PBVC was

obtained in 44% of patients on 2D-T1WI and 18% on 3D-T1WI;

7) excluding MR imaging hardware changes, there were no signif-

icant differences of brain atrophy outcomes in patients with and

without MR imaging software/coil/protocol changes from index

to postindex; 8) hardware changes resulted in significant PLVVC

differences on T2-FLAIR, though this was not evident in the sub-

group of patients with 3 serial MR imaging examinations during

30 months; and 9) finally, PBVC changes on 2D- and 3D-T1WI in

patients treated with fingolimod for 16 months were similar to

those reported in pivotal and/or open-label observational

studies.28

Clinical routine MR imaging examinations pose many unique

challenges.2,16 They have a lower signal-to-noise ratio and/or spa-

tial resolution due to trade-offs in scanning time. They lack stan-

dardization, which, in turn, is compounded by changes in MR

imaging hardware and/or software upgrades. In the MS-MRIUS

study, we confirmed that the spatial resolution was lower than

that used in MS research clinical trials; however, most of the scans

were of acceptable or good quality with negligible patient motion.

The MS-MRIUS study detected important differences in the

type of MR imaging scanners used between academic and nonac-

ademic centers in the United States. On the basis of some previous

reports of the use of MR imaging in the referral of patients with

MS to academic centers in the United States,29 it could be ex-

pected that the adherence to the Consortium of MS Centers30 and

Magnetic Resonance Imaging in MS (MAGNIMS)31 MR imaging

acquisition protocol guidelines for MS is somewhat lower in non-

academic compared with academic centers, which was exactly

what we found in the current study. However, MR imaging scan-

ner changes during the follow-up occurred even more frequently

in academic than in nonacademic centers, which could be attrib-

uted to academic centers upgrading software more frequently or

replacing their scanning technology more rapidly.

Image resolution and image contrast are important for a reli-

able and optimal segmentation of brain volume, and 3D pulse

sequences are preferred for measurement of brain atrophy as the

criterion standard for brain volumetric imaging because of the

reduction of partial volume effects and more accurate coregistra-

tion, especially for serial imaging with time, compared with 2D-

pulse sequences.2,3,16,17 Although 3D-T1WI is the recommended

sequence for the calculation of brain volume measures, it is con-

sidered only as an optional sequence in the current MR imaging

acquisition guidelines.30,31 The MS-MRIUS study showed that

less than one-quarter of patients with MS had eligible 3D-T1WI

for estimation of brain volume measures during the follow-up,

which substantially impacted applicability for use in clinical rou-

tine. On the other hand, the MS-MRIUS study showed that T2-

FLAIR was eligible in 99% of patients, allowing reliable PLVVC

analysis in 66% of patients during the follow-up. Therefore, mea-

surement of PLVVC on T2-FLAIR increased by 33% the propor-

tion of patients who obtained reliable brain atrophy measure-

ments compared with 2D-T1WI and by 73% compared with

3D-T1WI, respectively.

Given that more than half of the patients underwent changes

in the MR imaging scanner during the follow-up, there is a strong

need for a universally applicable panel of simple brain volume

measures that are resistant to MR imaging scanner changes. For

proper estimation of brain volume changes with time, patients

should undergo an acquisition with the same hardware and with-

out software/coil/protocol changes. However, this is very difficult

to achieve in clinical routine because of a number of different

logistic factors.2 The MS-MRIUS study showed no significant im-

pact of software/coil/protocol changes on the measurement of

PBVC and PLVVC in the clinical routine during 16 months, as

evaluated using 3 different types of software on 3 different types of

sequences. In particular, PLVVC is of interest as a choice for brain
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atrophy assessment in the clinical routine because it is relatively

robust to the negative impact of imprecise positioning, gradient

distortions, incomplete head coverage, and other motion and

wraparound artifacts.12 In addition, PLVVC occurs at a 5-fold

greater rate compared with PBVC, and the effect size of PBVC and

PLVVC for the estimation of disability progression from baseline

to 10-year follow-up is similar.12

In a previous study, the correlation analysis between PLVVC

on T2-FLAIR using NeuroSTREAM and PLVVC and PBVC on

3D-T1WI using VIENA and SIENA, respectively, was described.23

The correlation analysis from the present study showed similar

associations between PBVC on 3D-T1WI and PLVVC on T2-

FLAIR in patients with MS who did not experience software/coil/

protocol MR imaging changes during the follow-up, corroborat-

ing that PLVVC on T2-FLAIR can be used reliably in retrospective

and prospective observational studies without prior standardiza-

tion of the MR imaging protocol. However, measurement of brain

atrophy on T2-FLAIR using PLVVC is still suboptimal compared

with PBVC on 3D-T1WI, which should prompt clinicians in the

more extensive use of the latter in clinical practice.

In line with other recent studies,23,25,26 the MS-MRIUS study

showed that scanner changes had an impact on brain volume

estimates. While it was previously shown that NeuroSTREAM-

derived PLVVC is relatively robust to different field strengths

when imaged during a short time (approximately 2% coefficient

of variation in the 1.5T versus 3T scan-rescan test for 72 hours),23

the current study showed that PLVVC on T2-FLAIR was signifi-

cantly different in patients with RRMS with hardware changes,

compared with those without. If the measurement of brain atro-

phy is to become an additional assessment tool for monitoring

individual patients with MS, the annualized rate of pathologic

cutoff5 will have to be lower than the error rate introduced by

hardware changes or the analyses will be considered invalid for

those patients. Although the MS-MRIUS study was not designed

to answer this important question, it provides the first evidence of

the feasibility of brain atrophy measurement in clinical routine

without prior standardization of the MR imaging protocol. Fu-

ture studies should investigate in greater detail the influence of

individual components of scanner changes on a variety of brain

atrophy measures, applicable to clinical routine, over the short

term, midterm, and long term.

CONCLUSIONS
We showed, in this retrospective observational study, that T2-

FLAIR was the most frequent sequence in the clinical routine. To

increase general applicability of brain atrophy measurement in

observational studies in the clinical routine, one can more feasibly

estimate brain atrophy by assessing PLVVC on T2-FLAIR com-

pared with PBVC or PLVVC using 2D- or 3D-T1WI. As the most

accurate and well-established measurement of brain atrophy,

PBVC assessment on 3D-T1WI is, and should remain, the crite-

rion standard of brain volumetric imaging research. However,

T2-FLAIR– derived PLVVC may be a more feasible surrogate

when historical or other practical constraints limit the availability

of PBVC on 3D-T1WI.
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ORIGINAL RESEARCH
ADULT BRAIN

Improved Precision of Automatic Brain Volume Measurements
in Patients with Clinically Isolated Syndrome and Multiple

Sclerosis Using Edema Correction
X J.B.M. Warntjes, X A. Tisell, X I. Håkansson, X P. Lundberg, and X J. Ernerudh

ABSTRACT

BACKGROUND AND PURPOSE: The presence of edema will result in increased brain volume, which may obscure progressing brain
atrophy. Similarly, treatment-induced edema reduction may appear as accelerated brain tissue loss (pseudoatrophy). The purpose of this
study was to correlate brain tissue properties to brain volume, to investigate the possibilities for edema correction and the resulting
improvement of the precision of automated brain volume measurements.

MATERIALS AND METHODS: A group of 38 patients with clinically isolated syndrome or newly diagnosed MS were imaged at inclusion
and after 1, 2, and 4 years using an MR quantification sequence. Brain volume, relaxation rates (R1 and R2), and proton density were measured
by automated software.

RESULTS: The reduction of normalized brain volume with time after inclusion was 0.273%/year. The mean SDs were 0.508%, 0.526%,
0.454%, and 0.687% at baseline and 1, 2, and 4 years. Linear regression of the relative change of normalized brain volume and the relative
change of R1, R2, and proton density showed slopes of �0.198 (P � .001), 0.156 (P � .04), and 0.488 (P � .001), respectively. After we applied
the measured proton density as a correction factor, the mean SDs decreased to 24.2%, 4.8%, 33.3%, and 17.4%, respectively. The observed
atrophy rate reduced from 0.273%/year to 0.238%/year.

CONCLUSIONS: Correlations between volume and R1, R2, and proton density were observed in the brain, suggesting that a change of brain
tissue properties can affect brain volume. Correction using these parameters decreased the variation of brain volume measurements and
may have reduced the effect of pseudoatrophy.

ABBREVIATIONS: BPF � brain parenchymal fraction; BPV � brain parenchymal volume; ICV � intracranial volume; NEDA � no evidence of disease activity; PD �
proton density; R1 and R2 � relaxation rates; SR1, SR2, and SPD � correlation slopes

Brain atrophy and accelerated brain volume loss are present

early in the disease course of MS and correlate with the pres-

ence and development of physical disability and cognitive impair-

ment.1 When assessing disease activity in MS, the term “no evi-

dence of disease activity” (NEDA) is increasingly used, where

NEDA-3 is defined by the combination of the following: 1) no

relapses, 2) no brain MR imaging activity (no new or enlarging T2

lesions or gadolinium-enhancing lesions), and 3) no sustained

disability worsening (Expanded Disability Status Scale progres-

sion). However, given the clinical importance of brain atrophy, it

is desirable to expand the NEDA concept to NEDA-4, in which

“no increased brain volume loss/brain atrophy rate” is added.2

Disease-modifying immunomodulatory treatment options in MS

vary in efficacy and adverse effect profile. Personalized treatment

for a patient with MS requires clinically feasible and reliable as-

sessment of disease activity status at treatment initiation and

treatment follow-up. Although there is not yet enough evidence

to support the use of brain volume measures to monitor treat-

ment response or for making treatment decisions in individual

patients, brain volume loss is now often incorporated in large

clinical trials of potential new MS drugs.3 Monitoring brain vol-

ume and brain volume changes with time in clinical practice,

however, is often hampered by the additional time and effort bur-

den of brain segmentation methods and their inherent precision.

Moreover, disease activity induces changes in the intra- or extra-

cellular water content, which, in turn, can lead to changes in total

brain volume. Therefore, resolution of inflammatory edema after
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a successful treatment may appear as atrophy, known as “pseu-

doatrophy,” as previously reported in patients with early-onset

MS.4,5 Likewise, an increase in disease activity may increase the

total edema, visible only as diffuse hyperenhancement on T2-

weighted or FLAIR images. This may

lead to swelling of the brain, obscuring

the progressing atrophy.

Recent progress in quantitative MR

imaging permits measurement of physi-

cal properties of the brain, such as relax-

ation rates (R1 and R2) and proton den-

sity (PD) in a reasonable scan time.6

Axonal damage, gliosis, inflammation,

and edema are related to changes in

these values.7-12 Therefore, it can be ex-

pected that the mean values of R1, R2,

and PD have a relationship with pro-

cesses that may lead to global volume

changes in the brain. SyntheticMR

(SyMRI; SyntheticMR, Linköping, Swe-

den) is a brain segmentation tool with

high precision,13-15 which is based on

quantitative MR imaging. It therefore

combines the ability to fully automati-

cally measure brain volumes and simul-

taneously obtain values for mean R1, R2,

and PD of brain tissue.

The aim of this study was to investi-

gate the relation between brain volumes

of patients with clinically isolated syn-

drome and those with MS using a fully

automatic brain volume segmentation

method and the mean R1, R2, and PD

values in these brains. Provided that

these 2 measures correlated, the second

aim was to use R1, R2, and PD as a

correction factor for brain volume and

investigate whether the precision of

the brain segmentation method would

improve.

MATERIALS AND METHODS
Subject Group
The study included 44 patients (29

women) who were consecutively en-

rolled in a prospective longitudinal co-

hort study of patients with clinically iso-

lated syndrome and those with newly

diagnosed MS. All patients fulfilled the
revised McDonald criteria for clinically

isolated syndrome or MS at inclusion.16

Brain MR imaging was performed at

baseline and at 1, 2, and 4 years. Retro-

spectively, 1 subject was excluded due to
severe hydrocephalus; for 5 subjects, the

study was prematurely terminated due to

moving to another place or pregnancy.

The remaining 38 all had 4 time points
(baseline, 1, 2, and 4 years), a total of 152 examinations. Exami-
nations were performed during the daytime, between 8 AM and
4 PM. Of these, 104 (68%) were performed in the morning, and 48

(32%), in the afternoon. The included subjects had a mean age of

FIG 1. Typical output of the SyMRI software: A, Synthetic T2-weighted image of a section of the
brain of one of the patients. This synthetic image was generated from the R1, R2, and PD maps in
combination with a TE/TR � 100/4500 ms. B, PD map on a scale of 0%–100%, in which 100%
corresponds to pure water at 37°C. C, Automatically generated intracranial mask (ICV). D, Auto-
matically generated CSF partial volume map on a scale of 0%–100%. The brain parenchymal
volume is calculated as the sum of all ICV minus the sum of all CSF. The brain parenchymal fraction
is calculated as BPV/ICV.

Table 1: Patient diagnoses, relapse status, and treatment status at baseline and at follow-
up MRI

Clinical and
Laboratory Data Baseline 1 Year 2 Years 4 Years

Diagnosis (CIS/RRMS/PPMS) 16/19/3 10/25/3 7/28/3 5/30/3
Relapse within last 2 mo

before MRI (yes/no)
13/25 3/35 1/37 2/36

Treatmenta (No. of subjects)
No DMT 38 17 18 18
Interferon-� 1b 0 16 12 5
Interferon-� 1a 0 1 1 1
Dimethyl fumarate 0 0 0 2
Fingolimod 0 1 1 3
Natalizumab 0 3 6 9

Note:—CIS indicates clinically isolated syndrome; RRMS, relapsing-remitting MS; PPMS, primary-progressive MS; DMT,
disease modifying therapy.
a In addition, 1 patient received temporary relapse-controlling corticosteroid treatment within 2 months prior to
baseline.
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35 � 11 years (range, 21– 67 years) and a median Expanded Dis-

ability Status Scale of 2.0 (interquartile range, 1.0 –2.0) at baseline.

Further patient characteristics are presented in Table 1.

Ethics Statement
The study was approved by the regional ethics committee, and

written informed consent was obtained from all participants.

Acquisition
The MR imaging quantification method was a multiecho, multi-

delay saturation recovery spin-echo sequence, which has been

described previously.6 The multisection sequence consisted of

section-selective saturation pulses, interleaved with a Carr-

Purcell-Meiboom-Gill acquisition of 5 echoes at multiples of

14-ms TE. The saturation pulse acts on a section n, while the

subsequent acquisition acts on a section m. By a variable shift

between sections n and m, multiple effective delay times were

created between the saturation and acquisition of each section.

The sequence was repeated 4 times, resulting in a matrix of 20

images per section, at 5 different TEs and at 4 different saturation

delay times. All these images had a different effect of R1 and R2

relaxation. The TR was 4280 ms with 43 sections of 3-mm thick-

ness. The FOV was 230 mm with an in-plane resolution of 1.4

mm. The scan time was 6 minutes and 20 seconds on an Achieva

1.5Tscanner (Philips Healthcare, Best, the Netherlands).

Postprocessing
The calculation of the intracranial volume (ICV), the brain pa-

renchymal volume (BPV), and brain parenchymal fraction

(BPF � BPV / ICV) is an automatic function of SyMRI 9.0. The

same software also shows the R1, R2, and PD maps of the entire

acquisition volume. Typical images and maps from this software

in our patients are shown in Fig 1. An adjustment was made in

the software to extract the average R1, R2, and PD values for the

entire brain and gray and white matter. This was done by taking

the ICV and removing all CSF (clipped at 50% partial volume)

and subsequently eroding 1 pixel on all sides of the volume to

remove the partial volume effects of CSF. The available GM and

WM segmentation maps were used to retrieve the average R1, R2,

and PD of GM and WM inside the eroded volume.

Finding the Correlation of BPF with R1, R2, and PD
The average value and SD of ICV, BPV, BPF, R1, R2, and PD were

calculated for each time point. In the relative change of BPFi for all

measurements, i was found by dividing each of these measure-

ments by the average �BPF�s of each subject s. This removed

individual differences in BPF size. Subtraction by 1 centered the

relative change of BPF around zero. The resulting data points

FIG 2. Brain parenchymal fraction of all subjects at all times. The 4
time points of each individual are connected with a line. The gray line
indicates the linear regression slope.

FIG 3. Relative difference of intracranial volume (A), brain parenchy-
mal volume (B), and brain parenchymal fraction (C) of all subjects as a
function of time after inclusion of the study. D, The relative differ-
ence in BPF of all subjects is shown again as a function of time after
inclusion is shown, but corrected for PD. This figure is comparable
with C, albeit with less variation in the data. The gray lines indicate the
linear regression slopes.
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were assumed to change linearly as a function of time after inclu-

sion of t, expressed as an intercept and slope. A noise term �

accounts for the observed variation of the data.

1)
BPF i

�BPF�s
� 1 � Intercept � Slope � t � �.

We believe that the noise term � does not only contain random

noise but may have a correlation with the observed relative change

of R1, R2, and/or PD, independent of the

time after inclusion. The relative change

of R1, R2, and PD can be calculated in the

same way as the relative change of BPF.

Then, the correlation slopes SR1, SR2,

and SPD were found according to

2) � � � BPF i

�BPF�s
� 1� � Intercept

� Slope � t � SR1� R1i

�R1�s
� 1� ,

and equivalently for R2, and PD.

Correction of BPF
Once the slopes SR1, SR2, and SPD are found, they can be used as

correction terms for BPF to reduce �. In other studies, it is unlikely

that there is an average R1, R2, or PD per subject available; hence,

the terms �R1�s, �R2�s, and �PD�s must be replaced by an

expected R1exp, R2exp, and PDexp value, which can be taken from

the average values of all our subjects. The corrected BPF is then

calculated as the observed BPF multiplied by a factor (1–�).

RESULTS
Finding the Correlation of BPF with R1, R2, and PD
The average ICV of all subjects at all times was 1407 � 151 mL; the

average BPV was 1278 � 129 mL, resulting in an average BPF of

90.9% � 3.2%. The BPF of all subjects at all times is plotted in Fig

2. Linear regression on all data as a function of age showed a slope

of BPF of �0.167%/year (95% confidence interval, �0.131 to

�0.204; P � .001).

In Fig 3, the normalized ICV, BPV, and BPF are shown as a

function of time after inclusion. For the separate time points,

at 1, 2, and 4 years after the time of inclusion, the decrease of

BPV and BPF was 2.2 mL (P � .4) and 0.37% (P � .001) after

1 year, 12.2 mL (P � .001) and 0.87% (P � .001) after 2 years,

and 12.3 mL (P � .007) and 0.97% (P � .001) after 4 years.

Linear regression as a function of all 4 years showed that the

ICV had a nonsignificant slope of 0.02%/year (95% confidence

interval, �0.03– 0.08; P � .6). The BPV showed a significant

decrease with time after inclusion, with a slope of �0.236%/

year (95% CI, �0.372 to �0.173; P � .001). Also, the BPF

showed a significant decrease with time after inclusion, with a

slope of �0.273%/year (95% CI, �0.211 to �0.335; P � .001).

The intercept was 0.472%.

The relative changes in BPF were corrected for time using the

observed slope of �0.273%/year and an intercept of 0.472%

(Equation 2). Then, the resulting values for BPF were compared

with the relative changes in the R1, R2, and PD to obtain the slopes

SR1, SR2, and SPD. For SR1, a significant slope of �0.198 was ob-

served (P � .001). For SR2, this was 0.156 (P � .04); and for SPD,

a significant slope of 0.488 was observed (P � .001). Similar-but-

weaker correlations were found when only GM or WM were taken

into account. All data are summarized in Table 2. No correlation

was found between relative BPF and time of day of the examina-

tion (P � .7).

FIG 4. Observed mean R1 (A), mean R2 (B), and mean proton density
(C) of the entire brain (triangles), gray matter (dots), and white matter
(squares) as a function of age for all subjects.

Table 2: Observed correlation slopes SR1, SR2, and SPD of the relative change in BPF as a
function of relative change in R1, R2, and PD of the entire brain and gray and white matter

Brain Gray Matter White Matter
SR1 value (%/%) �0.198 �0.133 �0.364
SR1 (95% CI) (%/%) (�0.242 to �0.152) (�0.222 to �0.044) (�0.4376 to �0.290)
SR1 P value �.001 .02 �.001
SR2 value (%/%) 0.156 0.303 0.090
SR2 (95% CI) (%/%) (0.039–0.274) (0.228–0.378) (�0.016–0.196)
SR2 P value .04 �.001 .2
SPD value (%/%) 0.488 .396 .655
SPD (95% CI) (%/%) (0.382–0.594) (0.146–0.645) (0.535–0.776)
SPD P value �.001 .003 �.001

AJNR Am J Neuroradiol 39:296 –302 Feb 2018 www.ajnr.org 299



Correction of BPF
The observed mean R1, R2, and PD of the entire brain as a

function of subject age are shown in Fig 4 (triangles). Only

minor changes as a function of subject age were observed; lin-

ear regression showed a slope in R1 of 0.00054 seconds�1/year.

For R2, this was �0.0001 seconds�1/year; and for PD, it was

�0.026%/year. The R1 intercept for all subjects was 1.151�

seconds�1, the R2 intercept was 11.44 seconds�1, and the PD

intercept was 75.65%. All data, including for whole brain and GM

and WM only, are summarized in Table 3. Using these values, one

can establish the expected R1 value for the whole brain of each sub-

ject, R1exp � 1.151 � 0.00054 � age; the expected R2 value for the

brain of for each subject, R2exp � 11.44 � 0.0001 � age; and the

expected PD value for the brain of each subject, PDexp � 75.65 �

0.026 � age.

On the basis of these expected values for R1, R2, and PD, a

correction of the BPF values can be made using Equation 2. The

PD-corrected BPF values, using SPD, are shown in Fig 3D. In com-

parison with the uncorrected BPF values, as shown in Fig 3C, the

variation of the data points was reduced. The SDs at baseline and

at 1, 2, and 4 years after inclusion, when corrected for R1, R2, or

PD, are given in Table 4. The highest reductions were achieved

with R1 and PD, for which SDs decreased, on average, more

than 20%. The baseline values especially changed substantially.

If one used the correction, the observed atrophy rate decreases

slightly—for example, PD-corrected BPF shows a slope of

�0.238%/year, and R1-corrected BPF shows a slope of

�0.256%/year, decreases of 12.8% and 6.2%, respectively, in

comparison with the original slope of �0.273/year.

DISCUSSION
In this work, brain volume measurements

were combined with measures reflecting

the physical properties of the brain. Gen-

erally, the variation in brain volume mea-

surements is high because it includes the

normal variation in human head size.

Thus, BPF is used for clinical follow-up

because it normalizes brain volume with

the intracranial volume, hence removing

head size differences.17 An additional fac-

tor for brain volume variations is the

placement of the MR imaging acquisition

volume. The acquisition coverage in our

case included 43 sections, with a total of

129 mm, which was not sufficient for all

subjects to cover the entire cranium. Dif-

ferences of the placement of the acquisi-

tion volume may therefore have resulted

in differences of the included ICV and

BPV. This is a second reason that BPF is

more reliable to use, because it is a ratio of

the included volumes and hence less sen-

sitive to the exact positioning of the acqui-

sition volume. The stability of BPF over

BPV is confirmed by the higher signifi-

cance of the observed atrophy rate in our

data.

Yet an additional factor, which is generally ignored, is that

brain tissue composition may be different at each examination.

Brain volume may not be as invariant as one may expect and may

change with, for example, hydration, dehydration, time of day,

blood pressure, physical activity, eating habits, or drug and alco-

hol consumption. Previous studies have shown that brain volume

can exhibit a diurnal variation on the order of 0.4%–0.7%,18,19

though this could not be verified in all studies.20 In our data, no

evidence of a relation with the time of day was found either (P � .7).

Besides the general factors that can influence brain volume, patients

with MS may exhibit additional effects. Starting treatment to sup-

press the inflammatory processes in the CNS is expected to reduce

brain tissue edema, which hence may lead to an apparently acceler-

ated brain atrophy directly after onset. The existence of the so-called

pseudoatrophy has been described previously4,5 and is confirmed in,

for example, natalizumab treatment, in which effective inflamma-

tion reduction leads to a higher initial brain volume loss, compared

with the subsequent brain volume loss.21,22

For our study, we hypothesized that the average R1 and R2 and

proton density of the brain were associated with water content of

brain tissue, including the component due to edema. Our MR

quantification approach has the advantage of simultaneously

measuring R1, R2, and PD and automatically calculating brain

volume and BPF using the same single sequence. We found that

the average R1, R2, and PD values are relatively stable over the

investigated age range. The total change of the observed values

was �2 SDs during a complete lifetime (Fig 4). The mean values

of WM and GM and the observed slow decrease of PD were very

similar to previously reported values.23

Table 3: Observed mean values and slopes of R1, R2, and PD of the entire brain and gray and
white matter as a function of subject age

Brain Gray Matter White Matter
R1 intercept (s�1) 1.151 0.897 1.495
R1 slope (s�1/y) 0.00054 0.00015 �0.00063
R1 slope (95% CI) (s�1/y) (0.0002–0.0010) (�0.0001–0.0002) (�0.0011–0.0002)
R1 slope P value .04 .4 .2
R2 intercept (s�1) 11.44 10.57 12.62
R2 slope (s�1/y) �0.0001 �0.0018 �0.0056
R2 slope (95% CI) (s�1/y) (�0.004–0.002) (�0.004–0.001) (�0.009–0.000)
R2 slope P value .5 .3 .05
PD intercept (%) 75.65 82.44 67.44
PD slope (%/y) �0.026 �0.019 0.009
PD slope (95% CI) (%/y) (�0.039–0.013) (�0.025 to �0.013) (�0.003–0.020)
PD slope P value �.001 �.001 .2

Note:—y indicates year.

Table 4: Observed SDs of the relative changes in BPF at baseline and at 1, 2, and 4 years
after inclusiona

Baseline (%) 1 Year (%) 2 Years (%) 4 Years (%)
Uncorrected 0.508 0.526 0.454 0.687
Corr. for brain R1 0.362 (28.8%) 0.506 (3.7%) 0.327 (28.1%) 0.599 (12.8%)
Corr. for brain PD 0.385 (24.2%) 0.500 (4.9%) 0.303 (33.3%) 0.567 (17.4%)
Corr. for GM R2 0.506 (0.4%) 0.465 (11.5%) 0.297 (34.7%) 0.561 (16.2%)
Corr. for GM PD 0.481 (5.3%) 0.539 (�2.4%) 0.398 (12.5%) 0.673 (1.9%)
Corr. for WM R1 0.343 (32.6%) 0.463 (12.0%) 0.349 (23.2%) 0.568 (17.3%)
Corr. for WM PD 0.399 (21.5%) 0.474 (9.8%) 0.326 (28.3%) 0.492 (28.3%)

Note:—Corr. indicates corrected.
a When BPF is corrected for average R1, R2, or PD values for brain, GM, or WM, the SDs of the observations decrease. The
percentage reduction is given in parentheses. Corrections were only included when a high significance was found in
Table 2.
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A significant correlation was found between the relative

change in observed BPF and the relative change in average R1 and

PD of the brain. No correlation was found for R2, in contrast to a

previous study in which only R2 (T2) was used in a study with

substantial dehydration and rehydration.24 The presence of these

relations provides evidence that BPF is indeed affected by changes

in brain tissue composition. The correlation is stronger in WM

than in GM; this finding suggests that the average value for brain

tissue is mainly affected by changes in WM for patients with MS.

It means that when a subject exhibits a lower BPF, it is at least

partly related to a higher R1 and a lower PD. In our study, no

relation with the time of day was found, suggesting that the effect

of disease activity is a stronger factor than diurnal fluctuations.

The observation that the variation in measured BPF can be

reduced by correction of the average PD of the entire brain or

the average PD of WM suggests that the level of edema in

patients with MS varies, leading both to changes in total water

content of brain parenchyma and changes in brain volume.

Especially, the reduction of variation in BPF at baseline indi-

cates that correction for edema could play an important role in

the interpretation of the atrophy rate after the time of inclu-

sion. If the effect of pseudoatrophy can be reduced, there

would be no need to exclude an initial period of time to avoid

the observation of an exaggerated atrophy rate, as was pro-

posed as an alternative strategy.25 In our study, 13 patients had

a clinical relapse within 2 months before MR imaging at base-

line, compared with only 3, 1, and 2 at follow-up MR imaging.

The higher proportion of patients in clinical relapse at baseline

MR imaging was, in part, because the relapse was often the

cause of neurologic evaluation and inclusion in the cohort

study, in part because of a considerable number of patients

receiving disease-modifying MS drugs during follow-up.

Limitations in our study were the low number of included

patients, the specific selection of patients, and the inevitable

differences in individual patient management, leading to addi-

tional factors that were treated as random variables in the anal-

ysis. The choice of a group of early-onset patients with MS

precludes any general conclusions on patients with MS or

other neurodegenerative diseases. No distinction was made us-

ing the Expanded Disability Status Scale because all patients

had relatively low scores (interquartile Expanded Disability

Status Scale range, 1.0 –2.0). Also, no control group was in-

cluded to assess the normal decrease of BPF or any correlation

with R1, R2, or PD with the healthy brain, precluding a refer-

ence value for normal variation. The time between measure-

ments was at least a year, which is too long to monitor the

dynamic behavior of the disease activity. Because brain volume

loss is a critical parameter in MS research and clinical manage-

ment, however, this work must be seen as an indicator that

brain volume measurements may be confounded by other fac-

tors and that the precision of such measurements may benefit

from monitoring the brain tissue characteristics as well. Our

study indicates that edema correction may improve the preci-

sion of monitoring brain volume loss for patients with MS.

Possibly, other neurologic, psychiatric, and geriatric condi-

tions could also benefit from such a correction, and we intend

to include larger groups to investigate further possibilities. A

faster rate of probing would potentially show disease dynam-

ics, which would be interesting to investigate, especially in the

first 12 months after onset, when the effect of pseudoatrophy is

expected to predominate.

CONCLUSIONS
Edema correction for brain volume using the mean R1 and R2 or

proton density of the brain reduced the variation in brain volume

measurement values in our cohort with up to 33% and may have

reduced the effect of pseudoatrophy.
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ORIGINAL RESEARCH
ADULT BRAIN

Combining Quantitative Susceptibility Mapping with
Automatic Zero Reference (QSM0) and Myelin Water Fraction

Imaging to Quantify Iron-Related Myelin Damage in Chronic
Active MS Lesions

X Y. Yao, X T.D. Nguyen, X S. Pandya, X Y. Zhang, X S. Hurtado Rúa, X I. Kovanlikaya, X A. Kuceyeski, X Z. Liu, X Y. Wang, and
X S.A. Gauthier

ABSTRACT

BACKGROUND AND PURPOSE: A hyperintense rim on susceptibility in chronic MS lesions is consistent with iron deposition, and the
purpose of this study was to quantify iron-related myelin damage within these lesions as compared with those without rim.

MATERIALS AND METHODS: Forty-six patients had 2 longitudinal quantitative susceptibility mapping with automatic zero reference
scans with a mean interval of 28.9 � 11.4 months. Myelin water fraction mapping by using fast acquisition with spiral trajectory and T2 prep
was obtained at the second time point to measure myelin damage. Mixed-effects models were used to assess lesion quantitative
susceptibility mapping and myelin water fraction values.

RESULTS: Quantitative susceptibility mapping scans were on average 6.8 parts per billion higher in 116 rim-positive lesions compared with
441 rim-negative lesions (P � .001). All rim-positive lesions retained a hyperintense rim over time, with increasing quantitative susceptibility
mapping values of both the rim and core regions (P � .001). Quantitative susceptibility mapping scans and myelin water fraction in
rim-positive lesions decreased from rim to core, which is consistent with rim iron deposition. Whole lesion myelin water fractions for
rim-positive and rim-negative lesions were 0.055 � 0.07 and 0.066 � 0.04, respectively. In the mixed-effects model, rim-positive lesions
had on average 0.01 lower myelin water fraction compared with rim-negative lesions (P � .001). The volume of the rim at the initial
quantitative susceptibility mapping scan was negatively associated with follow-up myelin water fraction (P � .01).

CONCLUSIONS: Quantitative susceptibility mapping rim-positive lesions maintained a hyperintense rim, increased in susceptibility, and
had more myelin damage compared with rim-negative lesions. Our results are consistent with the identification of chronic active MS
lesions and may provide a target for therapeutic interventions to reduce myelin damage.

ABBREVIATIONS: FAST-T2 � fast acquisition with spiral trajectory and T2-prep; GRE � gradient-echo; MWF � myelin water fraction; ppb � parts per billion;
QSM � quantitative susceptibility mapping; QSM0 � QSM with automatic uniform CSF zero reference; rim� � rim-negative; rim� � rim-positive

MS is an inflammatory demyelinating and neurodegenerative

disease of the CNS. Differentiating MS lesions, especially

chronic lesions, may provide a biomarker for disease progression and

a therapeutic target to reduce ongoing tissue damage. A subset of

chronic lesions, identified as chronic active or slowly expanding le-

sions, have been described as having a rim of iron-enriched proin-

flammatory activated microglia and macrophages.1-4 Iron-enriched

proinflammatory microglia release cytotoxins to adjacent oligoden-

drocytes,5 limit remyelination, and contribute to further demyelina-

tion in chronic active lesions.3 Therefore, identifying MS lesions with

iron accumulation may enable the prediction of tissue damage.

MR imaging with a gradient-echo (GRE) sequence is sensitive

to iron1,6 and has been explored by many investigators to detect

an iron rim in chronic active MS lesions.1,3,4,7-9 Iron may be de-

tected as hypointensity on a T2*-weighted GRE magnitude image

or its phase-enhanced version known as SWI.8,10 An R2* (� 1 �

T2*) map computed from a multiecho GRE magnitude image can

be used to estimate iron content.11 Unfortunately, precise map-

ping of iron location by these magnitude-based approaches is
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hindered by blooming artifacts, particularly at high iron concen-

trations.12 Alternatively, the local magnetic field derived from a

GRE phase image has been studied to quantify iron.13,14 However,

because the local phase is affected by magnetic sources in the

surrounding tissue, the phase pattern may not represent the true

magnetic susceptibility pattern.15 Quantitative susceptibility

mapping (QSM)16 is a phase-based magnetic field deconvolution

technique that overcomes the blooming artifacts and provides

more accurate quantification and localization of the magnetic

sources.17,18 QSM has been established as a more sensitive and

quantitative technique for measuring brain iron compared with

T2*, R2, and R2*.19,20 Studies have emerged combining QSM with

additional MR tissue parameters, such as R2*, to characterize the

pattern of iron deposition and demyelination among various MS

lesions.21-23 However, the interpretation of iron accumulation

and the associated tissue damage can be complicated because

QSM and R2* are both sensitive to iron and myelin. Moreover,

accurate tracking of lesion susceptibility changes over time is hin-

dered by the lack of a reliable susceptibility reference, given that

CSF can often appear highly heterogeneous on QSM and normal-

appearing white matter may undergo pathologic iron or myelin

changes.14

This study aimed to address these challenges by combining 2

recently developed techniques: myelin water fraction (MWF) im-

aging by using fast acquisition with spiral trajectory and T2-prep

(FAST-T2)24,25 and QSM with automatic uniform CSF zero ref-

erence (QSM0). MWF is a well-validated quantitative MR imag-

ing biomarker for myelin,26,27 which can be mapped efficiently

and reproducibly with FAST-T2.25,28 The QSM0 algorithm im-

proves QSM zero reference selection by enforcing the susceptibil-

ity homogeneity of CSF within the brain ventricles and eliminat-

ing the need for manual drawing of CSF ROIs. QSM0 and MWF

were used to identify MS lesions with a hyperintense rim pattern

consistent with iron deposition and to assess the extent of myelin

damage found within these lesions.

MATERIALS AND METHODS
Patient Population
This was a retrospective study of a cohort of 46 patients with MS

(14 men, 32 women; mean age, 43.6 � 10.7 years) selected from a

prospective, ongoing clinical MS MR imaging data base from Oc-

tober 2011 to April 2015. The only inclusion criteria consisted of

having simultaneous QSM and FAST-T2 sequences and a prior

QSM. This cohort consisted of 1 patient with clinically isolated

syndrome, 44 with relapsing-remitting MS, and 1 with second-

ary-progressive MS (mean disease duration, 8.7 � 7.5 years;

mean Expanded Disability Status Scale score, 1.78 � 1.84).

Forty-three patients were on various disease-modifying thera-

pies, and 3 were untreated. Patients identified for analysis had

completed 2 longitudinal brain MR imaging examinations

with a mean time interval of 28.9 � 11.4 months. Approxi-

mately 45% of the patients changed to a different MS treatment

between the 2 MR imaging time points. This study was ap-

proved by the Weill Cornell Medicine institutional review

board.

MR Imaging Data Acquisition
Brain MR imaging was performed on a 3T MR scanner (Signa

HDxt; GE Healthcare, Milwaukee, Wisconsin) with an 8-channel

head coil. The scanning protocol consisted of standard T1-

weighted and T2-weighted sequences for anatomy and multiecho

GRE imaging for QSM, as well as gadolinium-enhanced T1-

weighted imaging to detect blood-brain barrier disruption. In ad-

dition, a FAST-T2 sequence was run at the second time point to

map lesion MWF as a quantitative biomarker of myelin damage.

The typical imaging parameters for pertinent imaging sequences

were as follows: 1) T2-weighted multisection 2D fast spin-echo:

TR, 5250 ms; TE, 86 ms; axial field of view, 24 cm; phase field of

view factor, 0.75; acquisition matrix, 416 � 256 interpolated to

512 � 512; section thickness, 3 mm without gap; flip angle, 90°;

echo-train length, 23; number of signal averages, 2; and readout

bandwidth, �50 kHz; 2) multiecho GRE: TR, 57 ms; first TE, 4.3

ms; echo spacing, 4.8 ms; echo-train length, 11; axial field of view,

24 cm; phase field of view factor, 0.8; acquisition matrix, 416 �

320 interpolated to 512 � 512; section thickness, 3 mm; flip angle,

20°; bandwidth, 244 kHz; number of signal averages, 0.75; and

readout bandwidth, �62.5 kHz; 3) 3D stack-of-spirals FAST-T2:

spiral TR, 7.8 ms; spiral TE, 0.5 ms; nominal T2-prep times, 0 ms

(T2-prep turned off), 7.6, 17.6, 27.6, 67.6, 147.6, and 307.6 ms;

number of spiral leaves per stack, 32; axial field of view, 24 cm;

acquisition matrix, 192 � 192 interpolated to 256 � 256; section

thickness, 5 mm; number of sections, 32; flip angle, 10°; and read-

out bandwidth, �125 kHz.

MR Imaging Postprocessing
Brain QSM0 maps were reconstructed from multiecho GRE data

by using the morphology-enabled dipole inversion method29,30

and incorporating automated segmentation and regularization

specific to CSF. Briefly, CSF within the lateral ventricles was iden-

tified by thresholding of the R2* map (R2* � 5 seconds�1) and

imposing voxel connectivity. A regularization term penalizing

susceptibility variation within the CSF mask was incorporated

into the morphology-enabled dipole inversion algorithm to search

for a solution with homogeneous CSF susceptibility. MWF maps

were reconstructed from FAST-T2 data by using a multivoxel non-

linear least-squares data-fitting algorithm with spatial smoothness

constraints.25 The lower and upper T2 bounds for each of the 3 water

pools (in milliseconds) were set to [5 20], [20 200], and [200 2000],

respectively (corresponding to myelin water, intra- and extracellular

water, and long-T2 water such as CSF). MWF was calculated as the

ratio of the myelin water signal and the total water signal

within a voxel. Anatomic images and MWF maps were co-

registered to GRE magnitude images (and the associated QSM

maps) by using the FMRIB Linear Image Registration Tool (FLIRT;

https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FLIRT) algorithm.31

Image Analysis
Two neuroradiologists (Y.Z. and Y.Y) with 6 and 4 years of expe-

rience, respectively, independently reviewed all images. First, MS

lesions were identified and manually traced on T2-weighted im-

ages. Only gadolinium-negative lesions were considered in the pri-

mary analysis. Lesions were identified as rim-positive (rim�) or rim-

negative (rim�) based on the consensus of both reviewers regarding
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their visual appearance on QSM obtained at each time point (QSM1

and QSM2). In the case of a disagreement, a third neuroradiologist

(I.K.) with 20 years of experience was called on to determine the

lesion subtype. Next, ROI analysis was performed by using ITK-

SNAP software (version 3.2; http://www.itksnap.org/) to obtain re-

gional QSM measurements within the identified lesions. ROIs were

traced on QSM and MWF for the whole lesion by using the T2-

weighted lesion ROI as a starting point, with additional manual ad-

justments if needed. Central veins, identified as vessel-like structures

with a hyperintense QSM appearance, were manually removed from

QSM ROIs. In addition, for rim� lesions, the lesion core (defined as

the part of the lesion that extends from the center to the inner bound-

ary of the hyperintense QSM rim) was traced on QSM and then

transferred to MWF maps and manually edited if necessary. Lesion

rim ROI was defined as the ROI difference between the whole lesion

and the lesion core.

Statistical Analysis
Mixed-effects models were implemented to assess the variables of

interest (lesion QSM and MWF values) among rim� and rim� le-

sions. The modeling strategy accounts for multiple lesions per patient

and repeated measurements (longitudinal analysis), and the follow-

ing covariates were always considered: patient age, sex, T2-weighted

lesion volume, and time interval between MRIs. The final model is

reported after using a back-fitting procedure set at � � 0.10 for in-

clusion. The mean QSM and MWF values

within the lesion core and rim areas of rim�

lesions were compared by a paired t test.

RESULTS
Identification of QSM Rim� and
Rim� Lesions
All T2-weighted hyperintense lesions

that were present at both time points

were reviewed and considered chronic if

they were not enhancing with gadolin-

ium. Two lesions were excluded because

of a subthreshold volume (�14 mm3),

and 15 lesions were excluded because of

image artifacts and poor QSM quality.

The remaining lesions included 116

rim� lesions from 35 of 46 patients with

MS (34 relapsing-remitting and 1 sec-

ondary-progressive) and 441 rim� le-

sions from 42 of 46 patients with MS (1

clinically isolated syndrome, 40 relaps-

ing-remitting, and 1 secondary-progres-

sive). Most patients (31 of 46) were

found to have both rim� and rim� le-

sions. Of the patients having 1 lesion

subtype, 4 of 15 had only rim� lesions

and the remaining patients (11 of 15)

had only rim� lesions. Ten patients had

gadolinium-enhancing lesions at any

time point (12 lesions). The clinical char-

acteristics (ie, disease duration or Ex-

panded Disability Status Scale score) be-

tween the 2 groups of patients having only

1 lesion subtype were similar. Among all the patients, there was no

significant correlation between the number of rim� lesions and dis-

ease duration (P � .43).

Comparison of QSM Rim� and Rim� Lesions
Figure 1 shows an example of T2-weighted images and corre-

sponding QSM from 2 patients with relapsing-remitting MS, il-

lustrating the appearance of rim� and rim� lesions on QSM (4

additional patient examples are shown in On-line Fig 1). For

whole lesion ROI, QSM1 of rim� lesions and rim� lesions were

6.0 � 14.4 parts per billion (ppb) and �7.0 � 17.1 ppb, respec-

tively (On-line Fig 2). There was no significant difference between

the patient age among the rim� and rim� lesion subgroups

(44.1 � 10.6 versus 43.5 � 10.7; P � .82), and the Expanded

Disability Status Scale score was similar among the lesion subtype

groups (P � .80). After accounting for patient variability as a

random effect (mixed-effects model), the QSM1 values in rim�

lesions were on average 6.8 ppb higher than those in rim� lesions

(P � .001). There was no significant association found with T2-

weighted lesion volume, sex, or patient age.

Longitudinal Assessment of QSM Classification
QSM classification at follow-up MR imaging predominantly re-

mained the same. All rim� lesions retained the hyperintense rim

FIG 1. Top panel, Example of rim� lesion (red arrow): T2-weighted image (A1) and QSM (A2) in a
patient with relapsing-remitting MS. Bottom panel, Example of rim� lesion (yellow arrow): T2-
weighted image (B1) and QSM (B2) in another patient with relapsing-remitting MS.
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at both time points (QSM1 and QSM2). Three lesions were ini-

tially identified as rim� at QSM1 and demonstrated a positive

hyperintense rim at QSM2. T2 lesion volume remained stable

between the 2 longitudinal MR imagings for both rim� (P � .94)

and rim� (P � .07) lesions. Rim� lesions demonstrated an in-

crease in whole-lesion QSM (4.8 � 10.3 ppb) over time, with both

the core and rim ROI values increasing by 4.0 � 11.6 ppb and

5.3 � 11.0 ppb, respectively. QSM values for rim� lesions also

increased over time, but with smaller differences (2.3 � 10.8 ppb).

A mixed-effects model confirmed a significant change in QSM

values within the rim (P � .001) and core (P � .001) regions of

rim� lesions.

QSM and MWF Assessment of Lesions
At the second time point, QSM and MWF values within the rim and

core regions of rim� lesions were examined to support the premise

that iron is present at the lesion edge. The volumes of the rim and

core area were 271.4 � 200.9 mm3 and 116.6 � 113.7 mm3, respec-

tively. There was a centripetal pattern of reduction observed in both

QSM and MWF. In rim� lesions, the mean QSM value significantly

decreased from the rim (13.3 � 16.3 ppb) to the core

(5.9 � 15.2 ppb; P � .01; Fig 2). As with

QSM, the rim� lesions demonstrated a

significant decrease of MWF from the

rim (0.052 � 0.022) to the core (0.039 �

0.022; P � .01; Fig 2).

MWF whole-lesion values for rim�

lesions were lower compared with rim�

lesions (0.055 � 0.070 and 0.066 �

0.040, respectively; Fig. 3) and found to

be consistently lower with the exclusion

of patients with gadolinium-enhancing

lesions (0.044 � 0.021 and 0.068 �

0.040, respectively; On-line Fig 3). This

difference became more obvious in the

mixed-effects model, which showed that

whole-lesion MWF in rim� lesions was

on average 0.01 (Fig 3) lower compared

with rim� (P � .001). A similar differ-

ence in MWF (0.011; P � .001) was

found with the exclusion of patients with gadolinium-enhancing

lesions (On-line Fig 3). T2-weighted lesion volume remained a

significant covariate in the final model (P � .001). For every cubic

millimeter increase in T2-weighted volume, MWF decreased by

0.000013. The MWF differences among rim� and rim� lesions

can be appreciated on the MWF map shown in Fig 4. In rim�

lesions, we further expanded our analysis to explore the specific

relationship of the hyperintense rim at the first time point (sus-

ceptibility value and volume on QSM1) and subsequent MWF. In

the mixed-effects model, the volume of the rim at QSM1 (P � .01)

was the only significant covariate; for every cubic millimeter increase

in QSM1 rim volume, lesion MWF decreased by 0.00002. Figure 5

highlights the MWF differences between thick rim and thin rim

lesions.

DISCUSSION
Our study is one of many demonstrating that GRE MR imaging

can identify a discrete subset of chronic MS lesions,1,3,4,7-9 and as

with other studies, we demonstrate the retention of the iron rim

and more tissue damage in these selected lesions. There are 3

FIG 2. Comparison of susceptibility (A) and MWF (B) differences within the rim and core of QSM hyperintense rim� lesions. Rim ROIs (green)
have significantly higher susceptibility and higher MWF compared with core ROIs (yellow).

FIG 3. A, Boxplot of rim� (pink) and rim� (blue) lesions, which demonstrates lower MWF in rim�
compared with rim� lesions. B, Confidence interval plot of rim� (pink) and rim� (blue) lesions
derived from a mixed-effects model, which demonstrates lower MWF mean effect in rim�
lesions compared with rim� lesions after controlling for multiple lesions per patient and T2 lesion
size (P � .001).
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unique components to our study: 1) the

application of QSM0 for a more accu-

rate identification and quantification of

iron rim lesions in a longitudinal study,

compared with conventional QSM,

SWI, or MR phase; 2) a multitechnique

approach of combining QSM with a my-

elin-specific MR imaging acquisition

(MWF); and 3) quantitatively examin-

ing the susceptibility and myelin content

within the individual components of

QSM hyperintense rim� lesions (rim

and core regions). Our work provides

further in vivo evidence that GRE MR

imaging can identify chronic lesions

with more demyelination, which is con-

sistent with the known histopathologic

classification of a chronic active MS

lesion.

QSM studies of MS lesions have un-
covered interesting dynamics wherein
lesion susceptibility substantially in-
creases shortly after gadolinium en-
hancement and remains high for the
first few years.32,33 The susceptibility in-
crease in MS lesions can come from de-
myelination and/or iron accumula-
tion.17 The integrated multitechnique
QSM�MWF approach described in this
study allows for a novel quantitative in-
vestigation of the connection between
iron-associated inflammation and tissue
damage in the brains of patients with
MS. Recent patient studies demon-
strated increased tissue damage on T1-

weighted images for MS lesions with a
persistent rim on phase images4 and a

FIG 4. T2-weighted (A), QSM (B), and MWF map (C) images of a patient with relapsing-remitting MS are shown. The hypointense appearance of rim�
lesions (yellow arrows) on the MWF map is consistent with a lower MWF compared with the more isointense appearance of a rim� lesion (red arrow).

FIG 5. Top panel, An example of thick rim lesion (yellow rectangle): QSM (A1) and MWF (A2) in a
patient with relapsing-remitting MS. The QSM and MWF values in the core and rim are as follows:
�5.2827 � 14.3945 ppb and 2.2262 � 17.7374 ppb; 1.5204% � 1.3975% and 4.2542% � 2.5327%. Bottom
panel, An example of thin rim lesion (yellow rectangle): QSM (B1) and MWF (B2) in another patient with
relapsing-remitting MS. The QSM and MWF values in the core and rim are as follows: �3.0355 � 10.271
ppb and 0.9208 � 13.5405 ppb; 7.4161% � 1.5726% and 8.4678% � 1.3358%. The hypointense appear-
ance of a thick rim lesion on the MWF map is lower compared with the thin rim lesions.
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higher occurrence of lesions with a QSM rim in patients with

progressive MS and increasing disability.23 However, it is difficult

to quantify tissue damage on T1-weighted hypointensity. In ad-

dition, studies using QSM and R2* described QSM hyperintense

rim lesions as having minor myelin loss compared with other

lesion subtypes,22 which is inconsistent with the histopathologic

description of chronic active lesions as having extensive demyeli-

nation34; this discrepancy may be the consequence of R2* being

influenced by iron. For a quantitative assessment of tissue damage

in white matter MS lesions, MWF is regarded as an indirect mea-

sure of myelin with a relatively high specificity given the strong

pathologic correlation.26-28 We recognize that an increase of sus-

ceptibility within a chronic lesion can be due to demyelination or

iron deposition, which limits direct iron quantification by

QSM.17 We identify QSM rim� lesions as having a rim of iron

based upon the susceptibility gradient between the rim and core

regions. Support of this approach is based upon 3 factors: 1) a

known pattern of demyelination found within chronic active MS

lesions (attenuated loss of myelin in core)3,6,12; 2) histologic stud-

ies demonstrating that GRE can detect iron within activated mi-

croglia and macrophages at the edge of chronic active MS le-

sions1,3,4,11,14,15; and 3) our own data, demonstrating a decrease

in both susceptibility and MWF from rim to core, which can only

be explained by iron deposition. Thus, we conclude that iron is

contributing, at least in part, to the signal at the rim, but impor-

tantly, we are not quantifying the absolute extent that iron or

myelin is contributing to the QSM signal.

This QSM�MWF study helps highlight the clinical impor-

tance of chronic active lesions, which have been largely ignored in

current clinical practice, but may potentially be treated to reduce

tissue damage and possibly slow disease progression as suggested

by clinical and immunohistologic data. After the acute stage, a

significant increase in both QSM and R2* occurs in lesions that are

no longer enhancing, yet under 1 year of age, suggesting that iron

release occurs during the early stages after myelin destruction.21

These findings are consistent with the release of iron secondary to

myelin and oligodendrocyte destruction9,35 and provide a source

for iron-laden proinflammatory microglia and for iron-driven

amplification of oxidative stress within the acute MS lesion.2,36

Studies have shown evidence for oxidative stress damage to oligo-

dendrocytes and mitochondrial and dystrophic axons in acute MS

lesions,37 which consequently inhibit endogenous remyelination.

Correspondingly, we found that lesions having a QSM hyperin-

tense rim had a significantly lower MWF throughout the whole

lesion compared with those identified as without rim. Interest-

ingly, we found an association with rim volume and lesion MWF,

which is consistent with thicker-rimmed chronic lesions demon-

strating more active demyelination.34

Chronic active MS lesions have been found to be more prom-

inent in progressive disease compared with the relapsing stage of

the disease, and their continued expansion may play an essential

role in the pathogenesis of progressive disease.38 In vivo imaging

studies of phase or QSM have revealed conflicting results regard-

ing the prevalence of rim� lesions among patients with MS.39

One previous study demonstrated a vast difference among QSM

and phase results, wherein the authors concluded that QSM was

superior to the depiction of spatial susceptibility patterns in MS

lesions.15 Similarly, we found wide-ranging differences in lesion

classification based upon QSM versus phase images (data not

shown). A major contributing factor to the difficulty of identify-

ing and quantifying rim� lesions has been the choice of suscep-

tibility reference tissue. Wiggerman et al35 have recently demon-

strated in postmortem samples that lesion phase and QSM

contrast can be highly influenced by pathologic alterations in my-

elin and iron in normal-appearing white matter, a typical choice

of QSM reference in MS lesion studies. CSF being 99% pure water

is another common choice of susceptibility reference; however,

current QSM reconstruction algorithms often produce a highly

inhomogeneous CSF appearance in the brain ventricles, most

likely due to the susceptibility anisotropy effect of the adjacent

brain white matter. Consequently, the zero reference in previous

studies often depends on the manual selection of ROI, making it

less suited for longitudinal studies. A unique component of our

study was the use of QSM0, a recently developed QSM inversion

method that automatically selects a CSF mask based on R2* de-

rived from a GRE magnitude image and enforces uniformity

within the CSF region. This improvement could lead to better

detection and quantification of QSM lesions. Interestingly, the

current study population is predominantly relapsing patients

with minimal disability and differs significantly from postmortem

studies, which generally lack the inclusion of younger patients.

Therefore, to determine the true prevalence and incidence of

these lesions among patients with MS, future studies will require a

consistent imaging protocol, for which we favor QSM0, on a

larger cohort of patients that includes both relapsing and progres-

sive stages of the disease. In addition, QSM and MWF provides an

opportunity to further explore the range of myelin damage of

these particular lesions, especially those found in younger MS

patients.

This study has several limitations. First, our analysis is limited

by the incomplete longitudinal design due to MWF only being

acquired at the second time point. Further studies evaluating the

longitudinal relationship of QSM and MWF in acute MS lesions

will improve our understanding of the complex association of

lesion iron deposition and myelin damage. Although our results

of combining the data from QSM and MWF provide support for

iron deposition, we lack histologic validation that lesions demon-

strating a hyperintense rim on QSM truly have iron deposition;

however, a number of mentioned studies have validated GRE im-

aging to identify these lesions. Further highlighting the necessity

of histopathologic validation is that paramagnetic iron is gener-

ally expected to shorten the T2 relaxation time of brain tissue, and

the resulting effect on the accuracy of MWF quantification is cur-

rently not well understood. Therefore, MWF measurements in

QSM rim� lesions in the presence of elevated iron should be

interpreted with caution. Last, clinical factors, such as specific

treatments or medication changes, were not considered as vari-

ables of interest in our analysis. Treatment duration was the only

“treatment-related” variable included in the mixed-effects mod-

els because of the complexity of individual patient management

decisions. Our analysis presumes that specific MS treatments have

no influence on the lesions’ iron or myelin content, and we rec-

ognize that this may be a limitation; however, there is no current

evidence to contradict this assumption. Furthermore, larger stud-
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ies would be required to properly assess the influence of specific

treatments on QSM and MWF. In addition, in a separate analysis,

we assessed the potential influence of enhancing lesions and the

remote effect of inflammation related to breakdown of the blood-

brain barrier. We found that after removing patients with enhanc-

ing lesions, a significant difference in MWF remained among

rim� and rim� lesions.

CONCLUSIONS
Our study demonstrated that differences exist among individual

lesions based upon the QSM hyperintensity pattern. QSM rim�

lesions maintained a hyperintense rim and demonstrated an in-

crease in susceptibility over time. Centripetal decrease in QSM

and MWF identified a subset of MS lesions with excess iron de-

position at the rim and more myelin damage. These results raise

the possibility that QSM may provide insight into pathologic

mechanisms of injury, such as iron release and chronic inflamma-

tion, within individual lesions. Furthermore, a hyperintense rim

on QSM may provide a biomarker to target and study myelin

injury within chronic active MS lesions. Treatments targeting the

modulation of chronic CNS inflammation would provide a novel

therapeutic strategy to prevent ongoing myelin damage as well as

enhance remyelination and decrease disease progression.
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ORIGINAL RESEARCH
ADULT BRAIN

Noninvasive Assessment of Intracranial Pressure Status in
Idiopathic Intracranial Hypertension Using Displacement

Encoding with Stimulated Echoes (DENSE) MRI:
A Prospective Patient Study with Contemporaneous CSF

Pressure Correlation
X A.M. Saindane, X D. Qiu, X J.N. Oshinski, X N.J. Newman, X V. Biousse, X B.B. Bruce, X J.F. Holbrook, X B.M. Dale, and X X. Zhong

ABSTRACT

BACKGROUND AND PURPOSE: Intracranial pressure is estimated invasively by using lumbar puncture with CSF opening pressure mea-
surement. This study evaluated displacement encoding with stimulated echoes (DENSE), an MR imaging technique highly sensitive to brain
motion, as a noninvasive means of assessing intracranial pressure status.

MATERIALS AND METHODS: Nine patients with suspected elevated intracranial pressure and 9 healthy control subjects were included in
this prospective study. Controls underwent DENSE MR imaging through the midsagittal brain. Patients underwent DENSE MR imaging
followed immediately by lumbar puncture with opening pressure measurement, CSF removal, closing pressure measurement, and imme-
diate repeat DENSE MR imaging. Phase-reconstructed images were processed producing displacement maps, and pontine displacement
was calculated. Patient data were analyzed to determine the effects of measured pressure on pontine displacement. Patient and control
data were analyzed to assess the effects of clinical status (pre–lumbar puncture, post–lumbar puncture, or control) on pontine
displacement.

RESULTS: Patients demonstrated imaging findings suggesting chronically elevated intracranial pressure, whereas healthy control volun-
teers demonstrated no imaging abnormalities. All patients had elevated opening pressure (median, 36.0 cm water), decreased by the
removal of CSF to a median closing pressure of 17.0 cm water. Patients pre–lumbar puncture had significantly smaller pontine displacement
than they did post–lumbar puncture after CSF pressure reduction (P � .001) and compared with controls (P � .01). Post–lumbar puncture
patients had statistically similar pontine displacements to controls. Measured CSF pressure in patients pre– and post–lumbar puncture
correlated significantly with pontine displacement (r � 0.49; P � .04).

CONCLUSIONS: This study establishes a relationship between pontine displacement from DENSE MR imaging and measured pressure
obtained contemporaneously by lumbar puncture, providing a method to noninvasively assess intracranial pressure status in idiopathic
intracranial hypertension.

ABBREVIATIONS: DENSE � displacement encoding with stimulated echoes; ICP � intracranial pressure; IIH � idiopathic intracranial hypertension; IQR �
interquartile range; LP � lumbar puncture

Intracranial pressure (ICP) reflects the pressure of the brain pa-

renchyma and CSF. Many clinical disorders can abnormally

elevate ICP through a variety of mechanisms, resulting in impor-

tant clinical manifestations and findings on imaging.1 Idiopathic

intracranial hypertension (IIH) is a condition of unknown etiol-

ogy with elevated ICP unrelated to an intracranial mass lesion,

meningeal process, or cerebral venous thrombosis.2,3 Patients

with IIH are usually female, obese, and typically present with head-

aches, transient visual obscurations, and/or papilledema; treatment

includes medication to decrease CSF production, weight loss, and/or

CSF diversion.4 Measurement of ICP is essential for the diagnosis

and management of IIH and many other neurologic and neurosur-

gical conditions and is typically estimated by lumbar puncture (LP)

and CSF manometry. Because LP is invasive with small but definite

risks and may be required at multiple time points for suspected treat-

ment failure, it would be highly desirable to have a noninvasive and

clinically practical technique to assess ICP status in IIH and other ICP

disorders.5

Displacement encoding with stimulated echoes (DENSE) is an

MR imaging technique that encodes pixel-wise tissue displace-
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ments into the phase of the stimulated echoes. DENSE is well-

suited for measuring small displacements and has been shown to

measure brain motion as small as 0.01 mm6 with good reproduc-

ibility.7 This study evaluates the ability of DENSE MR imaging to

measure dynamic brain displacements in patients with IIH by

using a tightly controlled protocol before and after LP and CSF

removal with pressure reduction and compares these brain dis-

placements to that of healthy control subjects. The hypothesis for

this study is that high ICP constrains brain motion, but this brain

motion can be normalized by the reduction of ICP through the

removal of CSF. The validation of such a relationship would pro-

vide the basis for the use of DENSE brain displacement as a non-

invasive means of assessing ICP status.

MATERIALS AND METHODS
Patients and Control Subjects
Approval for this prospective study was obtained from the Emory

University institutional review board, and informed written con-

sent was obtained from each participant. Nine patients, evaluated

by a neuro-ophthalmologist between April 2015 and March 2017

at Emory University Hospital, with signs and symptoms of ele-

vated ICP (eg, headaches, transient visual obscurations, and pap-

illedema) were recruited and completed this study. Patients were

excluded if they had standard contraindications to MR imaging or

to gadolinium-based contrast agents. Exclusion criteria also in-

cluded presence of an intracranial mass, hydrocephalus, or ve-

nous sinus thrombosis on MR imaging. Four additional sus-

pected patients with IIH who were recruited and met the

inclusion criteria were excluded from analysis because of ex-

cessive motion artifact on DENSE. Nine healthy nonobese vol-

unteers were recruited as a comparison group. Although per-

formance of LP on healthy volunteers was not considered

ethically possible, each volunteer was questioned about history

of headaches and visual disturbances.

MRI Technique and Study Protocol
All patients and healthy control subjects underwent MR imaging

at 3T (Tim Trio; Siemens, Erlangen, Germany) in the supine po-

sition. A single midsagittal section through the brain was imaged

by using a peripheral pulse unit-gated, segmented EPI, cine

DENSE sequence.6 The pulse wave from the peripheral pulse unit

was used for triggering the DENSE sequence. The image parameters

were displacement encoding frequency (ke), 1.0 or 1.5 cycle/mm;

through-plane dephasing frequency (kd), 0.08 cycle/mm; TE, 8.9–

10.4 ms; TR, 55–59 ms; EPI factor, 8; segments, 16; pixel size, 1.2�

1.2 mm2; section thickness, 7 mm; averages, 4; and frames, 10–20

(depending on the pulse duration). Different displacement frequen-

cies were used in some subjects to acquire displacement information

across a larger dynamic range. Displacement was encoded in the

foot-to-head and anterior-to-posterior directions. The acquisition

time for DENSE was approximately 2 minutes.

Control subjects underwent MPRAGE for planning and sagit-

tal DENSE. Patients with IIH underwent the following tightly

controlled protocol consisting of brain MR imaging and fluoro-

scopically guided LP: 1) The patient had MR imaging with sagittal

T2 sampling perfection with application-optimized contrasts by

using different flip angle evolution (SPACE; Siemens, Erlangen,

Germany), sagittal DENSE, axial DWI, axial T2*-weighted im-

aging, and axial T1-weighted imaging sequences; 2) The pa-

tient was then taken immediately to the fluoroscopy suite and

an LP performed in the prone position with a 22-gauge spinal

needle and opening pressure measured by using CSF manom-

etry; 3) CSF was withdrawn and the closing pressure measured;

and 4) The patient was then taken immediately back for MR

imaging with sagittal T2 SPACE, sagittal DENSE, contrast-en-

hanced MRV, axial fat-saturated T2-weighted imaging, axial

postcontrast T1-weighted imaging, and sagittal postcontrast

MPRAGE sequences.

Image Analysis
A subspecialty-certified neuroradiologist with 9 years of experi-

ence (A.M.S.) evaluated MR imaging and MRV images for intra-

cranial abnormalities. DENSE images were exported for off-line

processing in ImageJ (National Institutes of Health, Bethesda,

Maryland). Phase-reconstructed images were divided by 2�ke to

convert to displacement in millimeters. A single identical ROI was

placed in the central pons on the magnitude images and then

copied to the corresponding motion-encoded (foot-to-head)

phase images (Fig 1A, -B). Mean displacement values in the ROIs

were plotted over the phases of the cardiac cycle and the mini-

mum value of displacement was subtracted from the maximum

displacement to yield the maximum change in displacement

across the cardiac cycle (Fig 1C). Postprocessing took 2–3 min-

utes per subject.

Statistical Analysis
Statistical analysis was performed by using SPSS version 22.0

(IBM, Armonk, New York). Patient and control demographics

were compared by using the Fisher exact test and the Mann-Whit-

ney U test. Group differences in DENSE displacement between

control subjects, pre-LP patients with IIH, and post-LP patients

with IIH were evaluated by using a paired samples t test for pa-

tients with IIH pre- and post-LP and an independent samples t

test for patients with IIH and control subjects. The relationship

between measured pressure and DENSE displacement was as-

sessed by using the Pearson correlation.

RESULTS
Patients and Controls
A total of 9 female patients with IIH were included in this study

(Table 1). The median age for these patients was 28.1 years (inter-

quartile range [IQR], 22.5–32.1 years), and the median body mass

index was 38.9 (IQR, 28.1– 41.8). All patients had an elevated

opening pressure of 36.0 cm water (IQR, 32.5– 41.0 cm water), a

median of 15.0 mL CSF removed (IQR, 13–16 mL), and a resul-

tant median closing pressure of 17.0 cm water (IQR, 15.5–19.0 cm

water). The median change in pressure was 20.0 cm water (IQR,

15.0 –23.0 cm water), representing a median 53% reduction of

pressure (IQR, 47%–58%). The median time from pre-LP

DENSE imaging to opening pressure measurement was 56.0 min-

utes (IQR, 40 –72 minutes), and the median time from the closing

pressure to the post-LP DENSE was 26.0 minutes (IQR, 17.5–34.0

minutes). None of the patients had unexpected structural intra-

cranial abnormalities (eg, intracranial mass, hydrocephalus, ve-
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nous sinus thrombosis, etc) to explain elevated ICP, though pre-

viously described imaging findings associated with elevated ICP

were found in all patients involving the orbits (distension of the

perioptic nerve subarachnoid space, flattening of the posterior

sclera, intraocular protrusion of the prelaminar optic nerve, en-

hancement of the prelaminar optic nerve, and vertical tortuosity

of the orbital optic nerve),8 skull base (“empty” sella turcia and

prominent Meckel caves),9,10 cerebellar tonsils,11 and venous si-

nuses (transverse venous sinus stenosis).12 All patients had papill-

edema and met the formal diagnostic criteria for IIH. Seven of 9

patients are followed regularly by neuro-ophthalmology, received

standard medical treatment including acetazolamide and weight loss,

and have experienced no visual loss. Follow-up is not available for 2

patients to assess their clinical outcomes.

A total of 9 healthy control subjects were included in the

study (7 men and 2 women). The median age for control sub-

jects was 34.0 years (IQR, 23.5– 40.0 years). No control subject

reported a history of chronic headaches or visual disturbances.

FIG 1. DENSE imaging with ROI placement and measured displacement across the cardiac cycle from a 44-year-old woman with IIH (Patient 9).
A, Sagittal magnitude image from pre-LP DENSE encoded for motion in the foot-to-head direction. An ROI has been placed in the midpons to
avoid partial volume effects from CSF flow. B, Corresponding phase image from the pre-LP DENSE encoded for motion in the foot-to-head
direction with ROI transferred from the magnitude image into the midpons for measurement to be propagated to all 12 images acquired across
the cardiac cycle. C, Graph showing DENSE displacement in the foot-to-head direction across the cardiac cycle divided into 12 phases. The solid
line shows the pre-LP displacements across the cardiac cycle, and the dotted line shows post-LP displacements across the cardiac cycle.
Maximum displacement is calculated by subtracting the lowest value from the highest across the cardiac cycle for both the pre-LP and post-LP
states. Note the increased displacement in the post-LP state.

Table 1: Pressure measurements, DENSE pontine displacements, and times between measurements in patients with IIH pre-LP and
post-LP

Patient
No.

OP,
cm H20

CP,
cm H20

OP to CP
Pressure

Change, cm H20

OP to CP
Pressure

Change, %

CSF
Removed,

cc

Pre-LP
DENSE,

mm

Post-LP
DENSE,

mm
%

Change

Pre-LP
DENSE to OP

Time, min

CP to
Post-LP
DENSE

Time, min
1 26 15 11 �42 11 0.124 0.134 8 56 17
2 41 18 23 �56 16 0.022 0.059 164 95 48
3 36 17 19 �53 20 0.071 0.097 36 67 18
4 46 19 27 �59 22 0.047 0.087 86 204 35
5 40 16 24 �60 15 0.105 0.119 14 51 34
6 33 16 17 �52 15 0.037 0.051 39 39 21
7 35 15 20 �57 15 0.024 0.052 113 72 10
8 32 19 13 �41 14 0.078 0.085 8 41 30
9 49 26 23 �47 12 0.035 0.054 54 35 26

Note:—CP indicates closing pressure; OP, opening pressure.
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All healthy control subjects had normal brain imaging, includ-

ing no findings to suggest chronically elevated ICP. Patients

and healthy control subjects did not significantly differ in age

(P � .35), though there were significant sex differences (P �

.002).

DENSE Analysis
For patients with IIH, the mean pre-LP

pontine displacement was 0.060 mm

(SD � 0.036 mm), which was increased

to a mean of 0.082 mm (SD � 0.031

mm) post-LP, representing a range of

8% to 164% increase in pontine dis-

placement (mean of 58%; P � .001).

Control subjects demonstrated a mean

pontine displacement of 0.109 mm

(SD � 0.034 mm), which was signifi-

cantly higher than the pre-LP patients

with IIH (P � .01), but not significantly

different from the post-LP patients

with IIH (P � .10; Fig 2). Across patients

using both pre-LP and post-LP mea-

sured CSF pressures and DENSE mea-

surements, there was a significant mod-

erate correlation between pressure and

pontine displacement by using DENSE

(r � �0.49; P � .04; Fig 3).

DISCUSSION
This study prospectively used a protocol

that tightly coupled DENSE MR imag-

ing with the CSF opening pressure and

closing pressure measured by LP and

CSF manometry. We chose IIH as a

model for elevated ICP because there is

no intracranial abnormality such as a

mass lesion that would vary in size or

effect between patients. We hypothe-

sized that elevated ICP would constrain

peak brain motion because vascular pul-

sations may be less able to drive brain

motion in a high-pressure state. We spe-

cifically evaluated the foot-to-head di-

rection of motion and the brain stem be-

cause this had previously been the

direction and location of the highest

brain motion in healthy volunteers6

(compared with the anteroposterior di-

rection, presumably related to increased

compliance of the spinal canal from the

presence of neural foraminal openings

and epidural fat). The midpons was cho-

sen as an easily identifiable landmark for

ROI placement where there would not

be partial volume effects with CSF flow.

In comparison with healthy control sub-

jects, patients with IIH had significantly

decreased pontine displacement. Re-

ducing CSF pressure through CSF removal resulted in within-

subject increase in pontine displacement for all patients with IIH,

with mean post-LP pontine displacement similar to that of

healthy control subjects. Establishing this relationship between

pressure and pontine displacement by using DENSE raises the

FIG 2. Comparison of maximum pontine displacement in pre-LP, post-LP, and control groups.
The maximum pontine displacement of an ROI in the central pons in the pre-LP IIH group was
significantly lower than in the post-LP state within subjects (P � .001) and significantly lower than
the control group (P � .01). The maximum pontine displacement in post-LP patients with IIH did
not significantly differ from control subjects (P � .10). Values are shown in mean � SD.

FIG 3. Correlation of measured CSF pressure and pontine displacement by DENSE. The maximum
pontine displacement measured by DENSE correlates moderately with measured pressure (open-
ing pressure or closing pressure) by CSF manometry (r � 0.49; P � .04).
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potential for its use for noninvasive assessment of ICP status.

Merits to the technique include a very short acquisition time

and simple postprocessing, which could easily be automated

for inline real-time clinical use. Specifically, the technique

could be used to noninvasively track patients after a baseline

DENSE measurement to assess for therapy failure in IIH and

potentially other conditions (eg, CSF shunt failure as a cause of

recurrent headache).

The reference standard for ICP measurement is direct ICP

monitoring, which is highly invasive and not practical or neces-

sary for most patients because CSF pressure by LP generally agrees

with ICP.13 Orbital, skull base, dural venous sinus, and other im-

aging findings8-12 have been described in IIH, but are not of suf-

ficient accuracy to be diagnostic of elevated ICP14,15 and may

persist after pressure reduction.16 Clinical examination of papill-

edema by using the Frisén scale varies among medical special-

ists,17 and the absence of papilledema does not exclude ICP

elevation. Transcranial Doppler sonography and optic nerve ul-

trasonography have shown variable results for the assessment of

ICP.18,19 An MR imaging approach derived from transcranial CSF

flow and blood volumetric flow rates has been used to differenti-

ate between normal and elevated ICP20,21; however, this approach

is complex for clinical use and requires further investigation in a

larger cohort.

There are several limitations to this study, including the rela-

tively small number of patients evaluated. We attempted to min-

imize time lags between pressure and DENSE measurements;

however, transport and procedural time precluded tighter cou-

pling of the steps. Because CSF is regenerated over time, it could

increase pressure post-LP above the measured closing pressure,

introducing systematic error into the post-LP DENSE. Variability

in the timing interval between DENSE and pressure measurement

across patients could introduce additional error. Patients and

control subjects differed in demographic features, so it is difficult

to exclude the contributions of these and other variables to the

comparisons between IIH and control groups. Next, there is sub-

stantial variability between patients in baseline pontine displace-

ment and in their extent of change after LP and CSF removal. A

variety of factors, including the extent and duration of elevated

ICP and variations in potential adaptive responses related to the

elevated ICP, could be responsible for this finding; therefore, the

degree of change in pontine displacement through CSF pressure

reduction may vary by patient-specific factors. We did not use a

head immobilization device or correct in postprocessing for any

bulk head motion, and this would perhaps further improve the

robustness of the results in terms of interpatient differences and

differences pre- to post-LP. An LP was not performed on healthy

control subjects, so their exact ICP status is not known; however,

the selection of nonobese control subjects without self-reported

symptoms of elevated ICP makes it extremely unlikely that they

have undiagnosed IIH. Finally, it is unclear how DENSE would

perform in the setting of an intracranial mass, hydrocephalus, or

other important brain abnormality or in circumstances where

there is only mild elevation of ICP. Future extension to a larger

cohort with normal and abnormally elevated ICP, as well as to

other scanner systems and patients with other etiologies of abnor-

mal ICP, will be required to determine the broader applicability of

the DENSE technique.

CONCLUSIONS
This study establishes a relationship between pontine displace-

ment obtained by DENSE MR imaging and CSF pressure ob-

tained contemporaneously by LP in patients with IIH, providing a

potential method for noninvasively assessing ICP status.
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ORIGINAL RESEARCH
INTERVENTIONAL

Leukoaraiosis Attenuates Diagnostic Accuracy of
Large-Vessel Occlusion Scales

X Y. Mayasi, X R.P. Goddeau Jr, X M. Moonis, X B. Silver, X A.H. Jun-O’Connell, X A.S. Puri, and X N. Henninger

ABSTRACT

BACKGROUND AND PURPOSE: Prehospital stroke scales may help identify patients likely to have large-vessel occlusion to facilitate rapid
triage to thrombectomy-capable stroke centers. Scale misclassification may result in inaccurate decisions and possible harm. Pre-existing
leukoaraiosis has been shown to attenuate the association between deficit type and stroke severity. We sought to determine whether
leukoaraiosis affects the predictive ability of 5 commonly used large-vessel occlusion scales.

MATERIALS AND METHODS: We retrospectively analyzed 274 consecutive patients with stroke with available brain MR imaging and
vessel imaging. We used the following large-vessel occlusion scales: the 3-Item Stroke Scale; Field Assessment Stroke Triage for Emergency
Destination; Rapid Arterial Occlusion Evaluation; Vision, Aphasia, Neglect score; and Cincinnati Prehospital Stroke Severity Scale. For
diagnostic scale accuracy, we assessed sensitivity, specificity, positive predictive value, negative predictive value, and �. Multivariable
logistic regression was used to determine the predictive ability of the scales after adjustment for leukoaraiosis and potential confounders.

RESULTS: In unadjusted analyses, all scales predicted the presence of large-vessel occlusion (n � 46, P � .01 each), though diagnostic
accuracy was attenuated among patients with moderate-to-severe leukoaraiosis. After adjustment, the Field Assessment Stroke Triage for
Emergency Destination (OR � 3.2; 95% CI, 1.1–9.5; P � .033) and Rapid Arterial Occlusion Evaluation (OR � 3.7; 95% CI, 1.3–10.8; P � .015), but
not the 3-Item Stroke Scale (OR � 5.4; 95% CI, 0.86 –33.9; P � .073), Vision, Aphasia, Neglect score (OR � 2.5; 95% CI, 0.8 –7.2), and Cincinnati
Prehospital Stroke Severity Scale (OR � 2.8; 95% CI, 1.0 – 8.0), predicted large-vessel occlusion.

CONCLUSIONS: The diagnostic accuracy of the tested large-vessel occlusion scales was attenuated in the presence of moderate-to-
severe leukoaraiosis. This information that may aid the design of future studies that require large-vessel occlusion scale screening of
patients who are likely to have concomitant leukoaraiosis.

ABBREVIATIONS: CPSSS � Cincinnati Prehospital Stroke Severity Scale; EST � endovascular stroke therapy; FAST-ED � Field Assessment Stroke Triage for
Emergency Destination; LVO � large-vessel occlusion; RACE � Rapid Arterial Occlusion Evaluation; 3I/SS � 3-Item Stroke Scale; VAN � Vision, Aphasia, Neglect

Recent endovascular stroke therapy (EST) trials have shown

significantly improved outcomes among patients with large-

vessel occlusion (LVO).1 Reliable prehospital identification of pa-

tients with LVO and transfer to an EST-capable center are critical

because earlier treatment is associated with more favorable

outcome.2-5

Although the ideal prehospital triage of patients with potential

LVO remains uncertain, several clinical scales have been devel-

oped to aid identification of patients likely to have an LVO before

vascular imaging is available, such as in the prehospital setting or

during telestroke consultations.6-10 However, these scales have

the potential to misclassify patients.11 Several factors may atten-

uate diagnostic accuracy of stroke scales, including stroke lo-

cation in the posterior circulation, atypical presentation, and

the presence of stroke mimics.2,12 Inaccurate LVO prediction

may delay patient transfer to an endovascular center (false-

negatives) with an increased risk for a worse outcome.13 Con-

versely, unwarranted patient transfer to an EST-capable hospi-

tal (false-positives) may overburden the relatively few available

EST-capable centers. It is important to understand factors that
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may increase the risk for misclassification to improve predic-

tion accuracy.

Pre-existing leukoaraiosis is identified in most patients with

stroke on brain MR imaging as white matter hyperintensities.14

Prior studies have shown that leukoaraiosis alters the classic asso-

ciation between the NIHSS deficit and hemispheric lateralization,

relates to greater-than-expected NIHSS scores in relation to the

acute infarct extent, and worsens outcome after EST.14-17 Because

most available LVO scales are based on the NIHSS,6-10 we sought

to determine whether leukoaraiosis severity affects the diagnostic

accuracy of several previously developed prehospital stroke

scales.6-10 We hypothesized that the diagnostic scale performance

is reduced among patients with stroke with moderate-to-severe

pre-existing leukoaraiosis. Clarifying this issue may aid clinical

study design and choice of LVO scales to more reliably identify

patients with stroke with LVO in the prehospital setting when

neuroimaging data are unavailable, and it is expected that a

substantial proportion of screened patients will have advanced

leukoaraiosis.

MATERIALS AND METHODS
Study Cohort
We retrospectively analyzed 274 consecutive patients with acute

ischemic stroke shown on brain MR imaging who were included

in the University of Massachusetts Memorial Medical Center

Stroke Registry between January 2013 and January 2014.15,18 Pa-

tient demographics, laboratory data, comorbidities, preadmis-

sion medications, and stroke pathogenesis (using the Causative

Classification System for Ischemic Stroke as previously de-

scribed15,18) after completion of diagnostic evaluation were col-

lected on all patients. NIHSS scores were assessed at the time of

presentation by members of the stroke team certified in the

NIHSS. Only patients with complete details on all NIHSS subcat-

egories were included (On-line Fig 1). All patients underwent

head CT and either CTA (n � 249) or MRA (n � 25) at admission.

Ten patients underwent both CTA and MRA. To reliably deter-

mine the white matter lesion burden (leukoaraiosis), we only in-

cluded patients with available brain MR imaging. Our investiga-

tion was approved by our Institutional Review Board (No.

H00006964), and a Health Insurance Portability and Account-

ability Act waiver of informed consent was granted. We adhere to

the Strengthening the Reporting of Observational Studies in Epi-

demiology (www.strobe-statement.org) and Standards for Re-

porting of Diagnostic Accuracy Studies (www.stard-statement.

org) guidelines.

Neuroimaging Protocol
All MR imaging and MRA sequences were acquired on a 1.5T

whole-body MR imaging scanner (Signa HD; GE Healthcare, Mil-

waukee, Wisconsin) between 1 and 7 days after stroke. Brain MR

imaging sequences included T1, T2, FLAIR, and DWI. DWI was

performed with echo-planar imaging with a TR of 8000 ms, TE of

102 ms, FOV of 22 � 22 cm, image matrix of 128 � 128, slice

thickness of 5 mm with a 1-mm interslice gap, and b-values of 0

and 1000 s/mm2. FLAIR was performed with a TR of 9002 ms, TE

of 143 ms, FOV of 22 � 22 cm, image matrix of 256 � 224, and

slice thickness of 6 mm with a 1-mm interslice gap. All MRA was

performed with TOF– echo-spoiled gradient-echo pulse se-

quences. Head MRA was performed with a TR of 25 ms, flip angle

of 20°, FOV of 20 cm, matrix of 256 � 224, and slice thickness of

1.4 mm. Neck MRA performed with contrast used a TE of 1.8, flip

angle of 45°, FOV of 33, slice thickness of 1 mm, and matrix of

28.4 � 22.4 cm. Patients received 20 mL of gadobenate dimeglu-

mine (MultiHance; Bracco Diagnostics, Princeton, New Jersey).

Neck MRA was performed without contrast with a TR of 24 ms,

TE of 5.1 ms, flip angle of 60°, FOV of 20, slice thickness of 1.5

mm, and matrix of 512 � 160.

All CT sequences were obtained on a 64 – detector row scanner

(Brilliance; Philips Healthcare, Best, the Netherlands).17,19 CT

was performed in a nonhelical mode at 120 kV(peak) and 200 mA,

with data reconstruction at 5-mm axial sections. CTA was per-

formed using a 64 � 0.625 mm detector configuration with a

pitch of 0.673 from the arch of the aorta to the vertex using 120

kV(p), 300 mA, and 0.5-second rotation time. Patients received

60 – 80 mL of iopamidol (Isovue 370; Bracco Diagnostics) in the

antecubital vein at a rate of 4 mL/s through a power injector,

followed by 40 mL of saline. 3D orthogonal MIP images were

created in 3 planes.

Leukoaraiosis Grading
In all patients, leukoaraiosis was defined on MR imaging as supra-

tentorial white matter FLAIR hyperintensity lesions according to

the Standards for Reporting Vascular Changes on Neuroimag-

ing20 criteria and graded according to the Fazekas scale as previ-

ously described in detail.14,15 The total Fazekas scale score was

calculated by adding the periventricular and subcortical scores.14

We have previously shown substantial interrater reliability with

an intraclass correlation coefficient of 0.969 (95% CI, 0.943–

0.983).14 In addition, we dichotomized the degree of leukoaraiosis

according to the median Fazekas scale score to 0 –2 (n � 145,

absent-to-mild leukoaraiosis) versus 3– 6 (n � 129, moderate-to-

severe leukoaraiosis) for statistical purposes.

Definition of Large-Vessel Occlusion
Large-vessel occlusion was defined on the admission CTA or

MRA as the presence of an apparent occlusion of the intracranial

internal carotid artery and proximal middle cerebral artery (M1).

The included prehospital stroke scales were not designed to assess

the presence of occlusion in the distal MCA (M2), basilar, and

intracranial vertebral arteries. Therefore, occlusion in these ves-

sels was considered non-LVO for this study, and only considered

in the exploratory analyses. All images were reviewed by a neuro-

radiologist as part of the routine clinical work-up. The site of the

LVO was abstracted from the radiologic report and by cross-val-

idating with the original scans by one of the authors (Y.M.), who

was masked to clinical data. Discrepant interpretations were re-

solved by consensus after review by a second neurologist (N.H.).

Prehospital Stroke Scales
To determine the impact of pre-existing leukoaraiosis on LVO

prediction, we examined 5 previously published scales that could

be reliably reconstructed by abstraction from the admission

NIHSS score sheet and the detailed neurologic examination doc-

umented in our medical records. We used the following addi-
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tional prespecified rules for derivation of the scores because we

previously found that severe leukoaraiosis substantially attenu-

ates the classic hemispheric lateralization of the NIHSS deficit15:

If both sides were weak, the weaker side determined the sign

scored; and if both sides were equally weak, the presence of the

sign was scored.

The Field Assessment Stroke Triage for Emergency Destina-

tion (FAST-ED) was calculated on the basis of the presence of

facial palsy (scored 0 –1), arm weakness (0 –2), speech changes

(0 –2), eye deviation (0 –2), and denial/neglect (0 –2). A score of

�4 was considered suggestive of LVO.9 The Rapid Arterial Occlu-

sion Evaluation (RACE) was calculated on the basis of the pres-

ence of facial palsy (0 –2), arm motor function (0 –2), leg motor

function (0 –2), gaze (0 –1), and aphasia or agnosia (0 –2). A score

�5 was considered indicative of LVO.8 The Vision, Aphasia, Ne-

glect (VAN) score was calculated on the basis of the presence of

arm motor weakness (0 –1) plus the presence of visual disturbance

(blindness, field cut, diplopia [0 –1]), aphasia (0 –1), and neglect

(including forced gaze deviation [0 –1]). In the absence of arm

weakness, the patient received a score of zero. A score �2 was

considered indicative of LVO.6 The Cincinnati Prehospital Stroke

Severity Scale (CPSSS) was calculated on the basis of the presence

of conjugate gaze deviation, (0 –2), arm weakness (0 –1), and im-

paired consciousness (0 –1). A score of �2 was considered indic-

ative of LVO.10 The 3-Item Stroke Scale

(3I/SS) was calculated on the basis of the

level of consciousness (0 –2), gaze devi-

ation (0 –2), and hemiparesis (0 –2). A

score �4 was considered indicative of

LVO.7

Statistics
Unless otherwise stated, continuous
variables are reported as mean � SD or

median (25th–75th percentile). Cate-

goric variables are reported as propor-

tions. Between-group comparisons for

continuous and ordinal variables were

performed with the Mann-Whitney U

test. Categoric variables were compared

using the �2 test or Fisher exact test as

appropriate. To determine the diagnos-

tic accuracy of the LVO scales, we calcu-

lated the area under receiver operating
curves (C statistics, ordinal scales) as
well as sensitivity, specificity, positive
predictive value, negative predictive value,

and � (dichotomized scales each) with

corresponding 95% CIs.

We created multivariable logistic re-

gression models to determine whether

the tested LVO scale cutoffs predicted

large-artery occlusion (dependent vari-

able) independent of leukoaraiosis (as

determined by the Fazekas scale score).

All models were adjusted for factors

known to be associated with leukoarai-

osis, including age, sex, and preadmis-

sion mRS and a history of hypertension, stroke/TIA, and atrial

fibrillation. In addition, models were adjusted for the Fazekas

scale score � LVO Scale Interaction to determine whether the

leukoaraiosis burden differentially modified the predictive ability

of the tested scales. Variables were sequentially removed (likeli-

hood ratio) from the models at a significance level of 0.1 to avoid

model overfitting. Collinearity diagnostics were performed (and

its presence rejected) for all multivariable regression models. The

Hosmer-Lemeshow goodness-of-fit statistic was used to assess

model fit.

Two-sided significance tests were used throughout; unless

stated otherwise, a 2-sided P � .05 was considered statistically

significant. All statistical analyses were performed with SPSS, Ver-

sion 22 (IBM, Armonk, New York).

RESULTS
Of 502 patients with ischemic stroke, 274 fulfilled the study crite-

ria and were included in the analysis (On-line Fig 1).

Baseline characteristics of included patients stratified by the

presence of LVO are summarized in Table 1. Overall, 46 patients

had a proximal LVO (17%), and 228 (83%) patients had no LVO.

Baseline characteristics of the included patients were well-bal-

anced except for a higher NIHSS (P � .001) and Fazekas scale

score (P � .009) among patients with LVO. The relative distribu-

Table 1: Baseline characteristics (unadjusted) of the studied patient population as stratified
by the presence-versus-absence of proximal LVOa

Characteristics
All Patients

(n = 274)
LVO

(n = 46)
No LVO
(n = 228)

P
Value

Age (yr) 69 (60–80) 68 (58–77) 70 (60–81) .347
Female sex 126 (46%) 24 (52%) 102 (45%) .418
Admission NIHSS score 5 (2–10) 14 (4–17) 4 (2–9) �.001
Prestroke mRS 0 (0–1) 0 (0–1) 0 (0–1) .774
LVO stroke scale scores

3I/SS 1 (0–2) 2 (1–3) 1 (0–2) �.001
VAN 0 (1–2) 3 (0–4) 0 (0–2) �.001
CPSSS 0 (0–1) 1 (0–3) 0 (0–1) .001
FAST-ED 2 (0–4) 4 (2–6) 1 (0–3) �.001
RACE 2 (0–4) 5 (1–7) 1 (0–3) �.001

Laboratory data
Admission glucose level (mg/dL) 119 (100–142) 120 (105–143) 119 (99–142) .515
Admission creatinine level (mg/dL) 0.95 (0.78–1.20) 0.90 (0.73–1.0) 0.97 (0.79–1.20) .090
HbA1c level (%) (n � 161) 5.9 (5.7–6.5) 6.0 (5.6–6.3) 5.9 (5.7–6.6) .794
LDLc level (mg/dL) (n � 171) 93 (72–123) 89 (65–111) 94 (74–123) .274

Neuroimaging
Fazekas scale score (0–2) 129 (48%) 30 (65%) 99 (43%) .009

Pre-existing risk factors
Hypertension 210 (77%) 34 (74%) 176 (77%) .703
Hyperlipidemia 152 (56%) 26 (57%) 132 (58%) .076
Diabetes 75 (27%) 11 (24%) 64 (28%) .594
Prior stroke or TIA 59 (22%) 6 (13%) 53 (23%) .168
Atrial fibrillation 42 (15%) 8 (17%) 34 (15%) .823
Coronary artery disease 58 (21%) 4 (9%) 54 (24%) .028
Congestive heart failure 20 (7%) 1 (2%) 19 (8%) .215
Peripheral arterial disease 18 (7%) 1 (2%) 17 (8%) .221

Preadmission medications
Statin 124 (45%) 19 (41%) 105 (46%) .689
Antihypertensive 185 (67%) 32 (70%) 153 (67%) .863
Antiglycemic 53 (19%) 9 (20%) 44 (19%) 1.000
Antiplatelets 145 (53%) 24 (52%) 121 (53%) 1.000
Oral anticoagulant 19 (7%) 4 (9%) 15 (7%) .749

Note:—HbA1c indicates glycated hemoglobin A1c; LDLc, low-density lipoprotein cholesterol.
a Proximal LVO is defined as an occlusion of the internal carotid artery or middle cerebral artery M1 segment. Data are
No. (%) or median (25th–75th percentile).
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tion of the NIHSS scores and types of arterial occlusion in the

included patients are summarized in the Figure.

On-line Fig 2 shows the percentage of LVO cases that would

have gone unidentified across different LVO score thresholds.

On average, more cases would have gone unnoticed in patients

with moderate-to-severe leukoaraiosis compared with those

with only absent-to-mild leukoaraiosis.

Table 2 summarizes the diagnostic accuracy of the estab-

lished LVO scale cutoffs both in the entire cohort and when

stratified by leukoaraiosis. Overall, the diagnostic accuracy was

modest in the entire cohort and further attenuated among pa-

tients with moderate-to-severe leukoaraiosis.

We calculated the area under receiver operating curve to

examine the diagnostic performance of the 5 tested prehospital

LVO scales for the presence of a proximal LVO as an ordinal

variable in the entire cohort as well as stratified by leukoarai-

osis burden (On-line Fig 3A–C). All scales predicted LVO in

the entire cohort (P � .01 each, Table 3) and in patients with

absent-to-mild leukoaraiosis (P � .001 each). However, none

predicted LVO among patients with

moderate-to-severe leukoaraiosis (P �

.05 each). Results did not meaningfully

change when the definition of LVO was

liberalized to include MCA-M2, verte-

bral artery, and basilar artery occlusions

(On-line Fig 3D–F). Last, results were

similar in exploratory analyses exclud-

ing patients with small subcortical in-

farcts as well as those with posterior

circulation infarcts (not shown).

Finally, on multivariable logistic

regression with adjustment for leuko-

araiosis and potential confounders, we

found that despite an overall similar

direction of association of all scales,

only the FAST-ED and RACE scales

predicted LVO (Table 3). In all mod-

els, leukoaraiosis severity was inde-

pendently associated with the presence

of LVO (P � .05, each). No Leukoarai-

osis � LVO Scale Interaction was

found in the examined models.

DISCUSSION
The goal of our study was to determine

whether the diagnostic accuracy of

previously validated prehospital LVO

stroke scales is affected by the presence

of leukoaraiosis— knowledge that may

aid investigators in choosing scales that

allow more reliable patient screening

in the prehospital setting. Using a hospi-

tal-based acute ischemic stroke cohort,

we found that the diagnostic accuracy

of several LVO scales was attenuated

among patients with severe leukoarai-

osis. After we adjusted for leukoaraiosis

severity and potential confounders, only 2 of the 5 tested scales

(FAST-ED and RACE) predicted LVO.

Prehospital stroke scales have been developed to aid

stroke recognition and prediction of LVO by non-stroke

specialists when neuroimaging information is unavailable.

Our results may aid the clinical study design when prehospital

patient screening involves LVO scales, and it is expected that a

substantial proportion of patients are likely to have leukoarai-

osis. If confirmed, our data suggest that in such a setting, scales

like the FAST-ED and RACE may be advantageous because

they appeared less impervious to leukoaraiosis-related mis-

classification. Furthermore, LVO scales are increasingly used

to render decisions regarding immediate patient transfer to

EST-capable hospitals when LVO is suspected,13,21-23 includ-

ing in the setting of telemedicine consultations.24 In this set-

ting, our results may be impactful when a plain head CT is

reviewed (and provides information on leukoaraiosis severity)

but no CTA was obtained due to lack of resources or immedi-

FIGURE. NIHSS and LVO distribution in the tested cohort. A, Relative frequency of NIHSS scores
as stratified by the presence-versus-absence of large-artery occlusion. B, Distribution of NIHSS
scores according to large-artery occlusion status. There was no difference in the distribution of
NIHSS scores (bins) between subjects with absent-to-mild versus moderate-to-severe leukoarai-
osis (P � .319, �2 test).
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ate availability or because repeat CTA is not desirable to avoid

repeat imaging at the EST-capable hub hospital.25,26 Leu-

koaraiosis has been repeatedly shown to confer an increased

risk of poor outcome in patients with LVO, including those

undergoing EST.17,19 Arguably, the presence of severe

leukoaraiosis could thus prompt CTA at an outside hospital

(versus transfer without CTA) to minimize the cost associated

with unnecessary transfers.27 However, to date, no study has

shown that patients with severe leukoaraiosis do not benefit

from EST. Accordingly, our data should not direct medical

decision-making. Nevertheless, one could envision that the

presence of specific, yet-to-be-defined, clinical patient charac-

teristics trigger “prescreening” of patients with CTA to aid

transfer decisions. Such factors may be very old age, pre-

stroke functional status, and cognitive impairment, which

have been associated with leukoaraiosis and limited benefit

from EST.28

The strengths of our study relate to inclusion of consecutive

patients with available MR imaging, imaging assessment

by experienced examiners, and adjustment for important

factors associated with leukoaraiosis and stroke severity. Lim-

itations relate to the retrospective and observational nature of

the study, as well as the inclusion of a moderately sized single-

center cohort. In this respect, the over-

all diagnostic accuracy of the tested

scales was only modest in our cohort.

This result may be partially explained

by our hospital-based study, which

only included patients with proved

stroke and who had available vessel

imaging because the diagnostic accu-

racy is sensitive to the characteristics

(disease prevalence and spectrum) of
the tested population. Nevertheless,

our results are in line with observa-

tions from other hospital-based stud-

ies suggesting generalizability of our

results.29,30 Last, due to our study de-

sign, we only examined LVO stroke scales based on the NIHSS.

Accordingly, our results may not translate to other scales and

should be interpreted cautiously.

CONCLUSIONS
Our results indicate that the presence of moderate-to-severe leu-

koaraiosis attenuates the diagnostic accuracy of available LVO

scales and that the RACE and FAST-ED scales appeared more

resilient to the confounding effects of leukoaraiosis. If confirmed

in a larger cohort, this information may aid the design of studies

that require prehospital LVO scale screening of patients likely to

have concomitant leukoaraiosis.
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Table 2: Diagnostic accuracy of prehospital stroke scales in predicting LVO stratified by leukoaraiosis severitya

Scale Sensitivity (%) Specificity (%) PPV (%) NPV (%) �

Total cohort (n � 274)
3I/SS �4 22 (11–36) 90 (86–94) 31 (19–47) 85 (83–87) 0.14 (0–0.28)
VAN �2 70 (54–82) 63 (57–69) 28 (23–33) 91 (87–94) 0.20 (0.10–0.30)
CPSSS �2 41 (27–57) 79 (74–84) 29 (19–47) 87 (84–90) 0.18 (0.05–0.31)
RACE �5 50 (35–65) 85 (80–89) 40 (31–51) 89 (86–92) 0.32 (0.18–0.46)
FAST-ED �4 57 (41–71) 79 (73–84) 35 (27–43) 90 (83–87) 0.28 (0.15–0.41)

Absent-to-mild leukoaraiosis (Fazekas scale score, 0–2; n � 129)
3I/SS �4 50 (21–79) 88 (80–94) 33 (18–52) 94 (89–96) 0.09 (0–0.27)
VAN �2 73 (54–88) 68 (58–77) 41 (32–50) 89 (82–94) 0.32 (0.16–0.48)
CPSSS �2 37 (20–56) 87 (79–93) 46 (30–63) 82 (77–86) 0.25 (0.06–0.45)
RACE �5 53 (34–72) 91 (83–96) 64 (46–78) 87 (81–90) 0.47 (0.29–0.65)
FAST-ED �4 57 (37–75) 84 (75–90) 52 (38–65) 86 (81–91) 0.39 (0.09–0.57)

Moderate-to-severe leukoaraiosis (Fazekas scale score, 3–6; n � 145)
3I/SS �4 25 (7–52) 92 (86–96) 29 (12–53) 91 (88–93) 0.18 (0–0.41)
VAN �2 63 (35–85) 60 (51–68) 16 (11–23) 93 (87–96) 0.10 (0–0.22)
CPSSS �2 50 (25–75) 74 (65–81) 19 (12–29) 92 (88–95) 0.14 (0–0.29)
RACE �5 44 (20–70) 81 (73–87) 22 (13–35) 92 (88–94) 0.17 (0–0.35)
FAST-ED �4 56 (30–80) 74 (66–82) 21 (14–32) 93 (89–96) 0.11 (0–0.27)

Note:—NPV indicates negative predictive value; PPV, positive predictive value.
a Data in parentheses are 95% CI.

Table 3: Multivariable logistic regression analysis for the ability of previously
defined clinical stroke scale cutoffs to predict large-vessel occlusion in the examined
cohort

Stroke Scale Crude OR (95% CI) P Value Adjusted OR (95% CI)a P Value
3I/SS �4 4.736 (1.513–14.826) .008 5.389 (0.856–33.908) .073
VAN �2 3.918 (1.979–7.760) �.001 2.468 (0.845–7.206) .098
CPSSS �2 2.710 (1.388–5.290) .003 2.794 (0.973–8.028) .056
RACE �5 5.706 (2.881–11.299) �.001 3.236 (1.099–9.527) .033
FAST-ED �4 4.749 (2.447–9.217) �.001 3.740 (1.291–10.839) .015

a Each model was adjusted for leukoaraiosis burden (as determined by the Fazekas scale score) as well as Leukoaraiosis �
Stroke Scale Interaction. When additionally entered into the model, the prestroke modified Rankin Scale, age, sex, hyper-
tension, history of stroke/transient ischemic attack, and atrial fibrillation were not retained in the final step of the
analysis. In all analyses, leukoaraiosis and stroke scales were entered as dichotomized variables. When all analyses were
repeated by entering the Fazekas scale score and stroke scale scores as ordinal variables, the VAN (P � .029), CPSSS (P �
.024), FAST-ED (P � .003), RACE (P � .002), and 3I/SS (P � .006) scores predicted LVO independent of the leukoaraiosis
burden (not shown). There was no Leukoaraiosis � Stroke Scale Interaction in any of the examined models (P � .05,
each).
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The Role of Hemodynamics in Intracranial Bifurcation Arteries
after Aneurysm Treatment with Flow-Diverter Stents

X A.P. Narata, X F.S. de Moura, X I. Larrabide, X C.M. Perrault, X F. Patat, X R. Bibi, X S. Velasco, X A.-C. Januel, X C. Cognard,
X R. Chapot, X A. Bouakaz, X C.A. Sennoga, and X A. Marzo

ABSTRACT

BACKGROUND AND PURPOSE: Treatment of intracranial bifurcation aneurysms with flow-diverter stents can lead to caliber changes of
the distal vessels in a subacute phase. This study aims to evaluate whether local anatomy and flow disruption induced by flow-diverter
stents are associated with vessel caliber changes in intracranial bifurcations.

MATERIALS AND METHODS: Radiologic images and demographic data were acquired for 25 patients with bifurcation aneurysms treated
with flow-diverter stents. Whisker plots and Mann-Whitney rank sum tests were used to evaluate if anatomic data and caliber changes
could be linked. Symmetry/asymmetry were defined as diameter ratio 1 � symmetric and diameter ratio �1 � asymmetric. Computational
fluid dynamics was performed on idealized and patient-specific anatomies to evaluate flow changes induced by flow-diverter stents in the
jailed vessel.

RESULTS: Statistical analysis identified a marked correspondence between asymmetric bifurcation and caliber change. Symmetry ratios were
lower for cases showing narrowing or subacute occlusion (medium daughter vessel diameter ratio � 0.59) compared with cases with posttreat-
ment caliber conservation (medium daughter vessel diameter ratio � 0.95). Computational fluid dynamics analysis in idealized and patient-
specific anatomies showed that wall shear stress in the jailed vessel was more affected when flow-diverter stents were deployed in asymmetric
bifurcations (diameter ratio �0.65) and less affected when deployed in symmetric anatomies (diameter ratio �1.00).

CONCLUSIONS: Anatomic data analysis showed statistically significant correspondence between caliber changes and bifurcation asym-
metry characterized by diameter ratio �0.7 (P � .001). Similarly, computational fluid dynamics results showed the highest impact on
hemodynamics when flow-diverter stents are deployed in asymmetric bifurcations (diameter ratio �0.65) with noticeable changes on wall
sheer stress fields. Further research and clinical validation are necessary to identify all elements involved in vessel caliber changes after
flow-diverter stent procedures.

ABBREVIATIONS: DR � daughter vessel diameter ratio; FDS � flow-diverter stent; WSS � wall shear stress

Endovascular treatment of intracranial aneurysms by using a

flow-diverter stent (FDS) is a widely accepted technique for

complex proximal aneurysms. The successful use of FDSs in vo-

luminous carotid aneurysms was the motivation for extending

this treatment to complex lesions like hemorrhagic vertebral ar-

tery dissections, blister aneurysms, and complex MCA aneu-

rysms.1,2 From a review of 106 reported cases in which bifurcation

aneurysms were treated with FDSs, it was found that the bifurcat-

ing branch “jailed” by the stent remained unchanged in 30%–57%

of cases, narrowing occurred in 29%– 60.8% of cases, and occlu-

sion occurred in 8.27%–25% of cases.3-8 Although the sample size

is relatively small, it is worth noting that nearly two-thirds of jailed

arteries were narrower after FDS treatment, which can lead to

severe consequences. Depending on collateralization, permanent

neurologic impairment can appear after FDS treatment, affecting

0%–27% of patients. MR imaging–positive ischemic lesions were

detected in 43%– 64% of the patients.4,6
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The reason some branches remain unchanged and others

are affected by a narrowing process is unknown. Iosif and col-

leagues6,9 have linked episodes of FDS-induced vessel occlusions

with the presence of collateral branches that would increase blood

supply to the target tissues when resistance to flow increases in the

occluding vessel. This would ultimately lead to the occlusion of

the jailed vessel. Supported by animal-model data, this theory

proposes collateral blood supply and endothelial cell coverage of

the stent at the ostium (where the stent jails the daughter vessel) as

a mechanism leading to complete vessel occlusion. However, this

would only explain some but not the entire cohort of cases report-

ing vessel subacute occlusion or narrowing. For instance, the same

theory cannot explain why FDS treatment of intracranial aneu-

rysms near the anterior choroidal artery, ophthalmic artery, and

some MCA bifurcations, all benefiting from collateral supply, of-

ten lead to the successful conservation of patency of the jailed

artery.5,10 It thus seems that other factors are at play in those cases.

Because it is well known that hemodynamics is a key element in

endothelial flow–mediated vasodilation and vasoconstriction, we

explored hemodynamic disturbance after FDS procedures in ide-

alized and patient-specific anatomies.

MATERIALS AND METHODS
The research hypothesis is that pretreatment hemodynamics are

perturbed in those cases showing partial or complete occlusion of

the unstented daughter vessel. The methodology of the study was

developed to test this hypothesis and structured within 3 different

phases: radiologic data analysis to identify possible associations

with clinical outcome in our patient datasets (phase I), idealized

geometry computational fluid dynamics study (phase II), and pa-

tient-specific computational fluid dynamics study to characterize

the influence of FDS on hemodynamics at bifurcations of differ-

ent types (phase III).

Phase I: Radiologic Data Analysis
Clinical data were collected cooperatively between the University

Hospitals of Tours, Toulouse, and Poitiers, France, and Alfried

Krupp Krankenhaus, Germany. A total of 25 patients with bifur-

cation aneurysms treated with FDSs between December 2010 and

December 2015 were identified retrospectively and followed pro-

spectively upon appropriate ethical approval and patient consent.

Only anterior communicating artery aneurysms with agenesis of

the contralateral anterior cerebral artery, basilar artery aneurysms

with bilateral hypoplasia of the posterior communicating arteries,

and MCA aneurysms were included.

Radiologic imaging data and clinical outcome at baseline and

at 3-month follow-up were obtained from the patient medical

records. The On-line Table shows the demographic constitution

of the study population along with anatomic information and

clinical outcome. Anatomic data represent the average values of

measurements performed on the pre-FDS imaging data, which

were assessed independently by 3 senior neuroradiologists who

were kept unaware of the study outcomes. Three vessel diameter

and angle measurements were taken along the initial part of each

bifurcating branch, reporting only its arithmetic average value

and their standard deviation to quantify interobserver variability.

Vessel diameters and angles were measured from 2D acquisitions

by digital subtraction angiography and 3D rotational angiography

images by using OsiriX (http://www.osirix-viewer.com). The re-

liability of these measures was assessed with 2-way, mixed intra-

class correlation coefficients showing high reliability (intraclass

correlation coefficients [3, �] � 0.971).

Statistical analysis included the comparison of the daughter

vessel diameter ratios (DRs; ratios between smaller and larger

diameters) and bifurcating angles for 2 groups: Group A (n � 14)

included cases where narrowing or subacute occlusion of the

jailed artery was observed at 3-month follow-up, and Group B

(n � 11) included cases showing no caliber changes of the jailed

artery at baseline or 3-month follow-up. Because data were not

normally distributed, a Mann-Whitney rank sum test was per-

formed to quantify statistical differences between DR and angle

distributions in the 2 groups.

Phase II: Idealized Computational Fluid Dynamics Study
We created a number of idealized 3D geometries representative of

patient-specific anatomies to allow a controlled analysis of the

sensitivity to factors influencing hemodynamics. For all idealized

cases, parent vessel diameter was set to 2.51 mm to represent the

average size of the population in the On-line Table. Inlet and

outlet lengths were set to 10 and 4 times the parent vessel diame-

ter, respectively.

DR was varied between 0.4 and 1 (DR � 1 � symmetrical).

Mutual bifurcation diameters were defined in accordance with

Murray’s law, an established theory in biomechanics regulating

the relationship of bifurcating vessel diameters and based on min-

imal energy consumption.11

Daughter vessel angles were fixed at 120°, except for some of

the symmetric bifurcation cases (DR � 1), in which the angle for

only 1 of the bifurcating vessels was set at 60°, 90°, 120°, and 150°

to capture their effect of the angles on flow distribution across the

bifurcation (Fig 1, line iv).

Stents were virtually deployed in the idealized geometries by

using an approach previously described by Larrabide et al,12 lead-

ing to a total of 3 configurations for each bifurcation type (un-

stented, stented along smaller daughter vessel d1, and stented

along larger daughter vessel d2). FDS models represent typical

geometries available on the market. In particular, these represent

48 wires (24 braids on each direction) and a wire thickness of 0.04

mm. The deployed stent diameter was set to fit the diameter of the

parent vessel, ensuring a proper apposition of the FDS to the

vessel wall.

Governing equations for steady flow were solved by using

ANSYS CFX (ANSYS, Canonsburg, Pennsylvania). Blood was as-

sumed incompressible, with attenuation � � 1050 kg � m�3, and

Newtonian, with viscosity � � 0.0035 Pa � s. The appropriate-

ness of the modeling approach and computational accuracy were

verified based on computational methodologies reported in the

literature.13,14 Fully developed parabolic velocity profiles were

imposed at inlet boundaries, resulting in typical volumetric flow

rates at peak systole and end diastole (Qsys � 3.71 mL/s; Qdia �

0.98 mL/s).15 Outlet boundaries were set to mimic typical resis-

tance to flow from the peripheral beds, and their values were

derived from predicted values of pressure and volumetric flow

data obtained with the 1D model developed and validated by Rey-
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mond et al.15 These were set as resistance

to flow rather than any a priori pressure

or velocity value that might adversely af-

fect, and overconstrain, posttreatment

flow redistribution across the bifurca-

tion. For the symmetric bifurcation case

(DR � 1), peripheral resistances where

varied within typical physiologic ranges

(50 – 60 mm Hg s/mL) encountered at

MCA bifurcations as previously de-

scribed by Reymond et al15 to study their

influence on pre- and posttreatment

hemodynamics.

Phase III: Patient-Specific
Computational Fluid Dynamics
Study
Six patient datasets were selected for the

patient-specific computational fluid dy-

namics analyses, all representing cere-

bral bifurcations but with different lev-

els of bifurcation asymmetry; these are

cases 6, 7, and 22–25 in the On-line Ta-

ble. The @neurIST computational tool

chain was used for medical image

segmentation and surface reconstruc-

tion.14,16 Blender was used for further

surface mesh manipulation and refine-

ment. Finally, surface meshes were su-

perimposed on the original images for

final check and validation.

Stents were virtually deployed by us-

ing the process described above along

the same bifurcating vessel in accor-

dance with clinical procedures. Compu-

tational analyses were performed following the same steady-state

computational approach described for phase II, but with inlet

boundary conditions set as average volumetric flow rate values

(rather than diastolic and systolic flow rates as in phase II) to

simulate the most representative flow condition at the bifurcation

locations15 (Qavg � 1.25 mL/s for patients 6 and 24; Qavg � 2.3

mL/s for patients 7, 22, 23, and 25).

RESULTS
Phase I
Fig 2 shows a box-and-whisker plot for the 25 datasets categorized

as cases where FDS treatment had no vessel caliber change (Group

B, n � 11) and cases where narrowing or sub-acute occlusion was

observed either at baseline or at follow-up (Group A, n � 14) and

their correlation with daughter vessel DR. These distributions al-

ready show a marked correspondence between nonsymmetrical

anatomies and vessel changes (Group A), with DR values between

the first and third quartile centered on the nonsymmetrical region

(DRmedian � 0.59; DR1st quartile � 0.52; DR3rd quartile � 0.65).

Conversely, a marked correspondence was observed between

symmetrical anatomies and lumen conservation, with DR values

centered on the symmetrical region of DR � 1 (DRmedian � 0.95;

FIG 1. Idealized 3D geometries used for study phase II. Line i indicates unstented geometries; line
ii, geometries with stent deployed along smaller daughter vessel; line iii, geometries with FDS
deployed along larger daughter vessel; line iv, geometries used to study the effect of bifurcation
angles, where � was varied while � was kept constant at 120°.

FIG 2. Whisker plot showing DR distribution within Group A (mean �
0.59; SD�0.0766), including datasets with events of partial (narrowing) or
complete occlusion, and Group B (mean � 0.935, SD � 0.0823), including
datasets reporting no constriction (patency). Each boxplot describes first
quartile values (bottom black line), median values (middle black line), and
third quartile values (top black line). Error bars show minimum (bottom
black bar) and maximum (top black bar) values. Solid circles denote
outliers identified by using the maximum normed residual test.
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DR1st quartile � 0.91; DR3rd quartile �

0.99). A maximum normed residual test

identified 1 outlier in each group. These

outliers are represented in Fig 2. The t

test confirmed a statistically significant

difference between the 2 groups’ mean

values, with P values �.001. No corre-

spondence of statistical significance was

observed between angle measurements

and artery diameter changes (Fig 3). The

On-line Figure shows a percentage de-

crease in the diameter of the jailed

daughter branch mostly distributed

around 50%.

Phase II
Computational results obtained for ide-

alized anatomies are reported in Figs 4

and 5. Fig 4 shows space-averaged wall

sheer stress (WSS) forces exerted by the

flow of blood on the endothelial layer

over the nonstented region of both

daughter vessels at diastolic flow rates.

FIG 3. Whisker plots correlating DR with angles between parent and jailed vessel (left) and with
angles between parent and stented vessel (right). Each boxplot describes first quartile values
(bottom black line), median values (middle black line), and third quartile values (top black line).
Error bars show minimum (bottom black bar) and maximum (top black bar) values. Solid circles
denote outliers identified by using the maximum normed residual test.

FIG 4. Space-average WSS calculated along the smaller daughter vessel (region A, left graphs) and larger daughter vessel (region B, right graphs)
for diastolic volumetric flow rates (0.98 mL/s) and 3 different configurations (solid lines, no stent; top graphs, dotted lines, stent along smaller
vessel d1; bottom graphs, dotted lines, stent along larger vessel d2).
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WSS values computed over the smaller daughter vessel (Fig 4,

region A) for both stent configurations show a 2 Pa (10%) de-

crease in WSS after stent deployment in nonsymmetric bifurca-

tions (DR � 0.41) and less pronounced changes when DRs ap-

proach symmetric values (0.65 � DR � 1). WSS calculated along

the larger daughter vessel (Fig 4, region B) is less affected by the

flow diverter, with changes in WSS values confined to less than 0.1

Pa (4%) across all ranges of DR values. Results for peak systolic

flow rates (Fig 5) showed similar trends, with WSS fields mostly

affected in nonsymmetrical bifurcations in both regions. Volu-

metric flow rates predicted at the daughter vessel outlets and pres-

sures computed along the same vessels showed that stent deploy-

ment only marginally affects flow redistribution and pressure

fields across the bifurcation, with maximum FDS-induced changes

in flow rates of approximately 0.01 mL/s and pressures of approxi-

mately 2 mm Hg at peak systole. When we analyzed the influence of

varying peripheral resistance within physiologic ranges and angles,

we did not find any noticeable effect.

Phase III
Computational fluid dynamics results for patient-specific analysis

are reported in the Table and Fig 6. In accordance with phase II

observations, the patient-specific analysis showed how hemody-

namic effects become larger when flow diverters are deployed in a

nonsymmetrical configuration. Contour plots of WSS show some

hemodynamic effect along the unstented daughter vessels for pa-

tients 22 and 25, where a decrease in WSS is qualitatively perceiv-

able compared with the unstented configuration. A more quanti-

tative analysis of the WSS space-averaged values over the same

vessels is reported in the Table, with higher hemodynamic changes

(decreased WSS) for the nonsymmetrical bifurcation and a compar-

atively smaller hemodynamic effect for the symmetric ones. The only

exception is represented by patient 6 (Table), in whom a bifurcation

with DR�0.7 showed no hemodynamic differences between stented

and unstented configurations. Patient 6 presented acute occlusion

(the only case) and jailed vessel complete recanalization with pre-

served diameter at 3-month follow-up.

FIG 5. Space-average WSS calculated along the smaller daughter vessel (region A, left graphs) and larger daughter vessel (region B, right graphs)
for peak systolic volumetric flow rates (3.71 mL/s) and 3 different stent deployment configurations (solid lines, no stent; top graphs, dotted lines,
stent along smaller vessel d1; bottom graphs, dotted lines, stent along larger vessel d2).

Space-averaged WSS values computed over the unstented
(jailed) daughter vessel before and after stent deployment

Patient DR

SP-AVG
WSS (Pa)

%
Difference Outcome

No
Stent Stent

6 0.71 16.8 16.8 0.0 No narrowing
7 0.90 15.4 15.2 �1.3 No narrowing
22 0.47 7.2 6.8 �5.6 Narrowing
23 0.52 8.9 8.7 �2.2 Narrowing
24 0.90 1.9 1.9 0.0 No narrowing
25 0.50 11.5 11.2 �2.6 Narrowing

Note:—SP-AVG indicates space-averaged.
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DISCUSSION
Wide-neck bifurcation aneurysms present an unfavorable config-

uration for endovascular treatment. Balloon remodeling, stent-

assisted coiling, and other complex procedures such as double-

stent placement are often applied to provide more support to coil

packing, with permanent neurologic impairment estimated in ap-

proximately 10% of cases.5 A number of bifurcation aneurysms

have been treated by using FDS procedures, and results are worse

than in proximal aneurysms, with lower occlusion rates (33%–

97%) and higher permanent neurologic impairment (0%–27%).

In the published series of bifurcation an-

eurysms treated with FDSs, approxi-

mately two-thirds of the arteries jailed

by the FDS were affected by a narrowing

process or complete subacute occlu-

sion.3-8 In the 25-aneurysm dataset re-

ported in this study, narrowing or com-

plete subacute occlusion was observed

in 56% of cases. Only 1 patient (patient

6) presented acute arterial occlusion

and complete artery recanalization at

3-month follow-up, keeping a normal

diameter. The main hypothesis is that

acute occlusion was caused by a throm-

botic process because occlusion was im-

mediate (during the procedure) and

completely reversible. Occlusion and

narrowing processes by permanent flow

changes seem to be subacute events and

not reversible.

Causes and mechanisms underlying

FDS-induced artery caliber changes have

not been elucidated. An analysis of ana-

tomic and radiologic data for the study co-

hort reported here found a statistically sig-

nificant correspondence between levels of

bifurcation asymmetry and narrowing or

subacute occlusion of the jailed artery.

These correspondences were found for a

25-dataset cohort; a larger cohort size

would be needed to enhance the signifi-

cance of these findings.

Insertion of an FDS in asymmetric

idealized bifurcations led to more

changes in daughter vessel hemodynam-

ics, in particular a reduction in WSS,

compared with symmetric cases, regard-

less of whether the FDS was deployed

along the larger or smaller branch.

Deploying the FDS along the smaller

bifurcating vessel led to more pro-

nounced alterations in the hemody-

namic parameters investigated. Patient-

specific simulations confirmed previous

results from the idealized geometry

study, with observable hemodynamic

changes in the asymmetric group. Al-

though changes in WSS values seem

modest to definitely suggest a role played by hemodynamics, our

findings have to be taken in a qualitative way and in view of the

limitations of our approach. The computational fluid dynamics

analysis was performed by using typical boundary conditions (eg,

inlet flow rates). A more patient-specific approach would be nec-

essary to fully understand in a quantitative way the significance of

WSS alterations with respect to caliber changes and endothelial

behavior. Nonetheless, the study identified an important trend

demonstrating that hemodynamics is mostly perturbed by an FDS

FIG 6. Computational fluid dynamics results for patient-specific analyses (phase III). WSS con-
tours and anatomies were investigated.
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when deployed in a nonsymmetric bifurcation. It seems that

changes in the forces to which endothelial cells are exposed may

lead to vasomotor reaction in cerebral arteries.17-19 Considering

that this study does not include biologic events analysis (eg,

thrombosis) and in view of current knowledge, it is audacious to

link small WSS changes to vasoconstriction as the main explana-

tion. The role played by hemodynamics in the endothelial-medi-

ated constrictive mechanisms needs further investigations.

The study of idealized cases identified a symmetry ratio threshold

(DR � 0.65) below which hemodynamic changes were noticeable.

This threshold is similar to the value found in our 25-patient dataset

that encompasses most cases within the group with narrowing or

subacute occluding vessels (DR �0.7). Further research and a statis-

tically relevant number of datasets are necessary to fully validate and

handle confidence in this association. However, this study affirmed

the possibility that the phenomenon of FDS-induced vasoconstric-

tion may be explained not only through the presence or absence of

collateral vasculature,6,9 but also through changes induced on the

local bifurcation hemodynamics.

As previously stated by Peach et al,20 successful use of an FDS

in the treatment of intracranial aneurysms can only be achieved

when the FDS creates sufficient resistance to flow entering the

aneurysm so as to promote thrombosis while minimizing any

alteration of the pre-existing hemodynamic stability and vessel

homeostasis in the extra-aneurysm regions. We have found that

hemodynamic changes were minimal when FDSs were deployed

in symmetrical bifurcations and became progressively more sig-

nificant as the level of asymmetry increased.

FDS-induced changes to flow and pressure were not signifi-

cant, though alterations to local distributions of flow velocities

were observed and justified changes in WSS. We only observed

minor changes to pressure and flow redistribution upon stent

deployment. This is somewhat in disagreement with other com-

putational studies reported in the literature,21,22 where more sig-

nificant alterations in flow and pressure data were observed be-

tween the unstented and stented configurations. This can be

explained by the fact that in our approach, where we coupled the

fluid solver to a 1D resistance model effectively imposing outlet

pressure as a function of flow rate, we could impose, and keep

constant, physiologically realistic values of peripheral resistance

across our bifurcations. This guaranteed consistency on the im-

position of peripheral resistance, which cannot be guaranteed by

the imposition of constant pressure outlet boundary conditions

because a different redistribution of flow, caused for example by

the presence of a flow-diverting device, would lead to a different

value of outlet resistance if pressure is maintained constant. The

same findings are also somehow in disagreement with previously

published data from experimental studies, where arguably pe-

ripheral resistance would have been kept constant. However,

these studies do not provide any information on the peripheral

resistances set for the experiment and only vaguely refer to the

experimental model being connected to a “flow loop with flexible

chloride tubing.”23,24 In these studies, the significant changes in

pressure caused by the presence of low-porosity FDSs might have

been affected by much lower than physiologic values of peripheral

resistance, in the presence of which the local resistance of the FDS

might be much greater and inevitably expected to induce large

changes in flow redistribution and, therefore, pressure. We be-

lieve that our multidimensional resistance-based approach could

offer a viable boundary condition option, other than pressure-

based approaches, for the type of studies presented in this study,

as also elegantly elucidated by Vignon-Clementel et al.25 How-

ever, a deeper understanding of the different physiologic condi-

tions modeled by the 2 approaches and their suitability to inves-

tigate flow through stented bifurcation would require further

research.

To evaluate the change in bifurcation angles that may have

been induced by the deployment of a relatively stiff device, we

studied the influence of angle changes on symmetrical idealized

bifurcations without stents. This study did not produce noticeable

changes in distal vessel hemodynamics to justify a subsequent

study on the influence of angles on stented bifurcations. This is

also confirmed by other studies reported in the literature.26,27

One might question the applicability of the theory identified

by this study to sidewall arteries. Indeed, asymmetric bifurcations

present similar anatomies to sidewall arteries, albeit with much

higher percentages of parent arteries in the follow-up because

ophthalmic and anterior choroidal arteries do not seem to suffer

the same clinical fate when covered by FDSs.28,29 This could be

explained by a different influence that peripheral vascular resis-

tance has on local hemodynamics at different locations in the

vascular network. Vascular resistance can be described as the im-

pediment to blood flow in a vessel and is well described by the

Hagen–Poiseuille relationship. This equation shows that resis-

tance, or impediment to flow, increases with higher values of

blood viscosity (hematocrit), vessel length, and smaller vessel ra-

dius. It should also be noted that, by far, the most important

influence on resistance to flow is given by vessel radius, which

appears to the power of 4 in this relationship. This strong influ-

ence of vessel radius on flow was one of the main reasons we

decided to focus our study on reciprocal vessel diameters at bifur-

cations. In the systemic circulation, resistance to flow exerted by

small peripheral vessels is known to have a significant influence

on overall systemic blood flow.30 When we have studied the in-

fluence of peripheral resistance and varied it within physiologic

ranges reported for MCA bifurcations, we have noticed little in-

fluence compared with the changes induced by FDS. This might

not be the case at other vascular locations where the level of pe-

ripheral resistance is different. In fact, Reymond et al15 reported

2- to 3-fold higher values of peripheral resistance distal to the

ophthalmic and choroidal arteries compared with known periph-

eral resistance after MCA bifurcations. It is therefore possible that

the presence of an FDS in proximal vessels, which can also be

considered as an impediment to flow, would not affect a flow that

is predominantly dominated and influenced by a much higher

peripheral resistance at these locations. This aspect requires fur-

ther research to fully explain why FDS treatment at these locations

does not seem to lead to vessel caliber changes.

CONCLUSIONS
This study identified a statistically significant correlation between

nonsymmetrical bifurcations and narrowing or subacute occlu-

sion in a patient dataset, showing that bifurcation anatomies be-

low a certain level of symmetry (DR �0.65) are more likely to
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become narrower or occluded. A FDS induced modest hemody-

namic changes (decreased WSS) when bifurcations were not sym-

metrical, but these were comparatively higher than those ob-

served in symmetric bifurcations. Upon further research and

clinical validation, this knowledge has the potential to guide and

motivate further studies to reduce risk in complex aneurysm en-

dovascular treatment, with the prospect of extending minimally

invasive procedures to vascular regions that are currently deemed

unsafe for FDS treatment.
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Feasibility of Permanent Stenting with Solitaire FR as a Rescue
Treatment for the Reperfusion of Acute Intracranial

Artery Occlusion
X H.G. Woo, X L. Sunwoo, X C. Jung, X B.J. Kim, X M.-K. Han, X H.-J. Bae, X Y.J. Bae, X B.S. Choi, and X J.H. Kim

ABSTRACT

BACKGROUND AND PURPOSE: The Solitaire FR can be used not only as a tool for mechanical thrombectomy but also as a detachable
permanent stent. Our aim was to assess the feasibility and safety of permanent stent placement with the Solitaire FR compared with other
self-expanding stents for intracranial artery recanalization for acute ischemic stroke.

MATERIALS AND METHODS: From January 2011 through January 2016, we retrospectively selected 2979 patients with acute ischemic
stroke. Among them, 27 patients who underwent permanent stent placement (13 patients with the Solitaire FR [Solitaire group] and 14
patients with other self-expanding stents [other stent group]) were enrolled. The postprocedural modified TICI grade and angiographic
and clinical outcomes were assessed. The safety and efficacy of permanent stent placement of the Solitaire FR for acute large-artery
occlusion were evaluated.

RESULTS: Stent placement was successful in all cases. Modified TICI 2b–3 reperfusion was noted in 84.6% of the Solitaire group and in
78.6% of the other stent group. Procedural time was significantly shorter in the Solitaire group than in the other stent group (P � .022).
Shorter procedural time was correlated with favorable outcome (� � 0.46, P � .035). No significant differences were found in the modified
TICI grade, NIHSS score, mRS, and hemorrhagic transformation rate between the 2 groups. The acute in-stent thrombosis rate at discharge
was significantly lower when a glycoprotein IIb/IIIa inhibitor was injected during the procedure (P � .013).

CONCLUSIONS: Permanent stent placement with the Solitaire FR compared with other self-expanding stents appears to be feasible and
safe as a rescue tool for refractory intra-arterial therapy.

ABBREVIATIONS: ISR � in-stent restenosis; mTICI � modified TICI

Acute ischemic stroke is a high-burden disease and one of the

leading causes of death and neurologic disability. In 2012, the

US FDA approved the Solitaire FR (Covidien, Irvine, California)

after the Solitaire With the Intention For Thrombectomy

(SWIFT) trial, which demonstrated that stent retriever devices

had substantially high rates of recanalization.1 Five randomized

trials of endovascular treatment found improvements in clinical

outcomes over medical therapy and indicated that 71% of pa-

tients treated with mechanical thrombectomy had successful rep-

erfusion.2-7 These trials have proved that the stent retriever is a

safe and reliable tool for endovascular reperfusion therapy.

Thereafter, endovascular reperfusion therapy using the stent re-

triever has become the standard treatment for acute large-artery

occlusion in the anterior circulation within 6 hours from onset in

addition to IV tPA.

In the era of stent retriever thrombectomy, it is important

to determine the appropriate strategy for acute intracranial

artery occlusions refractory to conventional mechanical thrombec-

tomy, considering the rate of unsuccessful reperfusion ranging

from 14% to 41% in 5 randomized clinical trials.2-7 To that

end, some case series reported outstanding procedural and

clinical outcomes using self-expanding stents such as the

Neuroform (Stryker Neurovascular, Kalamazoo, Michigan),

Wingspan (Stryker), or Enterprise self-expanding stent (Cod-

man & Shurtleff, Raynham, Massachusetts) as a rescue treat-

ment.8-12 Moreover, because acute large-artery occlusion with

underlying intracranial atherosclerotic disease is more com-

mon in Asian populations than in Western populations,13
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stent implantation for restoring blood flow could be particu-

larly useful to Asian patients with atherosclerosis-related in

situ stenosis or occlusion.

The Solitaire FR can be used not only as a tool for mechanical

thrombectomy but also as a tool for permanent stent placement

after detachment. However, to our knowledge, no study has yet

been performed to assess the feasibility of permanent stent place-

ment of the Solitaire FR to restore blood flow. At our center,

Solitaire FR stent implantation is often used to treat ischemic

stroke in case of unsuccessful recanalization with the Solitaire

stent retriever and/or other endovascular interventions. We hy-

pothesized that permanent stent placement with the Solitaire FR

compared with other self-expanding stents may be a feasible and

safe rescue treatment for intracranial artery recanalization in

acute ischemic stroke.

MATERIALS AND METHODS
The institutional review board approved this retrospective study,

and informed consent was waived.

Subjects
Initially, 2979 consecutive patients with acute ischemic stroke

from January 2011 through January 2016 were retrospectively se-

lected from the data base in our institution. Among them, 434

patients with suspected cerebrovascular occlusion on CTA or

MRA underwent further diagnostic cerebral angiography and in-

tra-arterial therapy. Of these, 57 patients were treated with stent

insertion as a rescue treatment for recanalization of an occluded

intracranial vessel. Finally, 27 patients who met the following in-

clusion criteria were enrolled in this study: 1) occlusion of the

basilar artery, intracranial segment of

vertebral artery, or MCA (M1 or M2 seg-

ment) confirmed with CTA, MRA, or

DSA; and 2) permanent stent implan-

tation as a rescue procedure. These in-

cluded 13 patients who underwent

permanent stent placement with the

Solitaire FR (Solitaire group) and 14 pa-

tients who underwent permanent stent

placement with other self-expanding

stents (other stent group) (Fig 1).

Procedures
All procedures were performed on a

biplane angiography machine (Integris

Allura; Philips Healthcare, Best, the

Netherlands). For the anterior circula-

tion, a 9F balloon-tipped guiding cathe-

ter was guided by a 5F diagnostic cathe-

ter and was placed in the distal common

carotid artery or ICA. For posterior cir-

culation, a 6F shuttle and 5F or 6F coax-

ial guiding systems were placed in the

extracranial vertebral artery. Initial an-

giography was performed to assess the
occlusion level and preprocedural mod-

ified TICI (mTICI) grade. Next, me-

chanical thrombectomy using the Soli-

taire FR was performed for the occluded segment. An angiogram

was obtained to thoroughly evaluate the re-establishment of flow.

If the occlusion remained, the procedure was repeated immedi-

ately. For patients who had refractory occlusion or who had re-

sidual flow-compromising degree of stenosis after 3–7 attempts of

mechanical thrombectomy, suction thrombectomy, or chemical

thrombolysis, permanent stent placement was considered as a fi-

nal bailout option. Timing of when to perform permanent stent

placement and deciding what kind of stent would be used were at

the discretion of the neurointerventionalist. A glycoprotein IIb/

IIIa inhibitor (tirofiban) was administered intravenously if the

patient was about to undergo permanent stent insertion and had

not taken proper antithrombotic medication before the proce-

dure.14 The glycoprotein IIb/IIIa inhibitor was initially injected as

a loading dose (0.4 mcg/kg) for 30 minutes, followed by continu-

ous infusion for prevention of acute in-stent thrombosis (0.1

mcg/kg/min). The patients immediately received additional oral

acetylsalicylic acid (300 mg) and clopidogrel (75 mg) to protect

the stent after excluding symptomatic hemorrhagic transforma-

tion and/or brain edema with significant mass effect with brain

CT on the following day.

Evaluation of Outcomes and Clinical and Angiographic
Follow-Up
The mTICI reperfusion grade and change of neurologic deficit

were assessed at the end of the procedure. Successful recanaliza-

tion was defined as mTICI 2b–3 recanalization on a delayed an-

giogram obtained after at least 10 minutes. The procedural suc-

cess of permanent stent placement was defined as accurate

FIG 1. Flowchart of patient inclusion.
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delivery and deployment of the stent completely covering the tar-

get lesion and resulting in a residual stenosis of �50%. Angio-

graphic follow-up was scheduled at discharge and 3 months after

discharge, with DSA or CTA to assess in-stent restenosis (ISR).

ISR was defined as absolute stenosis of �50% within the stent,

including its margin, or �20% reduction of the lumen size rela-

tive to the residual stenosis.

Clinical outcomes were evaluated according to the NIHSS

score at admission, after intra-arterial therapy, and at discharge

and according to the mRS at discharge and 3, 6, and 12 months.

The initial and follow-up clinical evaluations were performed by 3

experienced stroke neurologists. Good functional outcome was

defined as an mRS of 0 –2, whereas poor outcome was defined as

an mRS of 3– 6. We defined symptomatic brain hemorrhage as

parenchymal, subarachnoid, or intraventricular hemorrhage de-

tected by CT or MR imaging that was associated with new neuro-

logic signs or symptoms lasting �24 hours or a seizure.15,16 In

addition, we evaluated mortality at 3, 6, and 12 months (Fig 2).

Statistical Methods
Statistical analysis was performed using SPSS 22.0 for Windows

(IBM, Armonk, New York). Clinical and laboratory findings and

outcomes between the Solitaire group and the other stent group

were compared. The Mann-Whitney U test, �2 test, or Fisher ex-

act test was used to analyze categoric variables. A Spearman cor-

relation coefficient was used to assess the correlation between the

variables. Frequency, median, and interquartile ranges were used

for descriptive statistics.

RESULTS
The On-line Table summarizes the clinical characteristics, treat-

ment, and outcome in the Solitaire group and the other stent

group. No significant differences were found in demographic in-

formation, lesion location, comorbidities, Trial of Org 10172 in

Acute Stroke Treatment (TOAST) classification,17 NIHSS score at

admission, and outcome between the 2 groups.

Stent placement was successful in all procedures, and mTICI

2b–3 recanalization was obtained in 11 patients (84.6%) in the

Solitaire group and 11 patients (78.6%) in the other stent group

(P � .9). Total procedural time was significantly shorter in the

Solitaire group compared with the other stent group (69 versus

115 minutes, P � .022). There were no significant differences in

onset-to– emergency department time, onset-to-angiography

FIG 2. A 55-year-old man with acute ischemic stroke, presenting with an initial NIHSS score of 22. A, A right internal carotid angiogram shows
occlusion of the right middle cerebral artery M1 portion. B, Initial placement of the Solitaire stent. A right internal carotid angiogram shows
visible anterograde flow in the right middle cerebral artery M1 portion. C, A 5-minute delayed right internal carotid angiogram after thrombec-
tomy using the Solitaire stent shows repeat buildup of thrombus and reocclusion. D, After 3 passages of the Solitaire stent with recurrent
reocclusion, the decision for a permanent stent was made. A right internal carotid angiogram during the intravenous infusion of glycoprotein
IIb/IIIa inhibitor shows a patent lumen of a temporarily deployed Solitaire stent. E, A 30-minute delayed angiogram after detachment of the
Solitaire stent reveals complete recanalization. F, A follow-up angiogram at 3 months reveals a patent right middle cerebral artery with no
evidence of in-stent restenosis at the M1 portion. The patient had an mRS score of 1 at 3 months.
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time, and onset-to-reperfusion time between the 2 groups. The

postprocedural NIHSS score and mRS at discharge and at 3, 6, and

12 months were also not statistically different between the 2

groups (On-line Table).

Procedural time showed a moderate positive correlation with

mRS at 3 months and mRS at 6 months, respectively (� � 0.47,

P � .030 and � � 0.46, P � .035, respectively). However, no

significant correlation was found between the time from onset to

reperfusion and clinical outcome.

During the procedure, a glycoprotein IIb/IIIa inhibitor was

administered in 7 of 13 patients (53.8%) in the Solitaire group

and 11 of 14 patients (78.6%) in the other stent group (P � .236)

(On-line Table). There was a trend toward a higher rate of mTICI

2b–3 recanalization when the glycoprotein IIb/IIIa inhibitor was

used than when it was not used (88.9% versus 66.7%), but statis-

tical significance was not reached (P � .295) (Table).
There were no significant differences in ISR at discharge and at

3 months between the 2 groups (On-line Table). However, both

ISR at discharge and ISR at 3 months were significantly lower

when a glycoprotein IIb/IIIa inhibitor was administered during

the procedure (P � .013 and P � .036, respectively). Also, the

proportion of favorable mRS (0 –2) at 3 months was significantly

higher in the patients who were administered a glycoprotein IIb/

IIIa inhibitor during the procedure compared with those who

were not (P � .026) (Table). No significant difference was noted

in ISR at discharge between patients with cancer and those with-

out cancer.
Rates of overall hemorrhagic transformation and symptom-

atic intracerebral hemorrhage in the Solitaire group (15.4% and

0%, respectively) were not significantly different from those in the

other stent group (35.7% and 21.4%, respectively) (On-line Ta-

ble). Also, mortalities at 3, 6, and 12 months in the Solitaire group

(23.1%, 30.8%, and 30.8%, respectively) were not significantly

different from those in the other stent group (28.6%, 28.6%, and

28.6%, respectively) (On-line Table).
Three patients in the Solitaire group died of respiratory failure

with underlying metastatic cancer (bronchial bleeding due to dis-

seminated intravascular coagulation, sepsis and pneumonia, and

malignant pleural effusion and pneumonia) at 3 months, and 1

patient in the Solitaire group died of respiratory failure with un-
derlying cancer (sepsis and pancytopenia) at 6 months. Three

patients in the other stent group died of cerebral herniation
caused by malignant cerebral edema or intracerebral hemorrhage
at discharge, and 1 patient in the other stent group died of pneu-

monia and sepsis at 3 months.

DISCUSSION
We have shown that permanent detachment of the Solitaire FR

achieved mTICI 2b–3 recanalization in 84.6% of patient with

acute ischemic stroke in whom mechanical thrombectomy had

failed. Total procedural time was significantly shorter in the Sol-

itaire group than in the other stent group (P � .022). Shorter

procedural time was correlated with favorable outcome (� � 0.46,

P � .035). There were no significant differences in discharge

NIHSS score; mRS at 3, 6, and 12 months; complication rates such

as symptomatic intracerebral hemorrhage; and mortality between

the 2 groups. This finding suggests that permanent stent place-

ment with the Solitaire FR might be considered a rescue therapy in

preference to other self-expanding stents for failed mechanical

thrombectomy in patients with acute intracranial artery occlu-

sion. The efficacy and safety of permanent stent placement using

other self-expanding stents for recanalization of acute intracranial

vessel occlusion have been evaluated in several previous stud-

ies.8-12 However, to our knowledge, there has been no study that

compares the outcome of the Solitaire FR stent with that of other

self-expanding stents for rescue treatment.

For the prevention of recurrent stroke, intracranial artery stent

placement is not recommended as the first-line treatment of in-

tracranial atherosclerosis according to the Stenting vs Aggressive

Medical Management for Preventing Recurrent Stroke in Intra-

cranial Stenosis (SAMMPRIS)18 trial, which reported early mor-

bidity as high as 14.7% in the stent placement group. However, in

the acute setting, several case series demonstrated high recan-

alization rates of 74.5%–92% for intracranial stent placement

when other endovascular methods had failed.8-10,19,20 Self-ex-

panding stents (eg, Neuroform, Wingspan, or Enterprise) have

been used in most patients in these series.

Intracranial atherosclerotic disease is more common in

Asian populations than in Western populations,13 though the

reason remains unclear. Possible explanations include the in-

herited susceptibility of intracranial vessels to atherosclerosis,

acquired differences in the prevalence of risk factors, and dif-

ferential responses to the same risk factors.13 Thrombus

lodged in segments of underlying intracranial atherosclerotic

stenosis may become refractory to mechanical disruption or

clot retrieval. Therefore, intracranial artery stent placement

might be considered a feasible option in the treatment of Asian

patients with acute large-artery occlusion. Recently, Baek

et al20 demonstrated more favorable outcomes in the stent

group than in the nonstent group in Korean populations. In

addition, studies from East Asia have shown lower rates of

periprocedural complications and morbidities in patients with

intracranial stent placement when other endovascular proce-

dures failed to achieve recanalization.13,21-26

In addition to a tool for mechanical thrombectomy, the Soli-

taire FR can also be used as a permanent stent because it is detach-

able.27 In this study, we achieved an mTICI of 2b–3 in 84.6% of

the cases in Solitaire group, comparable with 78.6% in the other

Comparison of in-stent restenosis and postprocedural mTICI
grade between administration of GP IIb/IIIa inhibitors and no
administration of GP IIb/IIIa inhibitors

GP IIb/IIIa Inhibitors
P

ValueYes No
ISR at discharge (yes) (%) 0/16 (0) 3/3 (50.0) .013a

ISR at 3 mo (yes) (%) 2/9 (18.2) 4/1 (80.0) .036a

Postprocedural mTICI
grade (0–2a/2b–3) (%)

2/16 (11.1/88.9) 3/6 (33.3/66.7) .295

Overall hemorrhagic
transformation (yes) (%)

3/15 (16.7) 4/5 (44.4) .175

Symptomatic ICH (yes) (%) 1/17 (5.6) 2/7 (22.2) .250
mRS at 3 mo 0–2 (%) 8/18 (44.4) 0/9 (0) .026a

mRS at 6 mo 0–2 (%) 9/18 (50.0) 2/9 (22.2) .231
mRS at 12 mo 0–2 (%) 9/18 (50.0) 2/9 (22.2) .231
Mortality at 3 mo (%) 3/15 (16.7) 4/5 (44.4) .175
Mortality at 6 mo (%) 4/14 (22.2) 4/5 (44.4) .375
Mortality at 12 mo (%) 4/14 (22.2) 4/5 (44.4) .375

Note:—GP indicates glycoprotein.
a Significant.
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stent group. Moreover, because permanent stent placement using

the Solitaire FR does not require the insertion of another device,

the use of the Solitaire FR can significantly reduce the procedural

time as well as cost. Consequently, this might reduce the time

interval from stroke onset to reperfusion and hence might poten-

tially reduce the risk of periprocedural complications. In this

study, shorter procedural time was correlated with favorable out-

come. In addition, although no statistical significance was found,

there were trends toward lower rates of symptomatic intracere-

bral hemorrhage and overall hemorrhagic transformation in the

Solitaire group compared with the other stent group. Another

advantage of the Solitaire FR in relation to other self-expandable

stents is that the Solitaire FR enables the assessment of vessel pa-

tency during its temporary placement. When antegrade flow is

restored and the target vessel lumen is patent during the tempo-

rary deployment of the Solitaire stent but recurrent occlusion

after stent retrieval occurs, permanent detachment of the Solitaire

FR can be an option.

The combination of thrombolytics and the glycoprotein IIb/

IIIa antagonist has been shown to have a synergistic effect on the

recanalization efficiency in other studies.14,28 In this study, the use

of glycoprotein IIb/IIIa antagonists was based on the likely mech-

anism of stroke. When underlying intracranial atherosclerotic

stenosis was suspected and when recurrent buildup of thrombus

was noted during the temporary placement of the stent, then the

glycoprotein IIb/IIIa inhibitor was particularly considered. Al-

though the immediate postprocedural success rate (mTICI grade

2b–3) regarding glycoprotein IIb/IIIa inhibitor usage was not sig-

nificantly different (88.9% versus 66.7%, P � .295), we observed

better angiographic outcomes at discharge and at 3 months and

better clinical outcomes at 3 months when a glycoprotein IIb/IIIa

antagonist was used during the procedure (P � .013, P � .036,

and P � .026, respectively). Because a glycoprotein IIb/IIIa antag-

onist prevents acute thrombus formation and subsequent distal

embolization by inhibiting the final common pathway of platelet

aggregation, its effect may be seen more often during the early

phase after the onset of stroke. No significant difference was

found in overall complication rates based on the use of a glyco-

protein IIb/IIIa antagonist.

As with any other intracranial stents, dual antithrombotic

therapy is recommended to prevent delayed thrombosis within

the stent.19,29 Patients in our study were routinely given aspirin in

combination with clopidogrel. However, initiating these drugs

may be difficult in an acute setting when IV tPA has been admin-

istered. In this situation, delayed initiation of antiplatelet medica-

tion by at least 24 hours is recommended to reduce the risk of

symptomatic intracranial hemorrhage.30

In addition to the retrospective nature of this study, our

study has a few limitations. First, although most clinical char-

acteristics and outcome variables were comparable between

the Solitaire group and the other stent group, a noninferiority

test could not be performed due to the small sample size. A

follow-up study with a larger study population and a longer

follow-up period would be desirable. Second, the inclusion of

patients with underlying cancer might have led to difficulties in

interpreting clinical outcomes.

CONCLUSIONS
Compared with other self-expandable stents, the permanent de-

ployment of the Solitaire FR as a rescue therapy for reperfusion of

intracranial artery occlusion appears to be feasible and safe and

requires a shorter procedural time.

Disclosures: Leonard Sunwoo—RELATED: Grant: Seoul National University Bundang
Hospital Research Fund (No. 14-2016-019).
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Better Than Nothing: A Rational Approach for Minimizing the
Impact of Outflow Strategy on Cerebrovascular Simulations

X C. Chnafa, X O. Brina, X V.M. Pereira, and X D.A. Steinman

ABSTRACT

BACKGROUND AND PURPOSE: Computational fluid dynamics simulations of neurovascular diseases are impacted by various modeling
assumptions and uncertainties, including outlet boundary conditions. Many studies of intracranial aneurysms, for example, assume zero
pressure at all outlets, often the default (“do-nothing”) strategy, with no physiological basis. Others divide outflow according to the outlet
diameters cubed, nominally based on the more physiological Murray’s law but still susceptible to subjective choices about the segmented
model extent. Here we demonstrate the limitations and impact of these outflow strategies, against a novel “splitting” method introduced
here.

MATERIALS AND METHODS: With our method, the segmented lumen is split into its constituent bifurcations, where flow divisions are
estimated locally using a power law. Together these provide the global outflow rate boundary conditions. The impact of outflow strategy
on flow rates was tested for 70 cases of MCA aneurysm with 0D simulations. The impact on hemodynamic indices used for rupture status
assessment was tested for 10 cases with 3D simulations.

RESULTS: Differences in flow rates among the various strategies were up to 70%, with a non-negligible impact on average and oscillatory
wall shear stresses in some cases. Murray-law and splitting methods gave flow rates closest to physiological values reported in the
literature; however, only the splitting method was insensitive to arbitrary truncation of the model extent.

CONCLUSIONS: Cerebrovascular simulations can depend strongly on the outflow strategy. The default zero-pressure method should be
avoided in favor of Murray-law or splitting methods, the latter being released as an open-source tool to encourage the standardization of
outflow strategies.

ABBREVIATIONS: ACA � anterior cerebral artery; CFD � computational fluid dynamics; OA � ophthalmic artery; OSI � oscillatory shear index; PcomA � posterior
communicating artery; TAWSS � time-averaged wall shear stress

Simulating blood flows by image-based computational fluid

dynamics (CFD) has become a prevalent technique for study-

ing the natural history and treatment options for cerebrovascular

disorders, notably intracranial aneurysms.1 The accuracy of these

nominally patient-specific simulations is subject to not only the

CFD methodology2 but also numerous approximations and as-

sumptions. For example, while patient-specific lumen geometries

are readily available from routine clinical angiography and used to

create the 3D model, properties of blood and the vessel wall are

rarely acquired for each patient. Most of the time, rigid walls are

assumed and population-averaged constants are used for blood

viscosity. When patient-specific flow rates are available, it is typ-

ically only at the model inlet.3 More often, inlet flow rates are

assumed from literature values, sometimes coupled to a scaling

law to account for interindividual differences in flow.4 On the

other hand, an assumption that remains particularly latent is that

of the outlet flow rates.

Inspection of articles published in the American Journal of

Neuroradiology and other clinical and biomedical engineering re-

search journals reveals that the outflow strategy is rarely or only

superficially reported. When information is provided, most stud-
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ies focusing on multi-outlet CFD models report using “zero pres-

sure” or “traction-free” outlet boundary conditions to determine

the division of flow among the outlets, a trend also noted by

Marzo et al.5 This outflow strategy is often the default (“do noth-

ing”) setting for CFD solvers, and implicit is the assumption that

the necessarily truncated cerebrovascular model has all of its out-

lets connected to the same artery distally, which is rarely the case.

(That assumption should not be confused with the more physio-

logical assumption that outlets feed microvascular beds having

the same resistance; see the On-line Appendix). As also detailed in

the On-line Appendix, subjective—and rarely documented—

choices about the CFD models, such as truncation of downstream

branches or addition of flow extensions, may therefore play a role

in determining the division of outflow rates, which, incidentally,

is typically known only after the CFD simulation is completed.6

Another popular outflow strategy is to explicitly apportion the

flow rates among the outlets according to their diameters cubed.7

This “Murray law” strategy derives from the eponymous principle

that pumping versus metabolic power is optimized for the circu-

latory system8 and reflects conduit vessels adapting their calibers

to the flow rate demanded by the downstream microvascular

beds. Murray’s law hinges on the simplifying assumption of Poi-

seuille flow, which does not necessarily hold for larger, conduit

arteries9; thus, like the zero-pressure strategy, the predicted flow

rates, and hence the CFD simulations, may also be sensitive to the

number and extent of outlets retained in the model. (A third, less

common approach is to impose microvascular resistances directly

at the outlets; however, absent patient-specific flow rates, popu-

lation-average resistances must be imposed, resulting in popula-

tion-average flow divisions.)

Therefore, the aim of the present study was 2-fold: 1) to pres-

ent a novel and more robust alternative, hereafter referred to as

the “splitting” method, which uses vessel diameters to estimate

patient-specific outflow divisions that are more grounded in

physiology and less sensitive to the subjective extent of the CFD

model; and 2) to quantify the uncertainty of cerebrovascular CFD

models to outflow strategy.

MATERIALS AND METHODS
Study Cohort
We evaluated outflow strategies for 70 patients with MCA aneu-

rysms (55 � 11 years of age, 73% women) from a broader cohort

of 244 consecutive patients with 358 aneurysms, included from

March 2011 to March 2014. These cases were segmented from 3D

rotational angiography, from the cervical ICA to at least the M2

branches, using either a threshold segmentation method (Aneu-

fuse; @neurIST, http://www.aneurist.org/) or a gradient-based

watershed technique (Matlab; MathWorks, Natick, Massachu-

setts). Arteries below a threshold diameter of 0.6 mm were not

segmented; thus, the ophthalmic artery (OA) was excluded for

roughly 25% of the models. The posterior communicating artery

(PcomA) was also typically excluded, except for cases with evident

fetal posterior cerebral arteries. Detailed morphologic character-

istics of this cohort can be found elsewhere.6

These 3D segmentations were used to construct 0D models, on

which the various outflow strategies were tested for their impact

on branch flow rates. 3D CFD simulations were performed on a

subset of 10 representative cases to determine the impact of out-

flow conditions on derived hemodynamic indices.

Splitting Method
Murray’s law is a specific case of a more general principle that the

flow rate in a vessel is proportional to the diameter of that vessel

raised to some power (ie, Q�Dn, with n � 3 for Murray’s law). As

commonly practiced in CFD, the Murray-law strategy is to simply

prescribe the flow rate for outlet i as

1)
Q i�Q i

�
D i

n

�D i
n,

where Qi is the flow rate of the outlet, Di is the diameter of the

outlet, and, customarily, n � 3. The summations are over all out-

lets, and by conservation of mass, the sum of outflows must equal

the inflows. Note that all outlets are treated the same according to

their diameters, irrespective of the branch generation to which

they belong—that is, no attention is paid to branching within the

model.

Our proposed outflow splitting method is based on the same

power law relationship between diameter and flow rate, but in the

spirit of Murray’s original derivation, it is used locally for each

bifurcation within the model (eg, see Fig 1, case A). In other

words, starting from the inlets, at each bifurcation encountered,

we assume the flow divides according to a power law:

2)
Q1

Q2
� �D1

D2
�n

,

where D1 and D2 are the diameters of the 2 daughter branches at

the given bifurcation, and Q1/Q2 is the bifurcation flow division.

These outflows then serve as the inflows for subsequent bifurca-

tions, until the CFD model outlets are reached, at which point the

proportion of the original inlet flow to each outlet is known. A

more detailed derivation, with examples, is given in the On-line

Appendix. It is important to note that our splitting method does

not impose these individual internal flow divisions on the CFD

model. Rather, they are used, as detailed below, to compute outlet

flow rates that, imposed on the CFD model, will give rise to the

expected internal flow divisions.

0D Modeling for the Impact of Outflow Strategy on Flow
Rate Distribution
Recently, we developed a novel lumped parameter approach for

fast and accurate prediction of flow divisions in 3D CFD models

when outflow pressures are prescribed.6 Briefly, given a 3D lumen

geometry model, a 0D (electrical circuit) model is derived in 2

steps: 1) The centerlines of the model are computed with the

Vascular Modeling Toolkit (VMTK; www.vmtk.org); and 2) these

centerlines are decomposed in a network of straight, rigid seg-

ments parameterized by their mean radius, length, and bifurca-

tion angles. In these reduced-order networks, we assume fully

developed, steady, Poiseuille flow so that for each segment, the

flow rate is proportional to the pressure gradient along the vessel

and the inverse of its resistance. Equations for all segments are

assembled and solved iteratively by applying an analog of the

Kirchhoff current law to satisfy segment-to-segment mass conser-
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vation.10 The method was previously validated for this MCA an-

eurysm cohort via pulsatile 3D CFD simulations that had pre-

scribed only ICA inflow but used different pressures for each

outlet.6 By setting all outlet pressures to zero, this 0D approach

was used to calculate the outflow rates for the zero-pressure

method.

To determine the outflow rates for the splitting method, we

took advantage of the fact that the above-described 3D to 0D

process includes the automated identification of bifurcations

and measurement of inflow/outflow branch diameters. It was

therefore straightforward to adapt this to our proposed split-

ting method using, for each bifurcation, the power law equa-

tion (Equation 2) relating the outflow division to daughter

branch diameters and solving simultaneously to obtain the de-

sired outlet flow rates. A power law exponent n � 2 was used at

all bifurcation levels. Finally, for the Murray-law method, we

simply applied Equation 1, based on the outlet diameters and

with a power law exponent n � 3, reflecting common practice.

The 0D models were solved for each case assuming steady

flow, with a cross-sectional mean velocity of 0.27 m/s applied

to the ICA inlet, under the assumption that inflow rate scales

with cross-sectional area4 (ie, a power law with n � 2). The

resulting inflow rates are plotted in On-line Fig 1. Outlet flow

rates were then calculated according to the 3 different methods

(zero-pressure, Murray-law, splitting) and used to calculate

the MCA, anterior cerebral artery (ACA), OA, and PcomA flow

rates. It is important to remember that, for these MCA aneu-

rysm cases, the parent artery (ie, the MCA) flow rate is effec-

tively determined by the outflow method in addition to the

prescribed ICA inflow.

3D CFD Modeling for Impact of Outflow Strategy on
Hemodynamic Indices
As shown in Fig 1, a subset of 10 representative cases was selected

for 3D CFD to determine the impact of the outflow strategy on

nominal hemodynamic predictors of rupture status. Of these, 3

were chosen to exemplify the impact of model extent. Specifically,

as also shown in Fig 1, the alterations were either drastic, with

branches clipped immediately distal to the aneurysm (case A) or

mild, with shortened M2 segments (case B) or a change of the

number of outlets and length of the M2 segments (case C).

For these 10 cases and their 3 variants, we performed CFD

simulations using a minimally dissipative solver developed and

validated within the Open-Source Finite-Element Method Li-

brary, FEniCS (https://fenicsproject.org/).11 The segmented lu-

mens were meshed using VMTK, with 4 layers of boundary ele-

ments and the mesh density chosen to be highest in the vicinity of

the aneurysm sac, where the tetrahedron side length was 0.12 mm

on average.12 The number of tetrahedral elements per case was 3.8

million on average, ranging from 2.3 to 4.7 million, reflecting the

variability of the aneurysm sizes and extents of the CFD model

domains.

We assumed rigid walls, blood kinematic viscosity of 0.0035

m2/s, and blood density of 1060 kg/m3. Like the 0D models, a

cycle-averaged cross-sectional mean velocity of 0.27 m/s was

applied to the ICA inlet in all cases and was used to scale a

representative older adult ICA flow waveform shape13 to im-

pose fully developed Womersley velocity profiles at the ICA

inlet. To account for possible dampening along the ICA and

MCA,14 we reduced the harmonics of this inflow waveform in

amplitude by 10%. The number of time-steps per cardiac cycle

was set to 10,000,12 and all simulations were run for at least 3

cardiac cycles to wash away any initial transients. The analysis

was based on the output from 1000 uniformly spaced time-

steps from the last cycle.

For the zero-pressure CFD simulations, the pressure was set to

zero at all CFD model outlets via traction-free boundary condi-

tions. For the splitting method, outlet flow rates were imposed as

mass flux conditions to the outlets of the CFD model, which

amounts to traction-free boundary conditions (see “Discus-

FIG 1. The 10 representative cases of MCA aneurysms used for 3D CFD. A subset of 3 cases (A–C) was truncated differently, as depicted by A�,
B�, C�. These are color-coded to identify their data in subsequent figures. Cases A and A� highlight their individual bifurcations, as used by the
splitting method.
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sion”). CFD simulations for the Murray-law method were not

performed.

For each CFD model, the time-averaged wall shear stress

(TAWSS) magnitude and oscillatory shear index (OSI) were de-

termined from the time-varying velocity data. The aneurysm sac

was digitally isolated,15 and for each permutation of case and out-

flow method, we computed the following hemodynamic indices

often used for rupture status assess-

ment12: sac-averaged TAWSS and sac-

maximum TAWSS, both normalized to

the parent artery TAWSS; and sac-aver-

aged OSI.

RESULTS
Impact of Outflow Strategy on
Flow Rate Distribution

Table 1 demonstrates the overall impact of outflow strategy on

flow rates in the major arteries and their accuracy relative to in

vivo measurements averaged from the literature. Although all 3

methods predicted MCA flow rates to within �10% on average,

the zero-pressure method overestimated ACA flow rates by 23%,

causing an imbalance of flow at the ICA terminus. On the other

hand, the Murray-law and splitting methods also predicted ACA

flow rates to within �10% on average and thus had ACA/MCA

flow divisions nearly identical to the in vivo average. For those

cases with a PcomA, the zero-pressure method had the largest

overestimation relative to in vivo values, while the small OA flow

rates were overpredicted by all outflow strategies. SDs (ie, inter-

individual variances) were largest for the zero-pressure method,

followed by the Murray-law method, while the splitting method

was closest to, albeit still higher than, the in vivo variances.

Figure 2 shows the marked impact of outflow strategy on flow

rates at the MCA, which is the parent artery for these aneurysm cases.

Notably, Fig 2A reveals that relative to the more physiological split-

ting method, the zero-pressure method underestimates MCA flow

rates by 14% on average, but �50% for some cases. Figure 2B shows

that the Murray-law and splitting methods give closer results on av-

erage, but the limits of agreement still have a wide range and thus

large differences for individual cases, from �50% to 	70%.

Impact of Model Extent on Flow Rate Distribution
Figure 2 also shows that the modified extents for cases A–C re-

sulted in non-negligible changes in MCA flow rates. This impact

of modified extents is further highlighted in Table 2, where re-

moval of the M3 branches for case A resulted in 40% and 138%

increases in MCA flow for the zero-pressure and Murray-law

methods, respectively. Even the mild modifications to cases B and

C resulted in non-negligible changes in MCA flow rates: a 22%

decrease with the Murray-law method for case B versus B� and a

73% increase with the zero-pressure method for case C versus C�.

With the splitting method, model extent had no impact on flow

rates as designed.

Such impact of model extent can also be inferred from cases

that had an ACA aneurysm in addition to the MCA aneurysm

(squares in Fig 2). These models extended at least to the A2

branches, whereas those with only MCA aneurysms were trun-

cated at the A1 branch. Per Fig 2A, such imbalance in the number

and size of MCA-versus-ACA outlets—more flow resistance is

offered by the M1�M2 branches versus the single A1 stub—led to

the marked underestimation of MCA flow rates by the zero-pres-

sure method, whereas the ACA aneurysm cases (having more bal-

anced ACA and MCA flow resistances) had flow rates closer to the

splitting method. Per Fig 2B, the Murray-law method was less

susceptible to such frank imbalances.

FIG 2. Bland-Altman plots reveal non-negligible limits of agreement
(upper and lower dotted lines) for cycle-averaged MCA flow rates
computed via the different outflow strategies. Colored circles repre-
sent the 10 cases subsequently selected for 3D CFD. Note that the
modified extents (cases A�, B�, C�) show non-negligible changes in
flow rates for both zero-pressure and Murray-law methods. The y-
axis is defined as the considered outflow method minus the splitting
method flow rate, divided by the average of flow rates obtained with
the 2 methods.

Table 1: For the 70 patients with MCA aneurysms, mean � SD flow rates (mL/min) in the
major arteries and mean flow divisions at the ICA terminusa

Outflow Method ACA MCA OA PcomA ACA:MCA
Zero-pressure 103 � 50 137 � 53 15 � 10 71 � 42 43:57
Murray-law 89 � 47 152 � 57 14 � 11 65 � 46 37:63
Splitting 86 � 38 154 � 46 16 � 8 60 � 30 36:64
Literature values 84 � 24 142 � 31 11 � 5 59 � 14b 37:63

a Enriched tables are provided in On-line Tables 1 and 2.
b Literature values measured at the posterior cerebral artery.

Table 2: Impact of model extent on predicted MCA flow rates
(mL/min) for the 3 cases with modified outflow extents

Outflow Method A A� B B� C C�

Zero-pressure 97 136 134 141 49 85
Murray-law 82 195 145 113 76 90
Splitting 166 166 133 133 106 106
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Impact on Hemodynamic Indices
Quantitative differences between zero-pressure and splitting

methods for nominal metrics of rupture status are shown in Fig 3,

to appreciate the practical impact of outflow strategy. (Qualitative

differences in the surface distributions from which these sac-in-

tegrated values were derived can be seen in On-line Figs 2 and 3.)

Normalized TAWSS was affected by the outflow method, showing

absolute differences of 21% � 18%, reflecting differences in the

CFD-computed wall shear stress patterns. Without the parent ar-

tery normalization, differences in aneurysm TAWSS were 40% �

25%, reflecting the compounding effect of differences in parent

artery (MCA) inflow rates on wall shear stress magnitudes.

For the zero-pressure method, changes in the extent of models A,

B, and C resulted in TAWSS differences of 	12%, �22%, and

	22%, respectively. It is important to note that these differences are

observed for the same cases with the same outflow strategy, with the

only difference being an alternative but equally plausible choice of 3D

model extent. Sac-maximum TAWSS showed absolute differences of

17% � 13% between the outflow methods and the comparable effect

of model extent. Larger differences were observed for the sac-aver-

aged OSI, showing more pronounced changes in the rank ordering of

cases from low-to-high OSI. The absolute difference for OSI was 24%

� 17%, and modified extent had a greater impact than for sac-aver-

age and sac-maximum TAWSS, with differences from 24% to 63%

relative to the OSI from the splitting method.

DISCUSSION
Relationship to Previous Studies: Impact of Outflow
or Not?
Previous studies reporting the impact of the outflow rates on an-

eurysm CFD have shown mixed conclusions but typically relied

on single cases and hemodynamic indices not commonly used in

large-scale studies. Ramalho et al16 concluded that the choice of

outflow strategy “highly influence[d] the hemodynamics inside

the aneurysm [and] should be chosen with special caution.”

Venugopal et al17 varied the outflow distribution by factors 2–12

times greater than what we reported, yet seeing its impact on

TAWSS maps, they concluded that it was “difficult to draw any

conclusions regarding the role of shear stress in the aneurysm’s

growth.” Grinberg and Karniadakis18 showed that using zero-

pressure versus lumped parameter outflow conditions led to a

“300% difference in flow rates through the outlets” for their pa-

tient-specific cerebrovasculature model. On the other hand, Ce-

bral et al19 reported that outflow rate variations of �25% “did not

alter the main characteristics of the intra-aneurysmal flow pat-

terns.” These disparate conclusions have given mixed messages to

the CFD and clinical communities and, as noted by Ramalho et

al,16 called for “stud[ies] with larger number of geometries.”

The present study, based on 70 cases (10 with CFD), demon-

strates that the choice of outflow strategy can alter the physiological

plausibility and results of aneurysm CFD, with non-negligible impact

on both flow rate distributions and nominal hemodynamic predic-

tors of rupture status. The 2 most popular outflow strategies—zero-

pressure and Murray-law—were also sensitive to subjective choices

about CFD model extent, which are rarely documented and can vary

widely among the CFD community. For example, in the most recent

aneurysm CFD Challenge, which focused on MCA aneurysm cases,

the presence and extent of proximal ICA, side branches, or distal

bifurcations varied dramatically.20 The splitting method we propose

is minimally sensitive to such uncertainties and demonstrably offers

robust and realistic flow distributions.

The differences we report in hemodynamic indices due to out-

flow strategy, as shown in Fig 3, are comparable with those re-

ported due to CFD solution strategy,2 which were, in turn, far

greater than those due to non-Newtonian viscosity.21 Similarly,

the divergent conclusions of Ramalho et al16 and Venugopal et

al17 were drawn from TAWSS patterns that appear, qualitatively

at least, to be comparable with those presented in studies of geo-

metric22-24 or inflow3 uncertainties. Together these suggest that

the outflow strategy should be considered at least as important as

other assumptions or uncertainties in aneurysm CFD.

Implications for Clinical CFD: Does Outflow
Really Matter?
It could be argued that our findings are exaggerated by our use of

extensive models that include the cervical ICA with side (OA,

PcomA) and terminal ACA branches, meaning that the aneurysm

FIG 3. Comparison of 3 normalized hemodynamic indices (see “Materials and Methods”) determined from 3D CFD simulations, computed using
zero-pressure-versus-splitting methods. The lower right of each panel shows the coefficients of determination (R2) as measures of correlation
and agreement. The dotted line is perfect agreement. Note the triangles and different colors used to highlight the different truncations for
cases A, B, and C (see symbol legend in Fig 2). These data points are translated only horizontally because the splitting method is, by design, not
sensitive to model extent.
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(ie, MCA) inflow is also effectively determined by the outflow

method. Indeed, CFD studies of MCA aneurysms often comprise

just the single (M1/M2) bifurcation.2,25,26 Setting aside the thorny

question of whether flow in the MCA can be considered fully

developed in such studies considering complex flow patterns al-

most certainly present upstream of the ICA siphon and termi-

nus,24,27 for these cases, the Murray-law and splitting methods

would, assuming the same power law exponent, indeed give the

same results. Consider, however, our case J, for which all 3 out-

flow methods predicted the M1 inflow to within �5%. The dif-

ference in M2 outflows predicted by the zero-pressure and split-

ting methods was a modest 15%, yet this resulted in a 50%

difference in the normalized sac-averaged TAWSS (0.17 versus

0.36, respectively). This would seem to suggest that our findings

about the zero-pressure strategy would hold even for less exten-

sive aneurysm CFD models.

To appreciate the potential implications of this, consider that

Takao et al25 and Miura et al26 used a zero-pressure strategy for

their large (50 and 106 cases, respectively) studies of (truncated)

MCA aneurysm CFD models and reported differences in sac-av-

eraged TAWSS of 	13% and 	25%, respectively, between rup-

tured and unruptured cases. Note that these differences are com-

parable with differences we observed for the zero-pressure

method just by changing the 3D model extent. Such differences

would only be exacerbated for smaller studies, and emphasize the

need for consistency, both between and within studies, regarding

the extent of the 3D models.

Recommendations for Clinical CFD: Stop Doing Nothing
The zero-pressure outflow strategy remains popular because it

places fewer constraints on the outlet velocity profile. A traction-

free boundary condition is used by default, which requires only

that the velocity vectors are approximately parallel to the vessel

axis. On the other hand, prescribing outflow divisions as in the

Murray-law or splitting methods often requires the velocity pro-

file itself to be prescribed, which, in turn, usually necessitates the

addition of long flow extensions to avoid errors or instabilities

engendered by this more explicit approach.

Some solvers, like ours, offer outlet flux boundary conditions,

which allow the user to specify outflow rates without having to

prescribe a velocity profile. In our case, outlet flux is implemented

by iterating the outlet pressures (which appear in the traction-free

outlet equations) until the desired flow split is achieved.28 For

solvers without such capability, we note that our splitting method,

when coupled with a 0D solver as described in the “Materials and

Methods,” can provide an accurate estimate of the outflow pres-

sures required to achieve a given outflow division.6 That therefore

makes it possible for any CFD solver to achieve a desired outflow

division using more relaxed traction-free (versus restrictive veloc-

ity profile) boundary conditions, simply by prescribing those es-

timated outlet pressures.

Notes of Caution
In this study, we compared the splitting method using n � 2 with

the Murray-law method using its customary n � 3. The impact of

the choice of the power law exponent on outflow strategy is sum-

marized in On-line Table 1. Average flow rates from the Murray-

law method were relatively insensitive to n; however, intraindi-

vidual variations were larger with n � 3, as expected.4 The

splitting method was more sensitive to the power law exponent,

with n � 3 underestimating flow to smaller branches (OA,

PcomA) and biasing flow to the larger MCA. This dependence on

n, however, underscores the accuracy of the flexibility of the split-

ting method: Flow division at the crucial ICA terminus is demon-

strably closer to a square law29,30; n can be increased toward a cube

law for more distal branches, if desired.

The way diameters are measured from the 3D models could

also introduce some variability in the calculation of outflow rates.

Owing to our use of a 0D model as the basis for the splitting

method, our diameters were averaged over each vessel segment.

For the Murray-law method, we used the mean diameter of each

outlet face, as is customary, which can create a dependency on

where the artery segment is truncated.27 For cases B and B�, for

example, the number of outlets was the same, just the branch

length was reduced, yet there was a 22% change in the MCA flow

rates. This difference would undoubtedly have been less had we

based the Murray-law outflows on vessel-average diameter rather

than the (customary) single-point outflow face. On the other

hand, our use of a 0D model makes it possible to account, a priori,

for the hemodynamic impact of vascular abnormalities, such as a

stenosis, on the outflow rates, in a way that would be more diffi-

cult using standard zero-pressure or Murray-law methods.

CONCLUSIONS
Outflow strategy is at least as important as other assumptions

made for cerebrovascular CFD. The prevalent zero-pressure or

do-nothing strategy should be avoided because it is both unphys-

iological and operator-dependent. The Murray-law strategy is

better than nothing, but here we present our more physiological

and robust splitting method as an open source tool (www.github

.com/ChrisChnafa/aneuTools) to encourage standardization of

cerebrovascular CFD. Irrespective of their outflow strategy, CFD

studies should always report, or at least demonstrate, the physio-

logical plausibility of the actual outflow (and inflow) rates expe-

rienced by their models.
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ORIGINAL RESEARCH
HEAD & NECK

Intranasal Esthesioneuroblastoma: CT Patterns Aid in
Preventing Routine Nasal Polypectomy

X M.E. Peckham, X R.H. Wiggins III, X R.R. Orlandi, X Y. Anzai, X W. Finke, and X H.R. Harnsberger

ABSTRACT

BACKGROUND AND PURPOSE: Esthesioneuroblastoma is a neuroectodermal tumor that commonly arises in the nasal cavity olfactory
recess and, when isolated to the intranasal cavity, can be indistinguishable from benign processes. Because lesional aggressiveness requires
a more invasive operation for resection than polypectomy, patients with isolated intranasal lesions were studied to define distinguishing
CT characteristics.

MATERIALS AND METHODS: Patients with intranasal esthesioneuroblastoma and controls without esthesioneuroblastoma with olfac-
tory recess involvement were identified by using a report search tool. Studies demonstrating skull base invasion and/or intracranial
extension were excluded. The imaging spectrum of these lesions was reviewed on both CT and MR imaging, and CT findings were compared with
those of controls without esthesioneuroblastoma. Two blinded readers assessed subjects with esthesioneuroblastomas and controls without
esthesioneuroblastoma and, using only CT criteria, rated their level of suspicion for esthesioneuroblastoma in each case.

RESULTS: Eight histologically proved cases of intranasal esthesioneuroblastoma were reviewed. All cases had CT demonstrating 3 main findings:
1) an intranasal polypoid lesion with its epicenter in a unilateral olfactory recess, 2) causing asymmetric olfactory recess widening, and 3) extending
to the cribriform plate. Twelve patients with non-esthesioneuroblastoma diseases involving the olfactory recess were used as controls. Using
these 3 esthesioneuroblastoma CT criteria, 2 blinded readers evaluating patients with esthesioneuroblastoma and controls had good diagnostic
accuracy (area under the curve � 0.85 for reader one, 0.81 for reader 2) for predicting esthesioneuroblastoma.

CONCLUSIONS: Esthesioneuroblastoma can present as a well-marginated intranasal lesion that unilaterally widens the olfactory recess.
CT patterns can help predict esthesioneuroblastoma, potentially preventing multiple operations by instigating the correct initial operative
management.

ABBREVIATIONS: ENB � esthesioneuroblastoma; OR � olfactory recess

Esthesioneuroblastoma (ENB) is a rare malignant neuroecto-

dermal neoplasm arising from the neuroepithelium, most

commonly within the nasal cavity olfactory recess, which makes

up approximately 3% of intranasal tumors (Fig 1).1,2 This en-

hancing lesion, which is most often isodense to soft tissue on CT

and frequently isointense to gray matter on T2, is most commonly

characterized by intracranial extension through the skull base,

creating a “dumbbell” shape, with the waist of the lesion located at

the cribriform plate.3-5 Symptoms of this lesion are nonspecific,

mirroring those of benign intranasal masses such as polyps, which

can lead to delay in diagnosis, with the lesion often extending

intracranially on delayed pathologic confirmation.4,6

Esthesioneuroblastoma most commonly originates in the na-

sal cavity olfactory recess (OR), which is a space defined by the

insertion of the vertical aspect of the middle turbinate laterally,

anterior skull base superiorly, and the nasal septum medially (Fig

1).7 Rare exceptions reported in the literature include lesions

originating in the inferior meatus of the nasal cavity, maxillary

sinus, pterygopalatine fossa, sphenoid sinus, ethmoid sinuses, and

sphenoclival region.2,8-13 In contradistinction, common benign

inflammatory polyps most often arise in relation to sinus outlets,

most commonly in the middle or superior meatus.14 Other ma-

lignant lesions that can arise in the nasal cavity include sinonasal

undifferentiated carcinoma, neuroendocrine carcinoma, and
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small-cell undifferentiated carcinoma, each of which can origi-

nate along the sinonasal tract.15

The most common route of spread for ENB is into the para-

nasal sinuses, followed by intracranial spread. These local routes

of spread are most commonly staged by the Kadish staging sys-

tem.4 Cervical nodal metastases have also been found up to a rate

of 44%, with spread most commonly seen to level II lymph

nodes.16,17 Spread to retropharyngeal lymph nodes has also been

reported.18 Much rarer is distant spread to the thorax and skele-

ton.19 Positron-emission tomography has been found helpful in

evaluating nodal metastases as well as distant spread and local

recurrence.20

Treatment of ENB requires complete tumor resection, usually

involving anterior skull base reconstruction and primary dural

closure.21 Surgical management of ENB has more recently

evolved from external-approach craniofacial resection toward an

endonasal approach, which has fewer postoperative complica-

tions.22-24 An expanded endonasal approach, paired with radiation

therapy and/or chemotherapy, has been found to have a high rate of

local control and significantly improved survival outcomes.24,25

Small ENBs isolated to the nasal cavity can have a clinical pre-

sentation and imaging appearance like that of benign lesions such

as inflammatory polyps, with smooth well-circumscribed mar-

gins rendering them indistinguishable. Location is a key differen-

tiating factor for ENB, which characteristically originates in the

olfactory recess in most cases. A prior study recommended fur-

ther imaging evaluation whenever patients were found to have an

opacified OR on CT; however, this study did not go into detail

regarding additional CT findings more specific to ENB.7 We

aimed to show that looking for additional clues, specifically osse-

ous changes of the olfactory recess, can allow the radiologist to

raise the suspicion for ENB, potentially allowing preoperative de-

tection. Although ENB is relatively uncommon compared with

other intranasal lesions, its propensity for aggressive local spread

and the potential for distal metastases make it an important lesion

to exclude before surgical intervention.

MATERIALS AND METHODS
The institutional review board approved this study, and it was

compliant with the Health Insurance Portability and Account-

ability Act. Cases of extracranial ENB seen at our quaternary care

center from 2009 to 2016 were identified retrospectively through

a search of our picture archiving and communication system,

with histologic confirmation from the institutional electronic

medical record. Cases demonstrating skull base invasion or intra-

cranial extension were excluded. The clinical presentation and

imaging spectrum on preoperative CT studies were then reviewed

and documented. The postoperative pathologic reports were re-

viewed, as well as postoperative follow-up and care. Non-ENB

cases of sinus conditions involving the OR were also identified

retrospectively through a search of our picture archiving and

communication system. Histologic confirmation of these lesions

was present in 4/12 patients, with the remaining 8 showing diag-

nostic findings matching a specific non-ENB clinical history on

initial CT, non-ENB diagnostic findings on follow-up MR imag-

ing, or resolution of findings on subsequent imaging.

In cases of ENB, CT images were reviewed by a senior neuro-

radiologist with expertise in head and neck imaging and a neuro-

radiology fellow to characterize the location of the lesion and

whether there was opacification/involvement or widening of the

OR. When available, MR imaging was reviewed for the following

features: T2 signal differentiation of the lesion from inflammatory

disease, diffusion characteristics, enhancement characteristics, and

evidence of sinus involvement. Sensitivity and specificity calculations

were performed comparing these findings with histology.

Two blinded readers assessed patients with ENB and controls

without ENB and, using only CT criteria, rated their level of sus-

picion for ENB in each case using a standard rating scale from 1 to

5 (1 � definitely not, 2 � probably not, 3 � equivocal, 4 �

probably yes, 5 � definitely yes). Receiver operating characteristic

curves were generated for individual readers to evaluate diagnos-

tic accuracy. Statistical analyses were performed using commer-

cial statistical analysis software (STATA, Release 14; StataCorp,

College Station, Texas).

RESULTS
Thirty cases of possible ENB on imaging were reported at our

quaternary care institution from 2009 to 2016. Of these cases, 20

were histology-proved ENB, and the 10 remaining cases had vary-

ing diagnoses, including inflammatory polyp, squamous cell car-

cinoma, metastatic disease, sinonasal undifferentiated carcinoma,

and epithelial adenomatoid hamartoma. Of the 20 pathologically

proved cases of ENB, 12 showed intracranial extension and/or

imaging evidence of skull base invasion and were therefore ex-

cluded from this study. Eight cases (3 women) were completely

FIG 1. Coronal bone algorithm CT of the sinuses in a healthy subject
demonstrates normal thin and symmetric olfactory recesses (aster-
isks) between the midline nasal septum and the shared superior at-
tachments of the middle and superior turbinates laterally.
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extracranial, showing no evidence of skull base invasion, with an

age range of 40 –74 years (mean age, 58 years). Of these extracra-

nial cases, imaging and histologic studies demonstrated that 3 of

the lesions were completely isolated to the nasal cavity and 5 were

intranasal with variable adjacent sinus involvement (On-line Ta-

ble). Initial CT scans were available for review in all cases. MR

imaging was available for 5 patients, in 2 performed preopera-

tively, in 2 performed after initial polypectomy, and in 1 per-

formed after recurrence (On-line Table).

Twelve non-ENB cases of sinus conditions (7 women) with

OR involvement between 2009 and 2017 were obtained with an

age range of 16 – 81 years (mean age, 48 years). These cases had

varying diagnoses including CSF leak, encephalocele, allergic rhi-

nitis, chronic sinusitis, antrochoanal/inflammatory polyp, myce-

toma, and glomus tumor.

Clinical Features of Intranasal Esthesioneuroblastoma
Difficulty breathing due to nasal stuffiness and fullness was the

most common presenting symptom in patients with intranasal

ENB. Other symptoms included anosmia and rhinorrhea. Five

patients had presurgical biopsies before resection. Three patients

required an additional operation after referral to our institution

for skull base resection after ENB was found incidentally during

routine nasal polypectomy. On presentation, there was no clinical

or imaging evidence in these patients of nodal involvement.

CT Features of Intranasal Esthesioneuroblastoma
All cases had CT demonstrating a circumscribed intranasal pol-

ypoid lesion with the following features: 1) its epicenter in a uni-

lateral OR, 2) causing asymmetric osseous remodeling/widening

of the OR, and 3) extending to the cribriform plate. All except 1

patient had additional opacification of several paranasal sinuses;

however, extension versus fluid entrapment could not be dis-

cerned by CT (Fig 2).

Six original preoperative CT reports were available. In 2 cases,

the radiologist suspected a malignant lesion and recommended

follow-up imaging. The 4 remaining cases had been referred from

outside facilities and the patients had already undergone biopsy;

however, the biopsy results appeared to be available to the radiol-

ogist in only half of those patients because the chance of malig-

nancy was dismissed in 2 patients and, in the remaining 2 patients,

the results were described as consistent with prior ENB biopsy. The

preoperative imaging diagnosis of ENB

was never specifically stated as a possibility

in any cases without prior biopsy.

MR Imaging Features of Intranasal
Esthesioneuroblastoma
In the 5 cases with MR imaging, all le-
sions were T2 isointense to gray matter
and showed diffuse enhancement to a

lesser degree than the adjacent nasal mu-

cosa. When available (3 subjects), diffu-

sion-weighted imaging demonstrated hy-

perintense DWI signal intensity and

hypointense ADC signal intensity within

the mass. Entrapped fluid within the para-

nasal sinuses was differentiated from tu-

mor extension by its T2 hyperintensity, greater than the intrinsic T2

signal within the ENB mass (Fig 2C). All MR imaging cases that had

imaging evidence of paranasal sinus tumor extension (3 subjects)

were confirmed histologically.

Histologic Findings
Following surgical resection, 3 of these cases were proved histo-

logically to be isolated to the nasal cavity, while the 5 remaining

cases showed additional sinus involvement. Dural margins were

negative in 7/8 subjects, with this information not available in 1

subject.

Histologic grading of these lesions showed 1 case with grade 1,

three cases with grade 2, and 2 cases with grade 3 morphology.

These grades did not correspond with sinus involvement. Two

patients with grade 3 lesions had local recurrence, with 1 of the

patients also showing nodal recurrence 3 years after the initial

resection. No recurrence was found in the patients with grade 1 or

2 lesions (On-line Table).

Comparison with Controls
Among the 12 patients without ENB with sinus conditions involv-

ing the OR, only 3/12, all of which were masses (glomus tumor,

inflammatory polyp, and epithelial adenomatoid hamartoma),

showed unilateral and asymmetric widening/remodeling of the

OR. The remaining 9 cases consisted mostly of non-mass-like

infectious/inflammatory processes that opacified but did not

asymmetrically widen/remodel the OR (Fig 3). The 3 CT criteria

of a mass with its epicenter in the OR, causing asymmetric osseous

widening/remodeling of the OR, and extending to the cribriform

plate, were demonstrated in all ENB cases (sensitivity of 100%

compared with histology) and in 3 cases without ENB (specificity

of 75% compared with histology).

Performance of Blinded Readers
Blinded readers demonstrated strong individual accuracy in pre-

dicting ENB using the 3 CT criteria, with reader 1 having an area

under the curve of 0.85 � 0.087 and reader 2 having an area under

the curve of 0.81 � 0.089 (Fig 4). When results were dichotomized

between ENB absence and presence, the sensitivity for reader 1

was 87.5% with a specificity of 58.3% and sensitivity for reader 2

was 50.0% with a specificity of 83.3%.

FIG 2. Coronal bone algorithm CT (A and B) and coronal T2-weighted MR image (C) obtained
prepolypectomy (A), and postpolypectomy (B and C) demonstrate a soft-tissue-density lesion
(arrows) that extends to the cribriform plate and widens the right olfactory recess. Opacification
of the paranasal sinuses cannot be differentiated from the lesion on CT; however, paranasal sinus
T2 bright secretions are readily discerned on MR imaging from the lesion (arrow), which is isoin-
tense to gray matter (C). This patient required an additional anterior skull base resection once ENB
was diagnosed after routine polypectomy.
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DISCUSSION
Esthesioneuroblastoma is a rare neuroendocrine mass that, when

isolated to the nasal cavity, can appear very similar to benign

sinonasal masses on CT. Because this lesion is malignant and re-

quires a more invasive operation for resection than a standard

polypectomy, patients with intranasal lesions without intracranial

involvement were studied to define distinguishing imaging char-

acteristics. On the basis of these characteristics, CT imaging find-

ings are established to recommend further work-up with MR im-

aging and/or biopsy before complete surgical resection.

Patients presenting with intranasal ENB were of a similar age

range and had presenting symptoms of nasal stuffiness and full-

ness like those seen with benign entities. Reflecting this nonspe-

cific presentation, malignancy was not initially suspected in al-

most half of the patients and a standard nasal polypectomy was

performed without obtaining a presurgical biopsy or performing

further imaging. This resulted in the necessity to perform a second

more extensive operation for anterior skull base resection when

postoperative pathology results showed ENB.

The margins of the intranasal ENB mass did not significantly

differ from those in benign inflammatory lesions, with both enti-

ties appearing smooth and well-circumscribed with homoge-

neous soft-tissue density. Although these findings were overall

similar, the 3 characteristics of a mass epicenter in a unilateral OR

causing widening/osseous remodeling and extending to the

cribriform plate showed high sensitivity and moderate specificity

for ENB. Of the 9 controls with nonmass lesions opacifying the

OR, none demonstrated all 3 of these characteristics. These 3

characteristics had strong diagnostic accuracy when used by

blinded readers to identify ENB.

A consistent finding in patients with ENB was adjacent para-

nasal sinus opacification, which was seen in 7/8 patients, repre-

senting tumor in 5 cases. The sinus opacification in the 2 patients

with isolated intranasal ENB was found to represent entrapped

fluid related to sinus blockage from the intranasal mass, a finding

that was readily discernible on MR imaging but not on CT. Be-

cause fluid and tumor within the paranasal sinuses had similar

density on CT, that sequence alone was not reliable for evaluating

local disease spread. These cases demonstrated that the presence

of an intranasal mass can create a confusing picture of paranasal

sinus opacification and that the 3 CT criteria regarding the OR

were the most important imaging findings for predicting ENB.

The T2-weighted and STIR MR imaging sequences were read-

ily able to differentiate tumor from paranasal sinus inflammatory

disease. The coronal plane was the most helpful because it clearly

showed involvement and widening of the OR and extension of the

lesions to the cribriform plate. The T2 sequence aided differenti-

ation of the ENB mass from other common benign polyps, with

ENB lesions demonstrating T2 isointensity and hypointense ADC

signal, both of which correlate with increased cellularity.5 The MR

imaging T2-weighted sequences were also helpful for evaluating

local disease spread into the paranasal sinuses because hyperin-

tense entrapped paranasal sinus fluid could be readily differenti-

ated from the more T2 isointense signal of the ENB tumor. The

ability to differentiate ENB from inflammatory entities by signal

characteristics further supports the importance of obtaining pre-

operative MR imaging when ENB is suspected by CT.

The importance of prompting further work-up when there is

OR opacification and widening on CT is demonstrated because

FIG 3. Coronal bone algorithm CT (A and B) images obtained in a
control subject with chronic sinusitis (A) and a subject with ENB (B).
While there is asymmetric opacification of the right OR with exten-
sion to the cribriform plate in the subject with chronic sinusitis (A), the
OR is not widened. This finding contrasts with that in the subject with
ENB who demonstrates additional asymmetric widening/remodeling
of the OR. Both subjects have opacification of the adjacent para-
nasal sinuses, which, in the subject with ENB, was found to repre-
sent tumor extension. The subject with ENB underwent additional
anterior skull base resection surgery when ENB was found after
routine polypectomy.

FIG 4. Receiver operating characteristic curves for reader 1 (A) and
reader 2 (B). Sensitivity and specificity varied between both readers;
however, the overall diagnostic accuracy was strong, with reader 1
showing an area under the curve of 0.85, and reader two, 0.81.
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almost half of the patients with intranasal ENB required a second

more extensive operation for complete resection. Two cases that

necessitated repeat surgery had outside radiology reports that

were not available for review; however, this lesion was clearly not

initially suspected by the managing physicians in reviewing the

electronic medical record. Most interesting, in 2 cases in which a

presurgical biopsy was performed at an outside institution, the

radiologist apparently did not have access to these results and

therefore did not suspect or prompt any further work-up for ma-

lignancy based on the original CT findings. Also, ENB was never

specifically mentioned as a possibility in any of the CT reports in

which biopsy results were unavailable. These results strengthen

the concept that in CT sinus studies, evaluation for opacification/

widening of the OR must be included on the imaging checklist.

Management of ENB requires complete surgical resection with

clear margins whenever anatomically feasible. Adjuvant therapy is

often necessary, due to higher grade lesions or close/positive margins.

Extracranial ENB is almost always amenable to complete surgical

resection, due to rare involvement with the orbits and lack of cerebral

involvement. Because the tumor arises from nasal olfactory epithe-

lium near the skull base, resection of the dura as a superior margin is

nearly always necessary. This procedure is readily performed endo-

nasally in a number of skull base centers, without the need for a

formal craniotomy. In a rare lesion with a radiographically clear area

between the lesion and the skull base, the surgeon may choose to

spare the dura. Knowledge of the histology of olfactory lesions is

critical because the management of an ENB differs considerably from

that of a benign neoplasm and from inflammatory polyps. Benign

lesions typically do not require skull base/dural resection and inflam-

matory polyps often are treated even less aggressively, with surgery

focused on improving access for topical anti-inflammatory ther-

apy.26 With the otolaryngologist having the correct diagnosis of an

extracranial ENB, the correct definitive operation is performed ini-

tially and the patient is spared multiple trips to the operating room.

The greatest limitations in this case-control study were low

power because of the rarity of extracranial ENB, as well as the

subtle imaging changes associated with extracranial ENB in com-

parison with cases without ENB involving the OR, which made

blinded reads challenging. However, even with the limited num-

ber of cases and subtle imaging characteristics, blinded readers

demonstrated strong individual accuracy for predicting ENB us-

ing this method, with reader 1 demonstrating high sensitivity and

reader 2 demonstrating high specificity. Although extracranial

ENB is rare, the consistency of its CT imaging findings does pro-

vide helpful information for guiding care.

CONCLUSIONS
Esthesioneuroblastoma can present as a well-marginated polyp-

oid mass lesion isolated to the nasal cavity. Because this lesion is

managed differently from more common benign nasal entities,

this important diagnosis should be included in the differential

whenever a mass follows 3 important CT criteria: epicenter within

a unilateral OR, widening/osseous remodeling of the OR, and

extension of the lesion to the cribriform plate. These criteria were

sensitive for ENB and provided strong diagnostic accuracy when

used by blinded readers. The presence of these findings should

elicit preoperative MR imaging and/or biopsy, which can aid the

surgeon in operative planning and prevent routine nasal polypec-

tomy for resection of these aggressive lesions.
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ORIGINAL RESEARCH
HEAD & NECK

Lymphographic-Like Technique for the Treatment of
Microcystic Lymphatic Malformation Components of <3 mm

X V. Da Ros, X M. Iacobucci, X F. Puccinelli, X L. Spelle, and X G. Saliou

ABSTRACT

BACKGROUND AND PURPOSE: The treatment of microcystic lymphatic malformations remains challenging. Our aim was to describe the
lymphographic-like technique, a new technique of slow bleomycin infusion for the treatment of microcyst components of �3 mm,
performed at our institution.

MATERIALS AND METHODS: A retrospective analysis of a prospectively collected lymphatic malformation data base was performed.
Patients with at least 1 microcystic lymphatic malformation component demonstrated on MR imaging treated by lymphographic-like
technique bleomycin infusion were included in the study. Patient interviews and MR imaging were performed to assess subjective and
objective (microcystic lymphatic malformation size decrease of �30%) clinical improvement, respectively. Patients were reviewed 3
months after each sclerotherapy session. Lymphographic-like technique safety and efficacy were assessed.

RESULTS: Between January 2012 and July 2016, sixteen patients (5 males, 11 females; mean age, 15 years; range, 1– 47 years) underwent the
bleomycin lymphographic-like technique for microcystic lymphatic malformations. Sixty sclerotherapy sessions were performed, with a
mean of 4 sessions per patient (range, 1– 8 sessions) and a mean follow-up of 26 months (range, 5–58 months). We observed no major and
3 minor complications: 1 eyelid infection, 1 case of severe postprocedural nausea and vomiting, and 1 case of skin discoloration. One patient
was lost to follow-up. Overall MR imaging objective improvement was observed in 5/16 (31%) patients; overall improvement of clinical
symptoms was obtained in 93% of treated patients.

CONCLUSIONS: The bleomycin lymphographic-like technique for microcystic lymphatic malformations is safe and feasible with objec-
tive improvement in about one-third of patients. MR signal intensity changes after the lymphographic-like technique are associated with
subjective improvement of the patient’s symptoms.

ABBREVIATIONS: LM � lymphatic malformation; mLM � microcystic lymphatic malformation; LL-T � lymphographic-like technique

Lymphatic malformations (LMs) are congenital slow-flow vas-

cular anomalies resulting from abnormal development of

lymphatic vessels.1 LMs can be solitary or multifocal and can be

classified as macrocystic, microcystic (�1 cm), or combined le-

sions based on the size of the cysts. Some of the microcystic com-

ponent is often characterized by multiple smaller cysts (�3 mm),

in which direct puncture and selective hand injection cannot be

attempted due to the size of the lesion. The bleomycin2 sclerother-

apy technique is essentially reserved for macrocystic LMs, but in

selected cases, successful results have also been observed for the

treatment of the microcystic component.3,4

We describe the bleomycin administration procedure used in

our institution for the microcystic lymphatic malformation (mLM)

component and the bleomycin safety profile. Preprocedural and

postprocedural clinical data and MR imaging were used to objec-

tively and subjectively demonstrate the efficacy of this procedure.

MATERIALS AND METHODS
This study was approved the Clinical Investigation Committee of

Bicêtre Hospital, and patient informed consent was waived by this

committee due to the retrospective observational nature of the

study.

Diagnosis
The mLM component of LMs was diagnosed on the basis of clin-

ical and imaging features by an interventional neuroradiologist
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and maxillofacial surgeon, in our weekly multidisciplinary clinic.

The diagnostic criteria were clinical (including vesicular maculo-

papular lesions on the skin surface, a soft-tissue mass with a rub-

bery hard texture, oozing of lymphatic fluid and/or hemorrhagic

fluid, and/or pain and tenderness) and MR imaging was used to

assess the extent of the lesions and the dimensions of the cysts.

When imaging and clinical features were not conclusive, surgical

biopsy was planned to confirm the diagnosis. However, no pre-

treatment surgical biopsy was required in this patient series.

Lymphographic-Like Technique
All procedures were performed by the same operator (G.S.) under

aseptic conditions with the patients under general anesthesia. The

position of the 22-ga needles inserted into the lymphatic malfor-

mation was checked by fluoroscopic and sonographic guidance,

especially in deep or small lesions. When blood reflux was ob-

served in the needle, the position of the needle was modified.

Because the microcysts in this series were very small (�3 mm), we

did not wait for lymphatic fluid reflux in the needle. Four-to-8

needles inserted into the microcystic component of the lymphatic

malformations were used in each session, depending on the vol-

ume of mixture available based on the patient’s weight. Each nee-

dle was connected to a pump with a line comprising a dead space

of about 1.8 mL. Bleomycin was diluted as follows: 15 mg of bleo-

mycin in 5 mL of saline and 3 mL of contrast to obtain 8 mL of

mixture. This total volume of 8 mL was injected at each session in

adults. Because a dose of 0.5 mg/kg per session was injected in

children weighing �35 kg, the volume of mixture was determined

as follows: 8 mL of mixture every 30 kg of weight. Each line was

then filled with 1 mL of mixture, and the remaining line dead

space was filled with saline. In low-weight babies, when the total

volume of mixture was �4 mL, contrast

medium diluted with saline (50%/50%)

was added to obtain a volume of 4 mL to

fill 4 syringes. A 10-cm-long gas bubble

between the bleomycin mixture and the

saline was used to avoid mixing the 2

solutions. Finally, the line was connected

to a 10-mL electronic syringe pump filled

with 1 mL of saline, and the infusion was

administered at a flow rate of 0.7 mL/h. At

the end of the injection, a low-dose CT

scan was obtained to check diffusion of the

mixture in the lymphatic malformation.

Posttreatment Care and Follow-Up
No compressive dressing was applied af-

ter completion of the sclerosant infu-

sion. An intravenous infusion of 5 mg of

dexamethasone sodium phosphate was

routinely performed during the first hour

after sclerotherapy to prevent excessive in-

flammation and its complications. The
patient or family was instructed to eval-
uate sclerotherapy-related complica-
tions such as dermal discoloration, bleb
formation, lymphedema, or necrosis

occurring after discharge. Patients re-

turned to the radiology outpatient clinic 1 month later for assess-

ment of any sclerotherapy-related complications. When no com-

plications were observed, a 1-month interval was observed

between the 2 bleomycin injection sessions; at 3 months from the

first sclerotherapy, patients were asked to undergo a follow-up

MR imaging.

The result of infusion sclerotherapy was initially assessed by

3-month follow-up T2- and T1-weighted sequences in axial and

coronal views. On the initial MR images, retrieved from the

PACS, anatomic landmarks were used to measure the target mi-

crocystic lesion. Soft-tissue thickness was measured from the der-

mal surface to an interface between the lesion and underlying

structures such as the muscular fascia or bony cortex (Fig 1).

Posttreatment objective MR imaging evaluations were classified

as no change (�10% decrease in size), minor improvement

(10%–30% decrease in size), and objective improvement (�30%

decrease). Clinical results were based on both the physician’s

physical examination and patient interview. Clinical results were

graded as follows: poor subjective response to treatment, good

response (reduction of subjective symptoms without decrease in

lesion size), and excellent results (reduction of subjective symp-

toms with a clinically evident decrease in lesion size). Moreover,

evaluation of the clinical response was based on the physician’s

examination at 12 months and was designed to assess cosmetic

improvement (decrease in lesion size �10%, 10%–30%, and

�30% on the physician’s physical examination). Dysphagia was

evaluated by the water test, and relief of pain and skin tension

were assessed by the Faces Pain Scale. The decision to continue or

discontinue treatment was based on this assessment.

We assessed the final result of infusion sclerotherapy at the

FIG 1. Lateral (A) and anteroposterior (B) plain radiography during a sclerotherapy session in a
patient with a diffuse maxillofacial microcystic lymphatic malformation. She had been previously
treated by an operation. Before sclerotherapy, on the T1-weighted coronal (C) and axial (E) views,
the lymphatic malformation extended into the maxillofacial soft tissues, with multiple small
diffuse hypointense microcystic lesions measuring �3 mm. No macrocyst was identified. After 7
sclerotherapy sessions and a cumulative dose of 90 mg of bleomycin, T1-weighted coronal (D) and
axial (F) views demonstrate dramatic reduction in the size of the lymphatic malformation. How-
ever, soft tissues of the face remain thickened due to fat transformation (hyperintense) of the
cysts.
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vascular anomaly clinic on the basis of a multidisciplinary con-

sensus during the patient’s follow-up visits, considering the ob-

jective and subjective results at each visit.

No further sclerotherapy was recommended by multidisci-

plinary consensus in cases with signs of deterioration, indicating

ineffective treatment.

The initial and last clinical and MR imaging findings were

compared to validate the infusion sclerotherapy.

RESULTS
Between January 2012 and July 2016, sixteen consecutive patients

(male/female ratio: 5:11; mean age, 15 years; range, 1– 47 years)

presented with at least 1 microcystic component of an LM and

were treated by the lymphographic-like technique (LL-T). The

anatomic sites of mLM were maxillofacial (n � 6), orbital (n � 7),

and tongue (n � 3). The patients’ symptoms comprised dermal

lesions such as vesicular maculopapular lesions (n � 7), swelling

(n � 12), pain (n � 8), and swallowing disorders (n � 3). Demo-

graphic and clinical data of all subjects are summarized in the

Table.

Six of the 16 patients (38%) included in this study presented

with multiple LMs with both macrocystic and microcystic compo-

nents. Twelve microcystic components were classified as small/focal,

and 4, as large/diffuse. The sites of these lesions were as follows: 6

lesions on the face, 3 intraoral lesions, and 7 orbital lesions.

Three lesions (19%) were treated to obtain cosmetic improve-

ment, 6 (38%) were treated for swelling leading to oral obstruc-

tion and dysphagia, 9 (56%) were treated for swelling causing a

mass effect, and 4 (25%) were treated because of pain and skin

tension. Three (50%) of the lesions causing oral obstruction were

also responsible for orthodontic problems secondary to LM en-

largement. Five of the 16 patients (31%) had been treated for an

LM before the review period: Two patients had undergone a pre-

vious operation, 2 patients had undergone previous alcohol sclero-

therapy, and 1 patient had been previously treated by both an oper-

ation and alcohol sclerotherapy. These

previous treatments had been performed a

minimum of 2 years earlier.

Treatment Details and
Complications
Sixty bleomycin LL-T sessions were per-

formed in 16 patients. Each patient re-

ceived a mean of 4 sclerotherapy ses-

sions (range, 1– 8). The microcystic

component was accessible in every case,

and a small “pop” experienced when

crossing the microcyst was a marker of

penetration of the target lesion.

The dose of bleomycin administered

per session ranged from 2 to 15 U, with a

mean dose of 10.5 U. The mean injec-

tion time was 90 minutes (range, 80 –

120 minutes). The mean follow-up was

26 months (range, 5–58 months). One
patient was lost to follow-up after the

first LL-T session.

Three of the 16 patients (19%) devel-

oped transient complications secondary to LL-T: One patient de-

veloped an orbital infection during hospitalization that resolved

in response to oral antibiotics, 1 patient experienced severe nau-

sea and vomiting that resolved with intravenous fluid administra-

tion, and 1 patient developed temporary skin discoloration over

the injection site that lasted for 1 month and resolved without

treatment.

Subjective End Points
At last follow-up, an excellent subjective clinical result was ob-

tained in 5 (31%) of the 16 patients, a good clinical response was

obtained in 9 (56%) of the 16 patients, and no response was ob-

tained in 1 patient, though the lesions were improved.

Objective End Points
Objective improvement was observed on MR imaging for 5 (33%)

of the 15 lesions (Fig 1), a minor decrease in size was observed for

4/15 lesions (27%), and no change in size was observed for 6/15

lesions (40%). No cases of deterioration were observed, but none

of the mLMs were completely cured.

Although 14/15 patients (93%) reported subjective improve-

ment at last follow-up, this improvement was associated with a

significant reduction in the size of the mLM on MR imaging in

only 5/15 cases (33%). An MR signal intensity change corre-

sponding to fat transformation (T1- and T2-weighted hyperin-

tensity) of the mLM treated by LL-T was observed in all 14 pa-

tients (100%) who reported a subjective clinical improvement at

last follow-up (Table).

DISCUSSION
mLMs are less responsive to conventional percutaneous scle-

rotherapy techniques,5 mostly because the contractile lym-

phatic cisterns are situated more deeply in the subcutaneous

tissue6 and due to the small dimensions of the cysts or channels

(�2 cm).7 We describe a new bleomycin administration tech-

Objective and subjective clinical results

Patient
No. Sex

Age
(yr) Site

No. of
Sessions

MRI Findings
Subjective

Clinical
Symptom
Findingsc% Decreasea

% Fat
Transformationsb

1 M 5 Orbital 1 � � 1
2 F 12 Maxillofacial 4 � � 1
3 F 22 Tongue 7 ��� ��� 2
4 F 8 Maxillofacial 2 � � 1
5 F 24 Maxillofacial 8 � � 1
6 F 32 Orbital 6 �� �� 1
7 F 6 Orbital 2 �� No 0
8 F 23 Maxillofacial 1 NA NA NA
9 F 47 Tongue 7 �� �� 1
10 M 5 Orbital 3 ��� ��� 2
11 F 23 Orbital 2 ��� ��� 2
12 M 1 Maxillofacial 4 � � 1
13 F 2 Tongue 3 ��� ��� 2
14 M 4 Orbital 2 ��� ��� 2
15 F 8 Orbital 6 �� �� 1
16 M 20 Maxillofacial 2 � � 1

Note:—NA indicates not available.
a % Decrease: � � 0 –10, �� � 10 –30, ��� � �30.
b % Fat transformation on T1WI and T2WI MRI: � � 0 –10, �� � 10 –30, ��� � �30.
c Clinical evaluation: 0 � no improvement or progression, 1 � clinical improvement, 2 � resolution of symptoms.
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nique that provided encouraging results in safety and efficacy

for the difficult treatment of the smaller (�3 mm) cystic com-

ponents of mLMs.

The lymphographic-like technique, based on very slow bleo-

mycin infusion, is designed to ensure uniform drug delivery to the

lesion, to avoid early rupture or occlusion of small lymphatic

channels. The slower infusion rate is achieved with an electronic

syringe pump. The constant and slower infusion rate compared

with manual injection allows deeper progression of the sclerosant

through microchannels with a decreased risk of extravasation into

the surrounding soft tissues. Compared with conventional man-

ual injections, the lymphographic-like technique achieves higher

concentrations and increased residence time of the sclerosant in

the microcystic component, ensuring more efficient tissue

inflammation.

A similar technique was recently described by Lee et al,8 with

good results in safety and efficacy for the treatment of mLMs.

However, picibanil (OK-432) was used in this study, and this

agent is not currently available on the European market. Several

other drugs or chemicals have been proposed for the treatment of

mLMs.9-11 Doxycycline is the sclerosant most commonly used for

the treatment of both macrocystic and microcystic LMs.12 Doxy-

cycline has demonstrated excellent results in macrocystic LMs but

with significantly higher overall complication rates in the case of

mLM lesions due to the higher doses of doxycycline required to

achieve good results.1 Very early trials of bleomycin sclerotherapy

for LMs have been reported.13 Fatal complications such as pul-

monary interstitial fibrosis or hypersensitivity14,15 have been

described. However, no complications were observed when no

more than 15 U in adults or 0.5 U/kg per session in children

and a cumulative dose �90 U in adults or 6 sessions of 0.5

U/Kg in children were administered,4,16 confirming that bleo-

mycin is a safe sclerosant agent.16 Because a considerable pro-

portion (�60%) of the lesions treated in this series were local-

ized in sensitive regions (ie, orbit and tongue), where even

minimal lymphedema can cause a functional deficit, bleomy-

cin was the best sclerosant for the lymphographic-like tech-

nique in view of its safety profile.

A few published studies have evaluated the objective response

in the treatment of mLMs.17 Our results show that with an ob-

jective moderate decrease in lesion size, a subjective patient

symptom improvement, described as a loss of skin tension

sensation, was observed when mML fat transformation (T1-

and T2- weighted hyperintensity) after LL-T was observed on

MR imaging.

Our study has several limitations. First, it was a retrospective

study based on a small cohort of patients and was not adequately

powered because only patients with microcystic disease were in-

cluded. Second, because clinical outcomes are commonly classi-

fied into relatively arbitrary categories, it is difficult to compare

our results with this new bleomycin infusion technique with those

of previously published studies. We did not use a specific imaging

protocol; however, T1- and T2-weighted imaging was sufficient to

demonstrate mLM fat transformation. The infusion technique

and the sclerosant agent were adapted to the characteristics and

sites of the lesions. This decision was primarily based on the op-

erator’s clinical experience. However, our findings confirm the

value of percutaneous bleomycin sclerotherapy for alleviation of

the symptoms of craniofacial mLMs, with complication rates sim-

ilar to those reported in previous studies.8 Nonetheless, a pro-

spective study comparing bleomycin infusion with the lympho-

graphic-like technique with other treatment modalities should be

considered to provide more reliable data.

CONCLUSIONS
mLMs remain the most challenging form of lymphatic malfor-

mation, and new approaches to the management of these le-

sions must be developed. A new sclerotherapy technique for

mLMs is proposed. The lymphographic-like technique was

feasible and safe and effective for the treatment of small (�3

mm) microcystic components of LMs, with a favorable subjec-

tive outcome. More detailed guidelines must be established to

ensure more extensive and safe application of this sclerosant

administration technique. In addition, a prospective random-

ized trial should compare conventional treatment with this

new sclerotherapy technique.

Disclosures: Laurent Spelle—UNRELATED: Consultancy: Stryker, Medtronic, Mi-
croVention, Balt.
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HEAD & NECK

Semiautomated Middle Ear Volume Measurement as a
Predictor of Postsurgical Outcomes for Congenital

Aural Atresia
X S.J. Kabadi, X D.S. Ruhl, X S. Mukherjee, and X B.W. Kesser

ABSTRACT

BACKGROUND AND PURPOSE: Middle ear space is one of the most important components of the Jahrsdoerfer grading system (J-score),
which is used to determine surgical candidacy for congenital aural atresia. The purpose of this study was to introduce a semiautomated
method for measuring middle ear volume and determine whether middle ear volume, either alone or in combination with the J-score, can
be used to predict early postoperative audiometric outcomes.

MATERIALS AND METHODS: A retrospective analysis was conducted of 18 patients who underwent an operation for unilateral congenital
aural atresia at our institution. Using the Livewire Segmentation tool in the Carestream Vue PACS, we segmented middle ear volumes using
a semiautomated method for all atretic and contralateral normal ears on preoperative high-resolution CT imaging. Postsurgical audiomet-
ric outcome data were then analyzed in the context of these middle ear volumes.

RESULTS: Atretic middle ear volumes were significantly smaller than those in contralateral normal ears (P � .001). Patients with atretic
middle ear volumes of �305 mm3 had significantly better postoperative pure tone average and speech reception thresholds than those
with atretic ears below this threshold volume (P � .01 and P � .006, respectively). Atretic middle ear volume incorporated into the J-score
offered the best association with normal postoperative hearing (speech reception threshold � 30 dB; OR � 37.8, P � .01).

CONCLUSIONS: Middle ear volume, calculated in a semiautomated fashion, is predictive of postsurgical audiometric outcomes, both
independently and in combination with the conventional J-score.

ABBREVIATIONS: CAA � congenital aural atresia; J� � modified J-score; J-score � Jahrsdoerfer grading system; PTA � pure tone average; SRT � speech reception
threshold

Congenital aural atresia (CAA) comprises a spectrum of oto-

logic abnormalities characterized by hypoplasia of the exter-

nal auditory canal, malformations of the middle ear, and, less

commonly, abnormalities of the inner ear. The anomalies occur

in varying combinations and severity, with the rate of occurrence

of 1 in 10,000 to 1 in 20,000 live births.1 Unilateral atresia is 3–5

times more common than bilateral atresia. It more commonly

occurs on the right side and more commonly affects males.2

CAA is more consistently associated with conductive hearing

loss, with sensorineural hearing loss seen in a minority of patients.

In appropriate patients, surgical restoration of conductive hear-

ing can be achieved through atresiaplasty, which attempts to es-

tablish the normal sound-conducting mechanism of the external

and middle ear by opening an ear canal into the middle ear space,

freeing the ossicular chain, constructing a tympanic membrane

using the temporalis fascia, and using a skin graft to create a clean,

well-epithelialized, patent external auditory canal (Fig 1).3 Two

absolute criteria for surgical candidacy include audiometric or

evoked-response evidence of cochlear function and imaging evi-

dence of normal inner ear structures.4 However, surgical correc-

tion of CAA is not without potential complications, the most

serious of which is facial nerve paralysis. The most common com-

plications of surgery are chronic myringitis, sensorineural hearing

loss, soft-tissue external auditory canal stenosis, lateralization of

the tympanic membrane, bony regrowth, ossicular chain refix-

ation, and acquired cholesteatoma.2,5 These complications neces-

sitate revision surgery in 25%–33% of patients.5,6

These potential complications of atresiaplasty underscore the

importance of judicious patient selection for surgery. Preopera-

tive high-resolution CT of the temporal bone plays a pivotal role
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in evaluating surgical candidates and planning the operation.7

While different methods for determining surgical candidacy exist

in the literature, the most widely accepted is the Jahrsdoerfer

grading system (J-score). The J-score is a 10-point surgical rating

scale based on 8 critical areas of temporal bone anatomy on high-

resolution CT and the outward appearance of the external ear.4

Each area receives 1 rating scale point, except for the presence of a

stapes, which receives 2 points (Fig 2). A J-score of �5 disqualifies

a patient from surgery; a J-score of �7 is most often the threshold

used to establish suitable candidacy for surgical repair of CAA. In

fact, a patient with favorable anatomy scoring �7 has an approx-

imately 85%–90% chance of achieving normal or near-normal

hearing postoperatively.8

However, certain individual components of the J-score are

themselves indispensable for successful surgery and often super-

sede the overall J-score. One such component is the middle ear

space, because reduced middle ear space has been correlated in-

dependently with unfavorable postsurgical outcomes.8,9 Most

surgeons will not perform atresiaplasty without a well-aerated

middle ear. Yet, the exact definitions of middle ear space and

surgically appropriate middle ear aeration remain quite subjec-

tive. The purpose of this study was to

evaluate the efficacy of a semiautomated

method of measuring middle ear space,

which allows a more objective and re-

producible method of ascertaining this

space. In addition, we assessed whether

middle ear volume derived with this

method can be used, either independently

or in combination with the J-score, to

more accurately predict early postoper-

ative audiometric outcomes compared

with the J-score alone.

MATERIALS AND METHODS
This study was a retrospective institu-

tional review board–approved review of

patients who had primary repair of their

unilateral CAA by a single surgeon from January 2012 to Decem-

ber 2015. Patients were selected if they had adequate preoperative

temporal bone high-resolution CT imaging and presurgical and

postsurgical audiometric testing to include pure tone average

(PTA), speech reception threshold (SRT), air-bone gap, and the

speech discrimination score on both the atretic and contralateral

normal ears. High-resolution CT bone windows, comprising

0.63- to 1.0-mm-thickness axial sections, were used for analysis.

Coronal and sagittal multiplanar reconstructions were performed

at the workstation as necessary.

J-scores were determined by the operating surgeon before the

start of this study for each of the atretic ears in conventional fash-

ion as previously detailed in the literature.10 This included assign-

ing a single point for middle ear space based on a single linear

measurement from the cochlear promontory medially to the at-

retic plate laterally. All patients in this study had a J-score of �7.

Middle ear volumes were measured in a semiautomated fash-

ion for all atretic ears and contralateral normal ears. The bound-

aries of the middle ear space were defined according to conven-

tional anatomy as follows: roof, tegmen tympani; floor, jugular

FIG 1. A, Preoperative axial CT image demonstrates a deformed, fused malleus-incus complex (asterisk). The incudostapedial joint is intact (thin
arrow). The stapes (thick arrow) and footplate (white arrowheads) are normal. Note the tympanic segment of the facial nerve (black arrow-
head) in the normal position. B, Postoperative coronal CT image demonstrates postsurgical changes of canaloplasty and meatoplasty (dashed
line). C, Postoperative axial CT image demonstrates postsurgical changes of tympanoplasty (thick white arrows). Note again the fused malleus-
incus complex (asterisk), intact incudostapedial joint (thin white arrow), normal oval window (black arrowhead), and tympanic segment of the
facial nerve (black arrow).

FIG 2. Schematic diagram of the ear (left) with corresponding color-coded structures used in the
calculation of the Jahrsdoerfer score (right), which is used in evaluating a patient’s surgical candi-
dacy preoperatively for congenital aural atresia.
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fossa; medial, bony labyrinth; lateral, tympanic membrane (nor-

mal ear) or atretic plate (atretic ear); anterior, carotid wall; and

posterior, mastoid antrum.

For each ear, semiautomated volumetric measurements of the

middle ear were performed using the Livewire Segmentation tool

in Carestream Vue PACS (Carestream Health, Rochester, New

York), with all measurements per-

formed by a single board-certified radi-

ologist. First, manual segmentation of

the middle ear space was performed on

every second axial section through the

volume of interest by drawing an outline

around the desired space, including on

the superiormost and inferiormost sec-

tions, to establish the craniocaudal

boundaries of the volume. On comple-

tion of manual segmentation, the imag-

ing tool interpolated the segmentations

on the remaining intervening axial sec-

tions in an automated fashion. Manual

corrections were made to the interpo-

lated sections as necessary if the interpo-

lated outlines veered too far from the

true outline of the middle ear space as

determined by the performing radiolo-

gist. Once the segmentations on each

continuous axial section in the desired

volume were deemed appropriate, the

tool constructed a 3D space from the

outlined area of interest and reported

the volume of the space in cubic milli-

meters (Figs 3–5). All segmentations

and volumes were finally reviewed by a board-certified neurora-
diologist and otologic surgeon for accuracy.

Comparison among independent group means was performed
using a Student t test; and among dependent data, using paired t

testing. The Pearson correlation coefficient (r) and linear regression

(R2) were used to assess association among variables. The Fisher

FIG 3. A normal ear with middle ear volume of 592 mm3. Coronal CT reconstruction (left) and corresponding axial CT images (right) in different
regions of the middle ear demonstrate accurate semiautomated segmentation of the middle ear space.

FIG 4. An atretic ear with middle ear volume of 362 mm3 and a J-score of 8. Coronal CT recon-
struction (left) and corresponding axial CT images (right) in different regions of the middle ear
demonstrate accurate semiautomated segmentation of the middle ear space.
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exact test was used to compare postoperative auditory out-

comes among groups, and statistical significance was set at a P

value � .05. Postoperative normal audiometric thresholds

were defined as �30-dB sound pressure level. Calculations

were performed on GraphPad Prism software (GraphPad Soft-

ware, San Diego, California).

RESULTS
Eighteen patients with unilateral CAA met the inclusion criteria

and were used in our data analysis. Thus, 18 atretic ears and 18

contralateral normal ears were used for comparative analysis.

There were more males than females, and most atretic ears af-

fected the right side in our data. Audio-

metric follow-up testing occurred at

least 6 weeks after surgery (average, 9

weeks; range, 6 –35 weeks). All patients

had improved PTA and SRT thresholds

after primary atresia repair. Eight of the

atretic ears (44.4%) achieved normal

postoperative PTA, and 13 (72.2%)

achieved normal postoperative SRT lev-

els. Complete demographics of our

patient population may be found in

Table 1.

Traditional Jahrsdoerfer Score
Although there was a positive trend, tra-

ditional J-scores did not significantly

correlate with atretic middle ear volume

(Pearson r � 0.4122, R2 � 0.1699, P �

.0892). Thus, higher J-scores were not

associated with larger middle ear vol-

umes. However, higher J-scores corre-

lated with better postoperative PTA and

SRT (Pearson r � �0.4759, R2 �

0.2265, P � .04637; and Pearson r �

�0.5024, R2 � 0.2524, P � .0336, re-

spectively). J-scores of �8 were not sig-

nificantly associated with normal post-

operative PTA (P � .2174) or with normal postoperative SRT

thresholds (P � .0770).

Middle Ear Volume
Atretic middle ear volumes were significantly smaller than con-

tralateral normal ears (346 versus 627 mm3, P � .0001). Middle

ear volume alone did not correlate with postoperative PTA or SRT

(Pearson r � �0.2816, R2 � 0.0793, P � .2577; and Pearson r �

�0.4242, R2 � 0.18, P � .0793, respectively). Using regression

analysis to maximize sensitivity and specificity, we found that

patients with atretic middle ear volumes of �305 mm3 had sig-

nificantly better postoperative PTA and SRT thresholds com-

pared with patients with smaller volumes (P � .0098 and P �

.0062, respectively) (Fig 6). Middle ear volume above 305 mm3

was not significantly associated with normal postoperative PTA

(P � .1185) but was significantly associated with normal postop-

erative SRT thresholds (P � .0368).

Modified J-Score
The calculated middle ear volume was incorporated into the tra-

ditional J-score as an objective measure. A volume of �305 mm3

was given 1 point, and a volume of less than this was not given a

point in the middle ear space category. Using this objective mea-

sure, we assessed the modified J-score (henceforth referred to as

the J� score) for its correlation to postoperative hearing out-

comes in the atretic ears. Higher J� scores were associated with

better postoperative PTA and SRT (Pearson r � �0.6327, R2 �

0.43, P � .0048; and Pearson r � �0.6784, R2 � 0.4602, P � .002,

respectively) (Fig 7). Atretic ears with a J� score of �8 were found

to have better postoperative PTA and SRT thresholds than those

FIG 5. An atretic ear with middle ear volume of 251 mm3 and a J-score of 7. Coronal CT recon-
struction (left) and corresponding axial CT images (right) in different regions of the middle ear
demonstrate accurate semiautomated segmentation of the middle ear space.

Table 1: Patient demographics

Demographics SD
P

Value
Average age at operation 13 y 10.98
Average J-score 7.86 0.51
PTA (mean)

Preop atresia ear 62.44 dB 5.62 �.0001a

Postop atresia ear 30.56 dB 11.66
SRT (mean)

Preop atresia ear 57.50 dB 4.41 �.0001a

Postop atresia ear 29.17 dB 11.52
Middle ear volume (mean)

Atretic ear 345.89 mm3 63.16 �.0001a

Nonatretic ear 627.06 mm3 94.59
Sex (No.)

Male 12 (66.67%)
Female 6 (33.33%)

Laterality (No.)
Left 2 (11.11%)
Right 16 (88.89%)

Note:—Preop indicates preoperative; Postop, postoperative.
a Significant.
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below this score (P � .0042 and P � .0017, respectively) (Fig 8). A

J� score of �8 was not significantly associated with normal post-

operative PTA (P � .2451) but was significantly associated with

normal postoperative hearing (SRT � 30 dB, P � .0123). Table 2

demonstrates the number of patients with normal postoperative

PTA and SRT stratified by the traditional J-score, middle ear vol-

ume, and J� score.

DISCUSSION
Middle ear aeration is regarded by many as the most important

component of the J-score when determining surgical candidacy.

Specifically, reduced middle ear space has been independently

associated with unfavorable postsurgical outcomes.8,11 Lack of

middle ear aeration may result in difficulty identifying a middle

ear space and ossicular chain during drilling, refixation of the

ossicular chain postoperatively, and postoperative stenosis with a

constricted middle ear space and smaller tympanic membrane.8

However, the definition of middle ear space remains vague and

subject to individual interpretation. In most cases of CAA, the

middle ear space is indeed small, and a threshold for discriminat-

ing surgical adequacy is not well-established in the literature.

As part of the J-score, middle ear space is defined as a single

linear measurement from the cochlear promontory medially to

the atretic plate laterally, with a measurement of �3 mm receiving

no point on the scale.10 This region of the tympanic cavity is likely

chosen due to its surgical relevance because smaller sizes may be

associated with ossicular fixation and poorer hearing outcomes.

However, using a single linear measurement within the middle ear

space has the adverse potential of mischaracterizing the totality of

the middle ear space and ultimately mischaracterizing surgical

candidacy.

Attempts at more comprehensive measurement of the middle

ear space have been described more recently in the literature. Spe-

cifically, middle ear space has been defined using 6 CT linear

dimensions of the middle ear that have surgical relevance and are

key indicators of topographic anatomy.11 These linear measure-

ments were used to derive mesotympanic volume, modeled as a

rectangular prism as the product of mesotympanic length, width,

and height. However, modeling the middle ear space as a rectan-

gular prism is not anatomically sound because the irregular shape

and contours of the middle ear prohibit simple geometric mod-

eling and inevitably result in imprecise volume determinations. In

addition, the process of measuring 6 different dimensions at spe-

cific landmarks is relatively cumbersome for routine clinical prac-

tice and is more prone to interobserver variability.

In our experience, the semiautomated method proposed in

this study not only measures the entire middle ear volume more

efficiently than any method in existing literature but does so more

accurately by conforming to the abrupt contour changes of the

tympanic cavity by outlining the desired space on each continu-

ous axial section (either manually or through interpolation). Us-

ing this method, we demonstrate that middle ear volumes of

�305 mm3 had significantly better postoperative PTA and SRT

compared with atretic ears below this threshold volume. When

this threshold volume of 305 mm3 is used as part of the new J�

score as described above, a J� score of �8 is predictive of better

postoperative PTA and SRT. Furthermore, the J� score correlates

with better postoperative audiometric outcomes than the classic

J-score. Thus, semiautomated derivation of middle ear volume is

predictive of postsurgical audiometric outcomes both indepen-

dently and in combination with the classic J-score.

Our numeric volume measurement of a normal middle ear

volume of 627 mm3 is in agreement with

existing literature, which describes a

normal adult middle ear cavity volume

of 640 mm3.12 Our results are also in

concordance with existing literature,

which describes middle ear volume cal-

culation by full manual segmentation.13

In their study, using the same anatomic

boundaries of the middle ear space as in

our study, Osborn et al13 demonstrated

a statistically significant difference in

mean volume between surgical candi-FIG 6. Atretic middle ear volumes of �305 mm3 had significantly better postoperative pure tone
average and speech reception threshold than atretic ears below this threshold volume.

FIG 7. Higher J� scores were associated with better postoperative pure tone average and speech reception threshold.
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date ears versus those of noncandidates and concluded that vol-

umes derived through manual segmentation can serve as inde-

pendent predictors of overall surgical candidacy. We believe our

study improves on the methodology by using semiautomated seg-

mentation instead of full manual segmentation and correlates

middle ear volumes with postsurgical audiometric data rather

than just discriminating between candidate and noncandidate

ears.

The importance of judicious patient selection for atresiaplasty

has become more significant due to recent literature suggesting

suboptimal audiometric outcomes after atresiaplasty for CAA.

Specifically, in a large systematic review, audiometric outcomes of

patients undergoing atresiaplasty were shown to be poorer in

comparison with audiometric outcomes of patients receiving an

osseointegrated bone-conduction device.14 Certainly much of

this finding is attributable to the considerable difficulty in per-

forming atresiaplasty, which is considered one of the more diffi-

cult otologic operations due to intricate anatomic considerations

and a high risk of complications. However, patient selection for

atresiaplasty may also play a considerable role. This makes the

results of our study more engaging because our demonstration of

the improved association of the J� score with normal postoper-

ative hearing may provide an opportunity for more appropriate

selection of patients who would benefit most from atresiaplasty.

However, there are several limitations to this study, specifi-

cally regarding the semiautomated methodology of segmentation.

First, while the boundaries of the tympanic cavity are well-defined

anatomically, their identification on high-resolution CT images is

often inexact and subject to individual interpretation, resulting in

the possibility of significant interobserver variability. Future work

in implementing this method should include interobserver data

validation to confirm the precision of middle ear volume mea-

surement. Second, manual corrections to the interpolated out-

lines were required in most cases due to

the abrupt irregular contour changes of

the middle ear space on serial sections,

which can only be negotiated by com-

puter software to a limited extent. How-

ever, the manual corrections required

can be performed rather quickly with

the segmentation tool; thus, they still re-

sult in substantial overall time savings

compared with complete manual seg-

mentation. Finally, only patients with a

J-score of �7 were included in our anal-

ysis. This is a limitation inherent with

any study that includes atresia repair outcomes because patients

with a J-score of �7 are unlikely to undergo surgery.

While we show a statistically significant correlation between

middle ear volume and postsurgical outcomes, questions remain

as to the intuitive importance of the entire middle ear space sur-

gically. The epitympanum is known to be important surgically

because it serves as the entry point into the middle ear during

atresiaplasty. Similarly, the surgical relevance of the mesotympa-

num lies in its housing of critical middle ear components, includ-

ing the stapes and oval window. However, the hypotympanum is

rarely visualized during atresiaplasty and is not particularly rele-

vant for surgery.11 Therefore, in future work, it may be prudent to

exclude the hypotympanum in middle ear volume calculations

and evaluate whether similar, or perhaps stronger, correlation is

found with postsurgical audiometric outcomes.

Further work may also focus on long-term postsurgical audio-

metric outcomes and whether improved outcomes persist several

years after the operation if such data are available. Additional

investigation may also be needed into the appropriateness of us-

ing a universal cutoff value for middle ear volume in determining

surgical candidacy for atresiaplasty, regardless of age, because one

can reasonably assume that middle ear volumes may increase dur-

ing childhood. However, no normalized values for middle ear

volumes as a function of age are currently available to aid in de-

veloping potential age-specific middle ear volume thresholds.

CONCLUSIONS
Middle ear aeration may be the most important predictor of sur-

gical success for CAA. Yet, the characterization of adequate mid-

dle ear space in the context of surgical candidacy for CAA remains

ambiguous. Current definitions of middle ear space are predom-

inantly composed of linear measurements at arbitrarily chosen

landmarks, which fail to adequately encompass the totality of the

middle ear cavity. This study introduces a semiautomated method

of measuring the entire volume of the middle ear using segmen-

tation software, which the authors believe is a more useful repre-

sentation of middle ear space in a surgical context. Middle ear

volumes derived in this fashion are associated with better postsur-

gical audiometric outcomes, both independently and in combi-

nation with the J-score (J� score) when a threshold value of 305

mm3 is used to assign a point on the scale. The J� score correlates

with postoperative hearing outcomes better than either the classic

J-score or middle ear volume alone and may be used preopera-

tively to better determine surgical candidacy.

FIG 8. Atretic ears with a J� score of �8 had significantly better postoperative pure tone
average and speech reception threshold than those below this threshold score.

Table 2: Number of patients who achieved normal postoperative
audiometric outcomes

Normal Postop

PTA SRT
All atretic ears 8 13
J-score � 8 1 2
J-score � 8 7 11
Volume � 305 mm3 0 1
Volume � 305 mm3 8 12
J� score � 8 0 0
J� score � 8 8 13

Note:—Postop indicates postoperative.

360 Kabadi Feb 2018 www.ajnr.org



Disclosures: Bradley W. Kesser—UNRELATED: Payment for Lectures Including Ser-
vice on Speakers Bureaus: DePuy Synthes, Comments: I received a single honorarium
for a lecture and taught a temporal bone course*; Royalties: Nasco, Comments: I
received royalties for an ear simulator that I and my colleagues patented and li-
censed to Nasco*. *Money paid to the institution.

REFERENCES
1. Kelley PE, Scholes MA. Microtia and congenital aural atresia. Oto-

laryngol Clin North Am 2007;40:61– 80, vi CrossRef Medline
2. Chandrasekhar SS, De la Cruz A, Garrido E. Surgery of congenital

aural atresia. Am J Otol 1995;16:713–17 Medline
3. Oliver ER, Hughley BB, Shonka DC, et al. Revision aural atresia

surgery: indications and outcomes. Otol Neurotol 2011;32:252–58
CrossRef Medline

4. Jahrsdoerfer RA, Yeakley JW, Aquilar EA, et al. Grading system for
the selection of patients with congenital aural atresia. Am J Otol
1992;13:6 –12 Medline

5. Moss WJ, Lin HW, Cueva RA. Surgical and audiometric outcomes
for repair of congenital aural atresia and hypoplasia. JAMA Otolar-
yngol Head Neck Surg 2016;142:52–57 CrossRef Medline

6. Digoy GP, Cueva RA. Congenital aural atresia: review of short- and
long-term surgical results. Otol Neurotol 2007;28:54 – 60 CrossRef
Medline

7. Gassner EM, Mallouhi A, Jaschke WR. Preoperative evaluation of

external auditory canal atresia on high-resolution CT. AJR Am J
Roentgenol 2004;182:1305–12 CrossRef Medline

8. Shonka DC Jr, Livingston WJ 3rd, Kesser BW. The Jahrsdoerfer
grading scale in surgery to repair congenital aural atresia. Arch Oto-
laryngol Head Neck Surg 2008;134:873–77 CrossRef Medline

9. Lambert PR. Major congenital ear malformations: surgical manage-
ment and results. Ann Otol Rhinol Laryngol 1988;97:641–49 CrossRef
Medline

10. Yeakley JW, Jahrsdoerfer RA. CT evaluation of congenital aural
atresia: what the radiologist and the surgeon need to know. J Com-
put Assist Tomogr 1996;20:724 –31 Medline

11. Oliver ER, Lambert PR, Rumboldt Z, et al. Middle ear dimensions in
congenital aural atresia and hearing outcomes after atresiaplasty.
Otol Neurotol 2010;31:946 –53 CrossRef Medline

12. Ikui A, Sando I, Haginomori S, et al. Postnatal development of the
tympanic cavity: a computer-aided reconstruction and measure-
ment study. Acta Otolaryngol 2000;120:375–79 CrossRef Medline

13. Osborn AJ, Oghalai JS, Vrabec JT. Middle ear volume as an adjunct
measure in congenital aural atresia. Int J Pediatr Otorhinolaryngol
2011;75:910 –14 CrossRef Medline

14. Nadaraja GS, Gurgel RK, Kim J, et al. Hearing outcomes of atresia
surgery versus osseointegrated bone conduction device in patients
with congenital aural atresia: a systematic review. Otol Neurotol
2013;34:1394 –99 CrossRef Medline

AJNR Am J Neuroradiol 39:355– 61 Feb 2018 www.ajnr.org 361

http://dx.doi.org/10.1016/j.otc.2006.10.003
http://www.ncbi.nlm.nih.gov/pubmed/17346561
http://www.ncbi.nlm.nih.gov/pubmed/8572131
http://dx.doi.org/10.1097/MAO.0b013e3182015f27
http://www.ncbi.nlm.nih.gov/pubmed/21178807
http://www.ncbi.nlm.nih.gov/pubmed/1598988
http://dx.doi.org/10.1001/jamaoto.2015.2713
http://www.ncbi.nlm.nih.gov/pubmed/26606589
http://dx.doi.org/10.1097/01.mao.0000227897.73032.95
http://www.ncbi.nlm.nih.gov/pubmed/17195747
http://dx.doi.org/10.2214/ajr.182.5.1821305
http://www.ncbi.nlm.nih.gov/pubmed/15100137
http://dx.doi.org/10.1001/archotol.134.8.873
http://www.ncbi.nlm.nih.gov/pubmed/18711063
http://dx.doi.org/10.1177/000348948809700612
http://www.ncbi.nlm.nih.gov/pubmed/3202566
http://www.ncbi.nlm.nih.gov/pubmed/87979011
http://dx.doi.org/10.1097/MAO.0b013e3181e8f997
http://www.ncbi.nlm.nih.gov/pubmed/20684058
http://dx.doi.org/10.1080/000164800750000595
http://www.ncbi.nlm.nih.gov/pubmed/10894412
http://dx.doi.org/10.1016/j.ijporl.2011.04.004
http://www.ncbi.nlm.nih.gov/pubmed/21570132
http://dx.doi.org/10.1097/MAO.0b013e3182a36065
http://www.ncbi.nlm.nih.gov/pubmed/24005171


ORIGINAL RESEARCH
HEAD & NECK

Optimal Fat Suppression in Head and Neck MRI:
Comparison of Multipoint Dixon with 2 Different

Fat-Suppression Techniques, Spectral Presaturation and
Inversion Recovery, and STIR

X S. Gaddikeri, X M. Mossa-Basha, X J.B. Andre, X D.S. Hippe, and X Y. Anzai

ABSTRACT

BACKGROUND AND PURPOSE: Uniform complete fat suppression is essential for identification and characterization of most head and
pathology. Our aim was to compare the multipoint Dixon turbo spin-echo fat-suppression technique with 2 different fat-suppression
techniques, including a hybrid spectral presaturation with inversion recovery technique and an inversion recovery STIR technique, in head
and neck fat-suppression MR imaging.

MATERIALS AND METHODS: Head and neck MR imaging datasets of 72 consecutive patients were retrospectively reviewed. All patients
were divided into 2 groups based on the type of fat-suppression techniques used (group A: STIR and spectral presaturation with inversion
recovery gadolinium-T1WI; group B: multipoint Dixon T2 TSE and multipoint Dixon gadolinium-T1WI TSE). Objective and subjective image
quality and scan acquisition times were assessed and compared between multipoint Dixon T2 TSE versus STIR and multipoint Dixon
gadolinium-T1WI TSE versus spectral presaturation with inversion recovery gadolinium-T1WI using the Mann-Whitney U test.

RESULTS: A total of 64 patients were enrolled in the study (group A, n � 33 and group B, n � 31). Signal intensity ratios were significantly
higher for multipoint Dixon T2 and gadolinium-T1WI techniques compared with STIR (P � .001) and spectral presaturation with inversion
recovery gadolinium-T1WI (P � .001), respectively. Two independent blinded readers revealed that multipoint Dixon T2 and gadolinium-
T1WI techniques had significantly higher overall image quality (P � .022 and P � .001) and fat-suppression grades (P � .013 and P � .001
across 3 different regions) than STIR and spectral presaturation with inversion recovery gadolinium-T1WI, respectively. The scan acquisition
time was relatively short for the multipoint Dixon technique (2 minutes versus 4 minutes 56 seconds for the T2-weighted sequence and 2
minutes versus 3 minutes for the gadolinium-T1WI sequence).

CONCLUSIONS: The multipoint Dixon technique offers better image quality and uniform fat suppression at a shorter scan time com-
pared with STIR and spectral presaturation with inversion recovery gadolinium-T1WI techniques.

ABBREVIATIONS: AP � anteroposterior; CHESS � chemical shift selective suppression; FS � fat suppression; Gad-T1WI � gadolinium-T1WI; mDixon � multipoint
Dixon; SPIR � spectral presaturation with inversion recovery

Uniform and complete fat suppression (FS) is indispensable

for accurate diagnosis and characterization of head and

neck pathologies. Various FS MR imaging techniques are avail-

able clinically, each with its own advantages and disadvantages.

Commonly used FS MR imaging techniques include STIR,

chemical shift selective suppression (CHESS), hybrid methods such

as spectral presaturation with inversion recovery (SPIR; Phillips

Healthcare, Best, the Netherlands), spectral attenuated inversion re-

covery, and a more recent chemical shift method, the multipoint

Dixon (mDixon Technique; Phillips Healthcare).

The STIR technique nulls the fat signal using a 180° inversion

pulse as an initial excitation pulse, followed by a subsequent 90°

pulse at a specified inversion time (approximately 160 –180 ms for

a 1.5T magnet). The CHESS technique uses a radiofrequency

pulse tuned to the fat-resonance frequency together with a spoiler

gradient, which saturates fat signal and thus leaves only water

protons to produce signal. SPIR is a hybrid FS technique that

combines the fat selectivity of CHESS and uses an inversion

radiofrequency pulse like that in the STIR technique. Never-

Received March 3, 2017; accepted after revision October 16.

From the Departments of Neuroradiology (S.G.) and Radiology (S.G.), Rush Univer-
sity Medical Center, Chicago, Illinois; Departments of Neuroradiology (M.M.-B.)
and Radiology (D.S.H.), University of Washington, Seattle, Washington; Department
of Neuroradiology (J.B.A.), University of Washington Medical Center, Seattle,
Washington; and Department of Radiology (Y.A.), University of Utah Health Cen-
ter, Salt Lake City, Utah.

Paper previously presented at: Annual Meeting of the American Society of Neuro-
radiology and the Foundation of the ASNR Symposium, April 22–27, 2017; Long
Beach, California.

Please address correspondence Santhosh Gaddikeri, MD, Department of Radiol-
ogy, Rush University Medical Center, 1653 W Congress Parkway, Chicago, IL 60612;
e-mail: Santhosh_Gaddikeri@rush.edu

Indicates article with supplemental on-line table.

http://dx.doi.org/10.3174/ajnr.A5483

362 Gaddikeri Feb 2018 www.ajnr.org

http://orcid.org/0000-0002-4226-5563
http://orcid.org/0000-0001-7798-8158
http://orcid.org/0000-0002-0896-183X
http://orcid.org/0000-0003-2427-4404
http://orcid.org/0000-0003-2988-7445


theless, SPIR differs from CHESS in that the radiofrequency

pulse used is an inversion pulse and is different from STIR in

that the inversion pulse used is selective for fat spin excitation

only.1 The more recently developed mDixon technique is in-

sensitive to magnetic field (both B0 and B1) inhomogeneity

while preserving the desired image contrast at reduced scan

acquisition times.2

In this retrospective study, we compared 3-point mDixon T2

TSE and mDixon gadolinium-T1WI (Gad-T1WI) TSE tech-

niques with the commonly used T2 (STIR) and post-Gad-T1WI

(SPIR) FS techniques, respectively, for assessing subjective and

objective image quality while considering image-acquisition

times.

MATERIALS AND METHODS
The ethics committee of our institution (University of Wash-

ington) approved this Health Insurance Portability and Ac-

countability Act– compliant study. We retrospectively re-

viewed the imaging records of 72 consecutive patients who had

undergone head and neck MR imaging without and with gad-

olinium administration for various clinical indications, be-

tween July 1, 2014, and September 30, 2014. Another inclusion

criterion was that these patients also have a CT examination of

the neck within 3 months before or after the MR imaging

study. The CT data were used to quantify body habitus. Pa-

tients with poor renal function (glomerular filtration rate of

�30) and suboptimal image quality secondary to patient mo-

tion artifacts were excluded from the study. None of the en-

rolled patients had cervical spine fusion hardware. Systematic

changes were made in the institutional head and neck MR im-

aging protocol during the study time period so that the previ-

ously obtained STIR/SPIR combination of FS techniques was

gradually switched to the evaluated mDixon FS techniques.

The enrolled subjects were divided into 2 groups (group A and

group B) based on the combination of FS techniques used for

the corresponding T2-weighted sequence and Gad-T1WI se-

quence. In group A subjects, STIR images were acquired as a

T2-weighted sequence and SPIR images were acquired as the

post Gad-T1WI FS technique. In group B subjects, a 2D

mDixon spin-echo (2D-3-point mDixon TSE) technique was

used to suppress fat signal in both T2-weighted and post-Gad-

T1WI sequences.

Data Acquisition
All MR imaging scans were obtained on a 3T scanner (Achieva; Phil-

lips Healthcare). As per our institution protocol, we obtained the

following MR imaging sequences: axial, sagittal, and coronal T1WI;

and axial and coronal fluid-sensitive sequences with fat suppression

(axial STIR and coronal CHESS FS T2WI or axial and coronal

mDixon FS T2WI), followed by gadolinium-enhanced (gadoteridol,

ProHance, 279.3 mg/mL; Bracco Diagnostics, Princeton, New Jer-

sey) axial and coronal T1WI with FS sequences (SPIR or mDixon).

Parameters used for STIR, SPIR FS Gad-T1WI, mDixon FS T2WI,

and mDixon FS Gad-T1WI are summarized in Table 1.

Data Analysis

Objective Analysis. All objective measurements were performed

by a fellowship-trained neuroradiologist with 10 years of cumu-

lative experience in head and neck imaging. As the surrogate mea-

sure of a patient’s body size, the maximum anteroposterior (AP)

neck diameter at the level of mandible (parallel to the C2–3 inter-

vertebral disc), minimum AP diameter at the midneck level (par-

allel to the C4 –5 intervertebral disc), and maximum transverse

shoulder width (Fig 1) were measured on the neck CT topogram.

The ratios of AP neck diameter at the level of the mandible to the

AP diameter at the midneck level and shoulder width to AP diam-

eter of the midneck were calculated for each subject and were

compared between the 2 groups (groups A and B).

Signal intensity of the spinal cord and subcutaneous fat was

measured (Fig 2) by placing a circular ROI measuring 5–10 mm in

diameter on an axial image at 2 different levels (submandibular

region and supraclavicular region) on all sequences. To normalize

the relative fat signal intensity, we calculated the signal intensity

ratio between the spinal cord and subcutaneous fat at both levels

for each sequence. The ratios were compared between STIR and

mDixon FS T2 TSE and between SPIR FS Gad-T1WI and mDixon

FS Gad-T1WI TSE, respectively.

Subjective Analysis. Two fellowship-trained and board-certi-

fied neuroradiologists, each with 12 years of experience in in-

Table 1: Parameters used for different fat-suppression sequences on a 3T scannera

Axial STIR Axial T2WI Axial Gad-T1WI Axial Gad-T1WI

TSE mDixon TSE SPIR TSE mDixon TSE
Coil 16 Channel 16 Channel 16 Channel 16 Channel

SENSE NV SENSE NV SENSE NV SENSE NV
TR/TE 3000/15 ms 3000/80 ms 600/9.2 ms 500/10 ms
Section thickness/

intersection gap
3/1 mm 3/1 mm 3/1 mm 3/1 mm

No. of axial images 40 40 40 40
FS technique Inversion recovery

(TI � 200 ms)
mDixon SPIR mDixon

Acquisition matrix 200 � 141 232 � 232 288 � 196 204 � 199
NEX 2 1 1 1
Acquisition time 4 min, 56 sec 2 min, 2 sec 3 min, 2 sec 2 min, 8 sec
Parallel imaging Yes Yes Yes Yes
Gadolinium contrast N/A N/A 0.1 mmol/kg gadodiamide

(Gd-DTPA) (ProHance)
0.1 mmol/kg gadodiamide

(Gd-DTPA) (ProHance)

Note:—SENSE indicates sensitivity encoding; N/A, not applicable; NV, NeuroVascular.
a Achieva; Philips Healthcare.
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terpreting head and neck MR imaging, independently assessed

the image quality. Readers were blinded to all FS techniques

used. On a per-subject basis, the stack of axial images of each

sequence (FS T2 sequence and FS Gad-T1WI sequence) was

displayed and analyzed on a random basis on a PACS monitor.

No preset window width or level was provided. The readers

were free to vary both at their discretion. The 2 readers were

asked to evaluate the following: 1) uniformity of fat suppres-

sion with emphasis on 3 areas that are prone to incomplete fat

suppression (the maxillary, submandibular, and supraclavic-

ular regions, respectively), 2) overall image quality for each

fat-suppression technique, and 3) the presence of susceptibil-

ity artifacts from dental amalgam. Uniformity of fat suppres-

sion and overall image quality assessment were graded on a

5-point Likert-like scale (1 � poor, 2 � suboptimal, 3 � ac-

ceptable, 4 � good, and 5 � excellent).

Direct comparison of objective and subjective image-quality

measurements between groups A and B (STIR versus mDixon T2

TSE and Gad-T1WI SPIR versus mDixon Gad-T1WI TSE) were

performed. Sequence-specific acquisition times were collected

and compared between the 2 groups.

Statistical Analysis
Variables were summarized as mean � SD or count (percentage).

The sequence groups were compared using the Mann-Whitney

U test. For the analysis of subjective image-quality ratings, the

ratings of 2 readers were averaged to

compare the groups. A permutation

test, clustered by patient, was used to

compare the presence of dental amal-

gam susceptibility artifacts as rated by

both readers separately between se-

quence groups. Interreader agreement

of the subjective ratings was summa-

rized using the Cohen � (linearly

weighted for 5-point scales and un-

weighted for binary variables) and

percentage agreement. Percentage agree-

ment for the 5-point scales was calcu-

lated after combining the ratings into a

3-point scale: 1–2, 3, and 4 –5. Bias in

ratings between the readers was assessed

using the Wilcoxon signed rank test. A P

value of � .05 was considered statisti-

cally significant. All statistical calcula-

tions were conducted with the statistical

computing language R (Version 3.1.1;

http://www.r-project.org/).

RESULTS
Patient Demographics
Group-based patient demographics are

summarized in Table 2. A total of 64 pa-

tients met the inclusion criteria, following

exclusion of 8 patients (due to suboptimal

MR imaging due to motion artifacts [n �

5] and lack of intravenous gadolinium-

based contrast agent administration [n �

3]). Group A comprised 33 patients (10 women), while group B

comprised 31 patients (11 women).

There was no statistically significant difference in the age (mean,

61 � 15 years versus 55 � 17 years; P � .15) or sex (P � .79) distri-

bution, between the groups. There was no significant difference in

body habitus, represented by the ratio between groups, of shoulder

width–to–mandibular region AP neck diameter at the C2–3 level

(1.53 � 0.16 versus 1.48 � 0.15 for groups A and B, respectively; P �

.35); and the ratio of shoulder width–to–midneck AP diameter at the

C4–5 level (3.21 � 0.36 versus 3.16 � 0.40, for groups A and B,

respectively; P � .88).

Objective Assessment
Objective image-quality measurements are summarized in Table 3.

Signal intensity ratios measured between the spinal cord and subcu-

taneous fat at the submandibular and supraclavicular levels were sig-

nificantly higher for the mDixon technique. For T2-weighted se-

quences (STIR versus mDixon T2-weighted TSE), the ratios

measured 3.5 � 3.4 versus 5.7 � 1.6, respectively (P � .001) at the

submandibular level and 3.3 � 3.4 versus 7.4 � 2.4, respectively (P �

.001) at the supraclavicular level. Similarly, in the post-gadolinium-

enhanced FS T1-weighted sequence (SPIR Gad-T1WI versus

mDixon Gad-T1WI TSE), the ratios measured 0.9 � 0.7 versus 3.7 �

1.4, respectively (P � .001) at submandibular level and 0.5 � 0.3

versus 4.3 � 2.0, respectively (P � .001) at supraclavicular level.

FIG 1. Lateral (A) and frontal (B) projections of CT topogram images with measurements of
anteroposterior diameter at the level of C2–3 and C4 –5 and transverse diameters at the shoulder.

FIG 2. Gadolinium-enhanced T1-weighted MR images with SPIR (A) and mDixon (B) techniques for
fat suppression. ROIs are placed on the spinal cord and fat to obtain a signal intensity ratio.
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Subjective Assessment
The averages of the 2 readers’ subjective assessments of the uni-

formity of fat suppression and overall image quality for groups

A and B are summarized in Table 4.

Fat Suppression. The average scores from both the readers for fat

suppression at all 3 levels (maxillary, mandibular, and lower neck

region) were significantly higher for mDixon T2-weighted FS TSE

(mean, 4.4 – 4.7) compared with STIR (mean, 4.0 – 4.3; P � .013

for all regions) (Fig 3) and mDixon Gad-T1WI FS TSE sequences

(mean, 4.7– 4.8) compared with SPIR Gad-T1WI (mean, 1.4 –3.8,

P � .001 for all regions) (Figs 4 and 5).

Overall Image Quality. Similarly, the 2

readers’ average scores for overall image

quality were significantly higher for

mDixon T2-weighted FS TSE than for

STIR (mean, 3.9 versus 3.6; P � .022)

and mDixon Gad-T1WI FS TSE se-

quences (mean, 4.0 versus 2.6; P �

.001).

Susceptibility Artifacts Related to
Dental Amalgam. There was no sig-

nificant difference in the percentage of

subjects with susceptibility artifacts

related to dental amalgam between the

2 groups for both fluid-sensitive se-

quences (38.7% versus 22.7%, P �

.056) and post-Gad-T1WI sequences

(37.1% versus 31.8%, P � .5).

Interreader Agreement
The percentage agreement for the uni-

formity of fat suppression between the

readers was �87% for group B patients

(On-line Table), though the corre-

sponding � values ranged from 0.05 to

0.15. Across all 3 stations, readers gave

ratings of only 4 –5 for 87%–100% of

cases, so there was a limited range of rat-

ings for the � assessment. Group A inter-

reader agreement varied between 25%

and 91% (On-line Table), with corre-

sponding � values from �0.07 to 0.58.

Across the 3 stations, readers used only 2 different levels 67%–

99% of the time.

Scan Acquisition Times. The acquisition times were shorter for

the mDixon techniques compared with STIR (2 minutes versus 4

minutes 56 seconds) and SPIR (2 minutes versus 3 minutes).

DISCUSSION
In this retrospective study, we enrolled 33 subjects who under-

went MR imaging with a STIR and SPIR combination of fat-sup-

pression techniques and 31 subjects with mDixon as the fat-sup-

Table 2: Demographics and body habitusa

Variable

Sequence Group

P Valueb
Group B
(n = 31)

Group A
(n = 33)

Sex
Male 20 (64.5) 23 (69.7) .79
Female 11 (35.5) 10 (30.3)

Age (yr) 61 � 15 55 � 17 .15
Body habitus

AP neck diameter at the level of mandible (C2–3) (mm) 185 � 21 188 � 21 .28
AP diameter of midneck (C4–5) (mm) 127 � 22 124 � 19 .90
Shoulder width (mm) 394 � 35 394 � 45 .84
AP neck diameter at the level of mandible-to-shoulder width ratio 1.48 � 0.15 1.53 � 0.16 .35
Shoulder width-to midneck AP diameter ratio 3.16 � 0.40 3.21 � 0.36 .88

a Values are No. (%) or mean � SD unless otherwise specified.
b Mann-Whitney U test.

Table 3: Objective signal intensity ratiosa

Variable

Sequence Group

P Valueb
Group B
(n = 31)

Group A
(n = 33)

T2WI spinal cord–to-fat ratio
Submandibular level 5.7 � 1.6 3.5 � 3.4 �.001
Supraclavicular level 7.4 � 2.4 3.3 � 3.4 �.001

Post-Gad-T1WI spinal cord–to-fat ratio
Submandibular level 3.7 � 1.4 0.9 � 0.7 �.001
Supraclavicular level 4.3 � 2.0 0.5 � 0.3 �.001

a Values are mean � SD unless otherwise specified.
b Mann-Whitney U test.

Table 4: Subjective assessment of image quality, fat suppression, and susceptibility
artifactsa

Variable

Sequence Group

P Valueb
Group B
(n = 31)

Group A
(n = 33)

T2WI/STIR images
Overall image-quality grade 3.9 � 0.5 3.6 � 0.7 .022
Fat-saturation grade

Maxillary region 4.6 � 0.4 4.3 � 0.5 .013
Mandibular region 4.4 � 0.5 4.0 � 0.6 .007
Lower neck region 4.7 � 0.4 4.3 � 0.4 .001

Dental amalgam susceptibility artifacts (%) 38.7% 22.7% .056
Post-Gad-T1WIs

Overall image-quality grade 4.0 � 0.4 2.6 � 0.6 �.001
Fat-saturation grade

Maxillary region 4.8 � 0.3 3.8 � 0.7 �.001
Mandibular region 4.7 � 0.3 2.8 � 0.5 �.001
Lower neck region 4.8 � 0.3 1.4 � 0.7 �.001

Dental amalgam susceptibility artifacts (%) 37.1% 31.8% .50
a Two readers averaged. Values are mean � SD unless otherwise specified.
b Mann-Whitney U test comparing average ratings or permutation test (clustered by patient) for susceptibility
artifacts.
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pression technique. The subjects were matched for age, sex, and

surrogate imaging markers of body habitus in the area of interest.

In this study group, we demonstrate that the objective image qual-

ity measured for signal intensity ratios (spinal cord to subcutane-

ous fat signal) was significantly higher for the Dixon technique

compared with STIR and SPIR. This finding clearly indicates that

the mDixon technique provides better fat suppression, even in the

areas where other fat-suppression techniques failed due to tech-

nical reasons. In the subjective assessment, readers scored the

mDixon technique significantly higher for uniformity of fat sup-

pression and overall image quality. An additional minor advan-

tage with the mDixon technique is relatively shorter scan acquisi-

tion times. Our study results are in concordance with previous

studies comparing the 3-point mDixon with the CHESS fat-sup-

pression technique in spine, neck, and orbit imaging.3-5

The main disadvantages associated with STIR include sup-

pression of signals from tissues with similar T1 values (such as

subacute hematoma and gadolinium-enhanced tissues). In addi-

tion, fewer sections were obtained for a given TR compared with

the spin-echo technique because a certain portion of the time is

consumed by the TI and TE of STIR. STIR is considered sensitive

to spatial nonuniformity of the applied radiofrequency pulse (un-

less an adiabatic pulse is used). If the strength of the radiofre-

quency pulse varies from one position to another within the sub-

ject, then the tip angle of the inversion pulse, and hence the quality

of fat suppression, will also vary with position. Finally, the unifor-

mity of fat suppression may depend on selection of an appropriate

TI.6-9 In addition, STIR alters signal

from all tissues and thus decreases the

contrast as well as the signal-to-noise ra-

tio.2 CHESS and its derivative SPIR hy-

brid techniques require a homogeneous

magnetic field for uniform fat suppres-

sion. They fail to suppress fat signal

around susceptibility distortions due to

metallic hardware, sinuses, and skull

base or in the regions far from the iso-

center. They also increase the specific

absorption rate to the patient and scan

times due to use of an extra presatura-

tion pulse and dephasing gradient.

Uniformity of FS by CHESS/SPIR

techniques is heavily dependent on ho-

mogeneity of the main magnetic field

(B0) and radiofrequency magnetic field

(B1); hence, nonuniform fat suppres-

sion occurs farther away from the iso-

center of B0. Another important factor

described to explain the nonuniformity

of FS in the CHESS/SPIR technique in

areas with a sharp variation of the shape

of anatomic structures such as the floor

of the mouth and the supraclavicular re-

gion is the so-called bulk susceptibility

phenomenon.6

The mDixon technique for FS was

first described by Dixon in 1984.10 This

is a spectroscopic imaging technique that relies on water and fat

chemical shift differences. The original technique was designed to

acquire 2 sets of images, one with water and fat signal being in-

phase and the other acquired when water and fat signals are at

180° out-of-phase (referred to as the “2-point Dixon technique”).

Using these 2 sets of images, one can generate water-only and

fat-only images.11 The water-only images serve as effective fat

suppression.3,4,12 The main advantage of this technique is that it is

relatively insensitive to B0 inhomogeneity but not completely im-

mune to it because sometimes the B0 inhomogeneity can manifest

as phase errors. The fundamental assumption of the mDixon

technique is that water and fat are the only 2 signal-contributing

chemical species in the object to be imaged. Under this as-

sumption, it is believed that water or fat each has only a single

spectral peak. This assumption may be true for water but not

for fat because fat is known to contain many spectral compo-

nents. The B0 inhomogeneity and other system imperfections

contribute to phase error results in signal contributions to

both water-only and fat-only images, even from the pixels con-

taining only fat tissue.2

Failure of phase correction usually leads to swapping of water

and fat assignments for the affected pixels, which can sometimes

present a “pseudomass” appearance or incomplete fat suppres-

sion. Correlating with both water-only and fat-only images

may help reduce this misinterpretation. A more recent techni-

cal advance, the 3-point Dixon technique, acquires an addi-

FIG 3. Axial STIR (A and B) and mDixon T2-weighted (C and D) MR images. Note incomplete fat
suppression (asterisks) in the maxillary and supraclavicular regions on the STIR technique and
complete uniform fat suppression (arrowheads) in the submandibular and supraclavicular regions
on the mDixon technique.
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tional third set of images along with the traditionally acquired

0° and 180°; it can be either �180°, 0, 180° or 0, 180°, 360°. This

additional image set helps determine and correct the phase

error.13-17 The 3-point Dixon technique is considered less

prone to phase error, though it is not completely immune to it.

This technique can be applied for both 2D and 3D imaging

with different types of pulse sequences, including spin-echo

and gradient-based echo sequences.2

Study Limitations
There are several limitations to this

study: 1) It is a retrospective study and

hence has a limitation of selection bias;

2) it is a relatively small cohort of pa-

tients, particularly when considering

comparison for 3 different techniques;

and 3) a combination of different FS

techniques was used in 2 separate popu-

lations (groups A and B). This is partic-

ularly important because uniformity of

FS in certain techniques such as CHESS

and its modifications (SPIR) depend

heavily on the patient’s body habitus

and on patient position in the magnet.

In our study, we think the contribution

of patient-related factors was not signif-

icant, considering that there was no sta-

tistically significant difference in the de-

mographics and patient body habitus

(in the area of interest) between the

groups. Fourth, lesion detectability and

conspicuity were not assessed due to

heterogeneity in the scan indications.

Not all patients had a focal lesion, and

when a focal lesion was present, no 2 le-

sions were comparable due to heteroge-

neity in the type of disease, location, and

stage of treatment. Fifth, there was some

disagreement between readers during

the subjective assessment; however, rat-

ings by both readers showed similar trends between groups A and

B, and the readers typically used only 2 different adjacent rating

levels at each station. Therefore, while readers may have disagreed

on individual ratings, they usually agreed that ratings were high

(4 –5), low (1–2), or moderate (2–3 or 3– 4).

CONCLUSIONS
The mDixon technique provides more uniform fat suppression

and improved image quality compared with other commonly

used FS techniques such as STIR and SPIR, while reducing se-

quence acquisition times in head and neck MR imaging.

Disclosures: Daniel S. Hippe—UNRELATED: Grants/Grants Pending: GE Healthcare,
Philips Healthcare, Toshiba America Medical Systems, Comments: for statistical
work on other studies.
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Optic Nerve Measurement on MRI in the Pediatric Population:
Normative Values and Correlations
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ABSTRACT

BACKGROUND AND PURPOSE: Few articles in the literature have looked at the diameter of the optic nerve on MR imaging, especially in
children, in whom observations are subjective and no normative data exist. The aim of this study was to establish a data base for optic
nerve diameter measurements on MR imaging in the pediatric population.

MATERIALS AND METHODS: This was a retrospective study on the MR imaging of pediatric subjects (younger than 18 years of age) at the
Department of Diagnostic Radiology at the American University of Beirut Medical Center, Beirut, Lebanon. The optic nerve measurements
were obtained by 3 raters on axial and coronal sections at 3 mm (retrobulbar) and 7 mm (intraorbital) posterior to the lamina cribrosa.

RESULTS: Of 211 scans of patients (422 optic nerves), 377 optic nerves were measured and included. Ninety-four patients were female
(45%) and the median age at MR imaging was 8.6 years (interquartile range, 3.9 –13.3 years). Optic nerves were divided into 5 age groups: 0 – 6
months (n � 18), 6 months–2 years (n � 44), 2– 6 years (n � 86), 6 –12 years (n � 120), and 12–18 years (n � 109). An increase in optic nerve
diameter was observed with age, especially in the first 2 years of life. Measurements did not differ with eye laterality or sex.

CONCLUSIONS: We report normative values of optic nerve diameter measured on MR imaging in children from birth to 18 years of age.
A rapid increase in optic nerve diameter was demonstrated during the first 2 years of life, followed by a slower increase. This was
independent of sex or eye laterality.

The optic nerve anatomically starts from the optic disc and

ends in the optic chiasm and comprises 4 distinct parts: the

optic nerve head, the intraorbital portion, the intracanalicular

portion, and the intracranial portion.1-3 Just posterior to the

sclera, the nerve acquires arachnoid membranes continuous with

those of the brain,4 composing the optic nerve sheath complex.

While fundoscopy and optical coherence tomography can study

the disc portion with high resolution, the remaining 3 portions

are less accessible and require imaging studies, including MR im-

aging, sonography, and CT.5,6 In fact, MR imaging is superior due

to its high soft-tissue resolution, the absence of ionizing radiation,

and its high diagnostic accuracy as demonstrated by several stud-

ies evaluating the sensitivity of MR imaging compared with his-

topathologic examination in the detection of tumor invasion.7-9

According to Chawla et al7 and Schueler et al,8 the MR imaging

sensitivity in detecting optic nerve abnormality is 60%–75%,

while its specificity is up to 90%. Indeed, the optic nerve has been

studied in healthy individuals and in pathologic states using MR

imaging, CT, sonography, and cross-sectional anatomy.10-14

These studies, however, have reported either qualitative parame-

ters5,15 or normative values of both the optic nerve and sheath as

a complex.16-19

Ample literature exists on the use of MR imaging to classically

describe the optic nerve sheath diameter, which has been associ-

ated with increased intracranial pressure from various causes like

trauma, brain tumors, and idiopathic intracranial hypertension.

Such studies are not sensitive to the optic nerve itself because

measurements include the sheath, CSF, and optic nerve. Measure-

ments of the optic nerve diameter have historically been difficult,

due to problems in the methodology to be adopted, such as the

differing appearance of the nerve sheath in the various MR imag-

ing sequences and the width, which differs from anterior to pos-

terior. With the use of new volumetric methods, thin-cut images,

and the availability of fat-suppression sequences, such measure-

ments can be accurately performed. Few articles in the literature

have looked at the diameter of the optic nerve proper on MR

imaging, especially in children, in whom observations are subjec-

tive and no normative data exist. Pathologic changes in the diam-
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eter of the optic nerve itself are not uncommonly encountered in

different disease entities affecting the pediatric population, in-

cluding optic nerve hypoplasia or atrophy, Leber optic neuropa-

thy, multiple sclerosis, and optic nerve enlargement, such as from

gliomas in neurofibromatosis type 1.4,10,20-23 Measuring the optic

nerve proper is essential to the diagnosis of such entities.

Our study aimed to report normative values for the optic nerve

diameter on MR imaging in the pediatric population and examine its

development across different age groups to generate a set of objective

measurements for use by radiologists and ophthalmologists.

MATERIALS AND METHODS
Patient Selection
This was a retrospective review conducted at the Department of

Diagnostic Radiology at the American University of Beirut Med-

ical Center in Beirut, Beirut, Lebanon. The study was approved by

the institutional review board, and informed consent was waived.

We performed a thorough search on the institutional PACS for

scans of patients younger than 18 years of age at the time of ac-

quisition who underwent any MR imaging of the head and/or

orbit with or without contrast enhancement between January

2010 and December 2015. Patients were divided into 5 age groups:

younger than 6 months, 6 months to 2 years, 2– 6 years, 6 –12

years, and 12–18 years. We then reviewed patient charts and ap-

plied the following exclusion criteria: history of any brain or orbit

tumor, enucleation of 1 eye, optic nerve lesions, enlargement or

atrophy of the optic nerve, raised intracranial pressure (treated or

not), and ischemia, hemorrhage, or atrophy along the optic path-

way. We included patients who had indications for MR imaging

other than optic nerve lesions, such as seizures and epilepsy, neck

mass investigation, temporal bone abnormality, developmental

delay, recurrent headaches, and others. Scans with poor visualiza-

tion of the optic nerve were excluded.

MR Imaging Measurements
All MR images were performed on the Ingenia 3T or 1.5T systems

(Philips Healthcare, Best, the Netherlands). The brain and orbit

MRIs were performed with a 16-channel head coil. The sequences

analyzed consisted of 2-mm sections. A T1-weighted inversion

recovery sequence in the axial and coronal plane was performed

with the following parameters: TR range � 5000 –7000 ms, TE

range � 15–30 ms, TI � 400 ms, matrix size range � 168 � 100 to

212 � 130, FOV range � 180 � 180 mm to 230 � 230 mm,

section thickness/spacing range � 2– 0.3 to 2– 0.5 mm, acquisi-

tion time � 5 minutes 16 seconds; and an orbit-dedicated STIR

sequence in the axial and coronal planes was performed with the

following parameters: TR range � 2240 –2650 ms, TE range �

80 –90 ms, TI � 200 ms, matrix size range � 256 � 195 to 320 �

255, FOV range � 200 � 200 mm to 250 � 250 mm, section

thickness/spacing range � 2– 0.3 mm to 3– 0.3 mm, acquisition

time � 2–3 minutes. The axial images were obtained parallel to

the intraorbital portion of the optic nerve, and the coronal images

were placed on the sagittal cuts perpendicular to the optic nerves.

Image analysis and measurements were performed by a trained

cognitive neuroscientist (R.N.T.), a senior radiology resident(M.G.S.),

and a neuroradiologist (R.G.H.) using OsiriX Imaging Software

(http://www.osirix-viewer.com) on a high-resolution monitor. The

measurements were obtained on axial and coronal sections at 3 and 7

mm posterior to the lamina cribrosa. Measurements at 3 mm were

retrobulbar, and measurements at 7 mm were at the midaspect of the

intraorbital segment of the optic nerve (Fig 1). These 2 loci were

chosen to examine whether the midaspect is smaller than the retro-

bulbar portion of the optic nerve. For every patient, each eye was

treated individually. In some cases, on the

axial or coronal cuts, 1 optic nerve was

used for measurements, while the second

one was not clearly delineated.

Statistical Analysis
All statistical analyses were performed

with STATA 13 (StataCorp, College Sta-

tion, Texas). The results were reported

as mean � SD. Interrater agreement was

evaluated with intraclass correlation co-

efficients and corresponding 95% confi-

dence intervals to ensure reliability and

reproducibility of the results. After con-

firming agreement among the 3 raters,

FIG 1. Axial (A) and coronal STIR (B) images of the orbits. An example of our measurement
method. The optic nerve is measured without the nerve sheath, 3 (a) and 7 (b) mm posterior to the
lamina cribrosa. It is also measured on the coronal plane (c) at the same 2 locations: retrobulbar
and midaspect.

Table 1: Optic nerve diameter at each of the retrobulbar and midaspect locations on axial and coronal MRI sections
Sex Laterality

Male Female

P Value

Right Left

P ValueNo. Mean (mm) No. Mean (mm) No. Mean (mm) No. Mean (mm)
Axial

Retrobulbar 203 2.22 � 0.44 158 2.20 � 0.41 .663 180 2.21 � 0.43 181 2.22 � 0.43 .925
Midaspect 176 1.53 � 0.40 149 1.59 � 0.43 .223 160 1.56 � 0.43 165 1.56 � 0.40 .923

Coronal
Retrobulbar 182 2.28 � 0.58 154 2.22 � 0.40 .270 168 2.25 � 0.50 168 2.26 � 0.51 .820
Midaspect 184 1.73 � 0.44 149 1.76 � 0.42 .473 164 1.75 � 0.42 169 1.74 � 0.45 .892

370 Al-Haddad Feb 2018 www.ajnr.org



we averaged the measurements. Data normality was assessed by

the Shapiro-Wilk test for normality coupled with visual inspec-

tion of the data via histograms. Accordingly, differences between

the right and left eyes were evaluated

using the paired Student t test or Wil-

coxon signed rank test, and between-

sex differences, with the unpaired t test

or Mann-Whitney U test. ANOVA

testing was performed to reveal be-

tween-group differences with a Šídák

correction for multiple comparisons

for more detailed results on confi-

dence intervals and significances be-

tween each age group. Finally, mea-

surement results were plotted versus

age, and Pearson or Spearman correla-

tion coefficients were calculated.

RESULTS
Two hundred eleven scans of patients

were collected for measurement. The me-

dian age at MR imaging acquisition was

8.6 years (interquartile range, 3.9–13.3

years), and 94 (45%) patients were fe-

males. Interrater agreement was excellent,

with an intraclass correlation coefficient of

0.842 (95% CI, 0.821–0.861; P � .001).

The agreement between the readers for the

patients younger than 6 months of age and

children between 6 months and 2 years

was good as well (intraclass correlation co-

efficient � 0.82; 95% CI, 0.579–0.931;

P � .001; and intraclass correlation coeffi-

cient � 0.766; 95% CI, 0.693–0.823; P �

.001, respectively).

Table 1 shows the optic nerve mea-
surements on MR imaging at the retro-

bulbar and midaspect levels for each of

the axial and coronal cuts. Optic nerve
diameter measurements did not differ

between the right and left eyes (Fig 2A)

or between males and females (Fig 2B),

regardless of the section and location of

the measurement. However, the optic

nerve significantly increased in diameter

across age groups, which was also ob-

served in all measurements (Fig 2C). At

the axial cut, the mean diameter steadily
increased with the age from 1.35 � 0.82
mm among patients younger than 6

months up to 2.26 � 0.38 mm and
2.35 � 0.40 mm for patients between 6
and 12 years of age and between 12 and

18 years, respectively on the retrobulbar

level (Table 2). Similarly, in the axial cuts,

the mean diameter of the optic nerve in-

creased with age from 0.73 � 0.55 mm
among patients younger than 6 months

up to 1.67 � 0.36 mm for patients between 6 and 12 years of age and

between 12 and 18 years of age and to 1.67 � 0.40 mm between 12

and 18 years of age on the midaspect level.

FIG 2. Optic nerve diameter measurements (millimeters) at each of the retrobulbar and midaspect loca-
tions on the axial and coronal MR imaging sections, according to eye laterality (A), sex (B), and age group (C).

AJNR Am J Neuroradiol 39:369 –74 Feb 2018 www.ajnr.org 371



Significant between-group differences for all 4 measures were

observed on 2 by 2 comparisons (Table 3). The results were then

plotted in a measurement-versus-age comparison. The graphs

show a steep increase in diameter in the first 2 years, after which

the curve plateaus; this finding applied to both axial and coronal

measurements and at the 2 loci, retrobulbar and midaspect. The

most representative graph, obtained from midaspect measure-

ments on the coronal cut plotted against age, is shown in Fig 3.

Most interestingly, there was a consistent difference in optic nerve

diameters between the midaspect and retrobulbar portions, which

was observed on both axial and coronal images and in most age

groups.

DISCUSSION
In this study, we report normative values of optic nerve diameter

measured on MR imaging in children from birth to 18 years of

age, dividing them into 5 age groups: 0 – 6 months, 6 months–2

years, 2– 6 years, 6 –12 years, and 12–18 years. Our results showed

significant between-group differences in measurements, with a

rapid increase in optic nerve diameter demonstrated during the

first 2 years of life, followed by a slower increase to the 6 years of

age with no significant change later. This was independent of sex

or eye laterality.

Despite the technical challenges in the pediatric population,

MR imaging was reliable in quantitatively assessing the size of the

optic nerve proper. Multiple other studies have confirmed this

finding with MR imaging for the diagnosis and early detection of

optic nerve hypoplasia in children.18,22,24-27 However, there was

no standardized method to obtain these measurements; thus,

cross-study comparisons could not be performed accurately.

Also, while there are reports on MR imaging measurements in

healthy children, they focused on the optic nerve sheath complex

as a whole and not the optic nerve itself.19,28 Therefore, there is a

need to establish a standardized method for the measurement of

the optic nerve on MR imaging in the pediatric population. These

patients are at risk of multiple disease entities affecting the optic

nerve,29 such as optic nerve hypoplasia or atrophy, optic neuri-

tis,30,31 optic neuropathies,32 and other associated optic nerve

pathology with failure to thrive.33 Objective assessment by MR

imaging will aid in earlier and more accurate diagnoses of these

various disorders in this vulnerable population.

Several studies have assessed the optic nerve sheath using var-

ious imaging modalities. This was mainly done to establish a nor-

mative data base in adults,5,10-14,27,28 or to use the optic nerve

sheath complex as a surrogate to diagnose increased intracranial

pressure. The latter outcome was studied both in children and

using sonography, CT, or MR imaging and in different clinical

Table 2: Optic nerve diameter measurements at each of the retrobulbar and midaspect locations on axial and coronal MRI sections
Age Group

<6 mo 6 mo–2 yr 2–6 yr 6–12 yr 12–18 yr

P ValueaNo. Mean (mm) No. Mean (mm) No. Mean (mm) No. Mean (mm) No. Mean (mm)
Axial

Retrobulbar 13 1.35 � 0.82 44 2.03 � 0.30 86 2.20 � 0.30 109 2.26 � 0.38 109 2.35 � 0.40 �.001
Midaspect 9 0.73 � 0.55 31 1.30 � 0.33 73 1.46 � 0.31 114 1.67 � 0.36 98 1.67 � 0.40 �.001

Coronal
Retrobulbar 18 1.30 � 0.83 29 2.08 � 0.44 72 2.27 � 0.41 113 2.37 � 0.44 104 2.33 � 0.39 �.001
Midaspect 18 0.99 � 0.66 26 1.53 � 0.27 69 1.79 � 0.43 120 1.78 � 0.38 100 1.87 � 0.32 �.001

a P value assessing the significance of the between-group comparisons using ANOVA.

Table 3: Two by 2 group comparisons of the optic nerve diameter
measurements on different scans

<6 mo 6 mo–2 yr 2–6 yr 6–12 yr
6 mo–2 yr

Axial
RB .196 – – –
MA .225 – – –

Coronal
RB .026a – – –
MA .453 – – –

2–6 yr
Axial

RB �.001a .035a – –
MA .010a .626 – –

Coronal
RB �.001a .499 – –
MA �.001a .049a – –

6–12 yr
Axial

RB �.001a .003a .999 –
MA �.001a �.001a .001a –

Coronal
RB �.001a .032a .870 –
MA �.001a .007a .999 –

12–18 yr
Axial

RB �.001a �.001a .085 .445
MA �.001a �.001a .002a .999

Coronal
RB �.001a .094 .999 .999
MA �.001a �.001a .127 .324

Note:—RB indicates retrobulbar; MA, midaspect.
a P value significant at .05.

FIG 3. Optic nerve midaspect diameter growth with age on a coronal
cut.
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settings.19,34-36 In fact, MR imaging proved to be superior to

high-resolution ultrasonography and CT in demonstrating op-

tic nerve measurements without the risks of exposure to ion-

izing radiation.11,27,37

Our results show that most of the optic nerve growth occurs in

the first 2 years of life, which is in accordance with other published

data regarding the early development of the optic nerve. In fact,

the optic nerve increases in size in utero to reach normal neonate

size at 36 weeks of gestation38; then, it continues to grow up to 2

years of age and less rapidly thereafter according to histologic

studies.39,40 Ophthalmologists and radiologists ought to be aware

of this finding while interpreting MR imaging scans in various

clinical scenarios in infants with early signs of cerebral palsy, de-

velopmental delays, delayed visual maturation, and poor visual

behavior/fixation. Hence, it is important to obtain normative

measurements of the optic nerve diameter in the pediatric popu-

lation; these measurements are very sensitive to age, especially in

the first 2 years of life. Our data are also in agreement with other

literature in that there was no laterality or sex differences in optic

nerve thickness on MR imaging.41 The midaspect portion of the

optic nerve would be expected to be thinner than the retrobulbar

portion on both axial and coronal cuts, consistent with our re-

ported results. This is a consequence of the optic nerve itself be-

coming more organized as it acquires its sheath traveling posteri-

orly through the narrow bony orbit.1,2

There are some limitations to this study. The relatively small

sample size, particularly in the group of subjects younger than 2

years of age, could potentially affect the measurements. More-

over, these patients often require the administration of sedatives

or general anesthesia, which may deviate their eyes from the pri-

mary position and may induce motion artifacts, which could ex-

plain the differences in measurement seen with changes in eye

position and axial-versus-coronal cuts. The coronal cuts of the

orbits were not obtained perpendicular to the axis of each optic

nerve separately; this feature partly explains the difference in the

measurements between the axial and coronal sections. Last, a pro-

spective study with thorough general medical, neurologic, and

ophthalmologic assessment of pediatric subjects before undergo-

ing a standardized MR imaging examination of the orbit using the

measurement criteria presented in this article is needed to con-

firm our findings.

CONCLUSIONS
We report normative values of the optic nerve diameter measured

on MR imaging in children from birth to 18 years of age. A rapid

increase in optic nerve diameter was demonstrated during the first

2 years of life followed by a slower increase. Our measurements can

give radiologists and neuroscientists a reliable reference to diagnose

optic nerve abnormalities in children.
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PEDIATRICS

Measuring Cerebral and Cerebellar Glutathione in Children
Using 1H MEGA-PRESS MRS
X F. Raschke, X R. Noeske, X R.A Dineen, and X D.P. Auer

ABSTRACT

BACKGROUND AND PURPOSE: Glutathione is an important antioxidant in the human brain and therefore of interest in neurodegenera-
tive disorders. The purpose of this study was to investigate the feasibility of measuring glutathione in healthy nonsedated children by using
the 1H Mescher-Garwood point-resolved spectroscopy (MEGA-PRESS) sequence at 3T and to compare glutathione levels between the
medial parietal gray matter and the cerebellum.

MATERIALS AND METHODS: Glutathione was measured using MEGA-PRESS MRS (TR � 1.8 seconds, TE � 131 ms) in the parietal gray matter
(35 � 25 � 20 mm3) of 6 healthy children (10.0 � 2.4 years of age; range, 7–14 years; 3 males) and in the cerebellum of 11 healthy children (12.0 � 2.7
years of age; range, 7–16 years; 6 males). A postprocessing pipeline was developed to account for frequency and phase variations in the edited ON
and nonedited OFF spectra. Metabolites were quantified with LCModel and reported both as ratios and water-scaled values. Glutathione was
quantified in the ON-OFF spectra, whereas total NAA, total Cho, total Cr, mIns, Glx, and taurine were quantified in the OFF spectra.

RESULTS: We found significantly higher glutathione, total Cho, total Cr, mIns, and taurine in the cerebellum (P � .01). Glx and total NAA
were significantly higher in the parietal gray matter (P � .01). There was no significant difference in glutathione/total Cr (P � .93) between
parietal gray matter and cerebellum.

CONCLUSIONS: We demonstrated that glutathione measurement in nonsedated children is feasible. We found significantly higher
glutathione in the cerebellum compared with the parietal gray matter. Metabolite differences between the parietal gray matter and
cerebellum agree with published MRS data in adults.

ABBREVIATIONS: GSH � glutathione; MEGA-PRESS � Mescher-Garwood point-resolved spectroscopy; PGM � parietal gray matter; Tau � taurine; t- � total

Glutathione (GSH) is an important antioxidant in the human

brain1,2 and has been shown to be altered in a number of

pathologies.3-7 Measuring GSH is of interest in neurodegenera-

tive disorders8 and may be a potential mechanistic biomarker for

oxidative stress–related diseases and the efficacy of antioxidative

treatments. Our specific interest is the quantification of GSH in

the brains of children affected by neurodegenerative diseases such

as ataxia telangiectasia, requiring a robust method to measure

GSH levels in nonsedated children.

GSH can, in principle, be measured in vivo with 1H-MRS.

However, due to the low concentration of GSH in the healthy

human brain and in particular its overlap with higher concentra-

tion metabolites, quantification of GSH at 3T with conventional

MRS sequences is controversial.9-11 Spectral editing allows the

removal of overlapping resonances for a direct and robust quan-

tification of GSH.12-14 While spectral editing can be used to spe-

cifically measure GSH, it is more susceptible to subject motion

than conventional single-voxel MRS sequences due to longer scan

times and because spectral editing is a subtraction technique that

relies on consistent data acquisition.

Few studies have reported in vivo GSH values in healthy chil-

dren,15,16 and, to our knowledge, there is no study that specifically
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measured GSH in children using spectral editing techniques or

that reported GSH in the cerebellum. Therefore, the goal of this

study was to investigate the feasibility of measuring GSH in

healthy nonsedated children with the Mescher-Garwood point-

resolved spectroscopy (MEGA-PRESS)13,17 sequence and to com-

pare GSH levels obtained in the medial parietal gray matter

(PGM) with those measured in the cerebellum. To minimize sub-

traction errors caused by phase and frequency variations, we

adapted a MEGA-PRESS postprocessing technique published by

An et al17 and modified it to work with our data.

MATERIALS AND METHODS
Subjects
Healthy children were recruited as part of an ongoing study, ap-

proved by the UK National Research Ethics Service East Mid-

lands–Derby Committee (Reference 14/EM/1175). Informed

consent was obtained from parents or guardians of participants.

MRS data in the PGM were acquired in 6 children (10.0 � 2.4

years of age; range, 7–14 years; 3 males). MR spectroscopic data in

the cerebellum were acquired in 11 children (12.0 � 2.7 years of

age; range, 7–16 years; 6 males). There was no significant differ-

ence in age between the 2 groups (t test, P � .14). Structural MRI

was checked by a neuroradiologist (R.A.D.) to ensure that children

were neuroradiologically healthy.

Data Acquisition
Data were acquired on a 3T MR scanner (Discovery MR750; GE

Healthcare, Milwaukee, Wisconsin) equipped with a 32-channel

head coil, without sedation. In addition to standard pediatric MRI

preparation, younger participants were shown an animation to

help prepare them for the MRI,18 and participants could watch

videos on an MRI– compatible monitor during the scan to im-

prove tolerance. The MRI protocol included a 3D fast-spoiled

gradient recalled T1-weighted structural MRI with 1-mm isotro-

pic resolution for MRS planning (TR � 8.15 ms, TE � 3.172 ms,

TI � 900 ms, FOV � 256 � 256 � 156 mm). Single-voxel MEGA-

PRESS GSH editing was performed using TR � 2 seconds, TE �

131 ms, and 128 ON and 128 OFF acquisitions. Spectral editing

was achieved with sinc-weighted Gaussian pulses with a pulse

length of 20 ms (bandwidth, 64 Hz) applied at 7.5 ppm (OFF) and

4.54 ppm (ON) for editing GSH.13,17 A nonedited, water-unsup-

pressed reference scan of 16 averages was acquired at identical

acquisition parameters. MRS voxel sizes were 35 � 25 � 20 mm in

the PGM and 50 � 22 � 22 mm in the cerebellum. Typical voxel

locations are illustrated in Fig 1. Total acquisition time for

MEGA-PRESS MRS was 9 minutes 30 seconds.

MRS Processing
MEGA-PRESS data were processed off-line with Matlab (Math-

Works, Natick, Massachusetts). The workflow steps A–H are il-

lustrated in On-line Fig 1. The phase angles between the 32 coil

elements were calculated from the average unsuppressed water

signal (A). All ON and OFF spectra were subsequently phased

using the water phase angles and coil-combined by using the max-

imum peak height of the unsuppressed water signal as weighting

factors (B). The resulting coil-combined 128 ON and 128 OFF

spectra were potentially out of phase relative to each other due to

subject motion and frequency drift. To correct for this, we phased

individual ON and OFF spectra by maximizing the correlation of

the NAA peak between the real and absolute part of the spectrum in

the range of 1.87 and 2.21 ppm (C). Next, a reference ON spectrum

for phase and frequency correction was created, like that described by

An et al17 by pair-wise aligning the 128 ON spectra in the spectral

range of 1.3 and 3.3 ppm and iterative pair-wise averaging of the

spectra with the smallest root mean square error (D). All 128 ON and

128 OFF spectra were subsequently aligned to this ON reference

spectrum by time domain phase and frequency correction using the

fminsearch function (https://de.mathworks.com/help/matlab/ref/

fminsearch.html) (E) in Matlab. For the alignment, the correlation

coefficient of the real part of the NAA peak (1.87–2.21 ppm) be-

tween the ON reference spectrum and the individual ON and OFF

spectra was maximized. The 128 aligned ON and OFF spectra

were then averaged to 1 ON and 1 OFF spectrum each (F). Indi-

vidual poor-quality ON and OFF spectra were detected by calcu-

lating the correlation coefficient of the NAA peak (1.87–2.21

ppm) between the 128 ON/OFF spectra and the averaged ON/

OFF spectrum, respectively (G). In our data, a correlation coeffi-

cient threshold of 0.8 (1 indicating perfect correlation) was used

to pair-wise exclude individual ON and OFF spectra. Finally, the

new ON and OFF average spectra were recalculated (H) and sub-

tracted to obtain the final edited ON-OFF spectrum.

Metabolite Quantification
Unedited MEGA-PRESS OFF spectra were analyzed between 4

and 0.2 ppm with LCModel (Version 6.3-1H; http://www.lcmodel.

com/lcmodel.shtml)19 using a basis set simulated with TARQUIN

(http://tarquin.sourceforge.net/).20 The OFF spectra were used to

quantify total NAA (tNAA � NAA� N-acetyl aspartylgluta-

mate), total Creatine (tCr � Cr � phosphocreatine), total

Choline (tCho � glycerophosphorylcholine � phosphoryl-

choline), mIns, Glx, and Taurine (Tau). The edited ON-OFF

MEGA-PRESS spectra were analyzed in the range of 3.6 – 0.2

ppm with LCModel, using a measured basis set from GSH and

NAA solutions. LCModel parameters for the ON-OFF analysis

are given in the On-line Appendix.

Metabolite values are reported as ratios to tCr and as water-

scaled values using the unsuppressed OFF water signal. For the

latter, corresponding structural T1WI was segmented via SPM

software (http://www.fil.ion.ucl.ac.uk/spm/software/spm12) into

gray matter, white matter, and CSF and aligned with the MRS vol-

ume with in-house software. Water-scaled metabolite values were

corrected for CSF contamination by dividing them by 1–CSF%. Be-

cause the complex anatomic structure in the cerebellum would not

allow an accurate separation of gray and white matter, we did not take

their differences in water content into account. T1 and T2 correction

was not performed; thus, water-scaled and CSF-corrected metabolite

values are reported as institutional units.

A 2-sample t test assuming unequal variances was used to de-

termine significant differences in metabolite values and ratios be-

tween the PGM and the cerebellum.

RESULTS
The proposed GSH processing gave robust results in all spectra.

On-line Fig 2 shows the edited ON-OFF spectra and correspond-
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ing GSH fits determined by LCModel for all subjects. An example

in On-line Fig 1 illustrates the correction for phase and frequency

shifts in a PGM spectrum acquired in an 11-year-old girl.

Figure 1 shows sample spectra from the PGM and cerebellum and

corresponding metabolite fits for two 7-year-old children. The OFF

spectra from the cerebellum show visible resonances between 3.3 and

3.5 ppm (see the arrow in Fig 1D). LCModel assigned these reso-

nances to taurine (around 3.4 ppm) and scyllo-inositol (around 3.34

ppm), but the fitted scyllo-inositol signals were too small for reliable

quantification in both the cerebellum (Cramer-Rao lower bounds,

21% � 22%) and PGM (Cramer-Rao lower bounds, 33% � 27%).

We therefore only report the apparent taurine signal for the cerebel-

lum (Cramer-Rao lower bounds, 9% � 1%) and PGM (Cramer-Rao

lower bounds, 14% � 2%). However, the combined sum of Tau �

scyllo-inositol showed the same trends as taurine using either water

scaling or ratios (results not shown).

We found significantly higher GSH in the cerebellum com-

pared with the PGM (P � .01). Additionally, we found higher

tCho (P � .01), tCr (P � .01), mIns (P � .01), and Tau (P � .01)

in the cerebellum, whereas NAA (P � .01) and Glx (P � .01) were

significantly higher in the PGM. Boxplots are shown in Fig 2.

Figure 3 shows the results of the metabolite ratios between the

PGM and cerebellum. There was no significant difference in GSH/

tCr (P � .93). However, tNAA/tCr (P � .01), tNAA/tCho (P �

.01), mIns/tCr (P � .01), and Glx/tCr (P � .01) were significantly

higher in the PGM. Both tCho/tCr (P � .01) and Tau/tCr (P �

.02) were lower in the PGM.

DISCUSSION
We demonstrate reliable detection of glutathione levels in the parietal

gray matter and cerebellum of nonsedated children using a dedicated

proton MRS protocol for acquisition and postprocessing. Postpro-

FIG 1. Examples of the MRS voxel placement in the PGM (A) and cerebellum (B) in two 7-year-old children. Corresponding OFF (C and D) and
ON-OFF (E and F) spectra are shown below. Individual metabolite spectra fitted by LCModel are highlighted in different colors. D, The arrow
highlights visible resonances that are particularly large in the cerebellum and likely belong to taurine and scyllo-inositol. Residuals of the fits
(black, upper row) and estimated LCModel baselines (black, lower row) are shown for each spectrum.
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cessing of GSH MEGA-PRESS MRS was challenging, mainly because

the editing pulse at 4.54 ppm also eliminates most of the residual

water signal in the ON spectrum; this feature makes it difficult to

precisely match its phase to the OFF spectrum. This difficulty can

lead to subtraction artifacts, which are most often visible around the

2-ppm area and could severely bias GSH quantification due to resid-

ual overlapping Cr signal at 3 ppm. We therefore adapted and mod-

ified a previously published postprocessing approach.17 Whereas An

et al17 focused on the complex spectral values from the Cr, Cho, and

NAA peaks for alignment of individual spectra, our processing was

simplified by focusing the alignment on the real part of the NAA and

omitting zero and first-order baseline ad-

justments. This was performed to reduce

the number of fitted parameters for a

more robust parameter determination in

our lower SNR spectra caused by a smaller

voxel size.
To the best of our knowledge, this is

the first study to compare GSH levels in
the cerebrum with those found in the cer-
ebellum in children. Few studies com-
pared GSH levels between the cerebellum

and the cerebrum in adults. In agreement

with our findings, Emir et al21 found

higher GSH and tCr in the vermis com-

pared with the occipital cortex and poste-

rior cingulate in healthy adults using a

short-echo STEAM sequence at 7T, albeit

without T1, T2, and CSF correction. An

extensive postmortem study in humans by

Tong et al22 showed no significant differ-

ence in GSH between the occipital and

cerebellar cortices in the 1- to 18-year age

group. A histologic study in mice by Kang

et al23 revealed slightly lower GSH in the

cerebellum compared with the cortex.
Previous studies reported higher Cho

and Cr levels in the cerebellum compared

with the cerebrum in healthy adults,24,25

in agreement with the results in our cohort

of children, whereas an MR spectroscopic

imaging study by Lecocq et al26 found only

reduced NAA in the cerebellum. Looking

at metabolite ratios, several studies found

lower tNAA/tCr in the cerebellum com-

pared with the cerebrum in children27 and

adults,28-30 in agreement with our find-

ings. Additionally, Goryawala et al31

showed lower Glx/tCr in the cerebellum

in adults, in agreement with our results in

children. Another noteworthy finding in

this study was higher apparent Tau/tCr

in the cerebellum compared with the PGM.

Taurine is particularly high in infants and

children in the cerebellar cortex.32,33 Ad-

ditionally, elevated taurine is characteristic

of medulloblastomas,34 mainly originat-

ing in the cerebellum of children.
A limitation of this study is the relatively small sample size and

the use of different subjects to scan the PGM and the cerebellum.
Scanning the PGM and cerebellum in each subject would have
allowed a pair-wise statistical analysis and likely reduced variabil-

ity. We were, however, limited by time constraints in the MRI

protocol due to the long acquisition time of GSH MEGA-PRESS

MRS. Additionally, the MRS voxel in the cerebellum was rela-

tively large, to ensure high-enough SNR for GSH quantification,

thus having a relatively heterogeneous tissue composition, in-

cluding the cerebellar gray matter (vermis and cortex) and the

underlying cerebellar white matter.

FIG 2. Boxplots showing the water-scaled metabolite values in institutional units in the PGM and
cerebellum.

FIG 3. Boxplots showing the metabolite ratios in the PGM and cerebellum.
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CONCLUSIONS
We demonstrated that GSH measurement in nonsedated children is

feasible. We found higher GSH in the cerebellum compared with the

PGM. Differences in the other metabolites agree with published MRS

data in adults; this finding suggests no major metabolic maturation

effect from 7 years of age and older in our dataset.
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Temporal Lobe Malformations in Achondroplasia: Expanding
the Brain Imaging Phenotype Associated with FGFR3-Related

Skeletal Dysplasias
X S.A. Manikkam, X K. Chetcuti, X K.B. Howell, X R. Savarirayan, X A.M. Fink, and X S.A. Mandelstam

ABSTRACT
SUMMARY: Thanatophoric dysplasia, achondroplasia, and hypochondroplasia belong to the fibroblast growth factor receptor 3 (FGFR3)
group of genetic skeletal disorders. Temporal lobe abnormalities have been documented in thanatophoric dysplasia and hypochondro-
plasia, and in 1 case of achondroplasia. We retrospectively identified 13 children with achondroplasia who underwent MR imaging of the
brain between 2002 and 2015. All children demonstrated a deep transverse temporal sulcus on MR imaging. Further common neuroimaging
findings were incomplete hippocampal rotation (12 children), oversulcation of the mesial temporal lobe (11 children), loss of gray-white
matter differentiation of the mesial temporal lobe (5 children), and a triangular shape of the temporal horn (6 children). These appearances
are very similar to those described in hypochondroplasia, strengthening the association of temporal lobe malformations in FGFR3-
associated skeletal dysplasias.

ABBREVIATION: FGFR3 � fibroblast growth factor receptor 3

Achondroplasia is the most frequent form of short-limb

dwarfism, affecting more than 250,000 people worldwide,1

with an incidence of 0.36 – 0.60 per 10,000 live births.2 Achondro-

plasia is inherited as an autosomal dominant condition, in which

most cases result from a glycine-to-arginine substitution at codon

380 in the transmembrane domain of the fibroblast growth factor

receptor 3 (FGFR3) gene.3 Thanatophoric dysplasia (a perinatal

lethal skeletal dysplasia), achondroplasia, and hypochondroplasia

belong to the FGFR3 group of genetic skeletal disorders; different

allelic mutations result in the variable severity of expression.4,5

Temporal lobe abnormalities have been documented in than-

atophoric dysplasia and hypochondroplasia.6-8 These changes

were first reported in 1 case of an achondroplastic fetus in 20149

but are not commonly described findings in the postnatal brain

imaging of affected individuals, despite relatively frequent neuro-

imaging of the brain and craniocervical junction in infants and

children with achondroplasia.10,11 Well-documented features of

MR imaging of the brain in children with achondroplasia are nar-

rowing of the subarachnoid space at the level of the foramen mag-

num, ventriculomegaly, and bifrontal widening of the subarach-

noid space.12

Abnormal gyration of the temporal lobes has been described in

thanatophoric dysplasia on prenatal sonography13-15 and prena-

tal MR imaging, which showed abnormal gyration of the tempo-

ral and occipital lobes and deep sulci on the medial aspects of both

temporal and occipital lobes.14 One case of prenatal MR imaging

in an achondroplastic fetus was published in 2014 by Pugash et

al,9 describing temporal and occipital lobe abnormalities charac-

teristic of hypochondroplasia in addition to the finding of short

bones. Achondroplasia was subsequently confirmed on postnatal

clinical and genetic testing.

In a review of postmortem neuropathologic changes in cases

of confirmed thanatophoric dysplasia, megalencephaly and

hippocampal dysplasia were found in all patients. Other very

common findings were the following: polymicrogyria, en-

larged temporal lobes, deep transverse temporal sulci, and

neuroglial heterotopia. The combination of megalencephaly,

an enlarged temporal lobe, and aberrant deep sulci was sug-

gested to be specific for thanatophoric dysplasia.6

We hypothesized that the association of temporo-occipital de-

velopmental brain malformations with FGFR3 osteochondrodys-

plasias extends to include individuals with achondroplasia, the

most common nonlethal skeletal dysplasia.
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Case Series
Approval for the study was obtained from the Royal Children’s

Hospital Melbourne Human Research Ethics Committee. A ret-

rospective search was conducted of the Radiology Information

System to identify children (from birth to 18 years of age) with a

diagnosis of achondroplasia (determined by clinical, radiologic,

or genetic evaluation) who had MR imaging of the brain per-

formed between January 1, 2002, and December 31, 2015, for any

clinical indication. Seventeen children with achondroplasia were

retrospectively identified from the Radiology Information Sys-

tem; ranging in age from 3 months to 12 years, with a median age

of 2.5 years at the time of MR imaging. Four patients were ex-

cluded due to inadequate sequences for evaluation of the specific

imaging criteria. Thirteen subjects were, therefore, included in

the study (On-line Table). In the 9 children who underwent ge-

netic testing, a common G-to-A transition at nucleotide 1138

(c.1138G�A G380R mutation) in the FGFR3 gene was con-

firmed. In the remaining 4 children who did not undergo genetic

testing, the diagnosis of achondroplasia was confirmed clinically

and radiographically by a clinical geneticist.

The MR imaging studies were performed with 1 of three 1.5T

imaging systems. The slice thickness of the T2WI sequences

ranged from 1.5 to 4 mm. The T1WI was either reconstructed

from 3D-T1WI or acquired with a slice thickness of 1.5–3 mm.

Two pediatric neuroradiologists (S.A. Mandelstam, A.M.F.) and a

pediatric neurologist (K.B.H.) reviewed the imaging for the pres-

ence of malformations of cortical development.

The MR images were assessed for the presence of the follow-

ing: temporal lobe enlargement (defined as bulging of the surface

of the temporal lobe beyond the contour of the adjacent frontal

and parietal lobes), loss of gray-white matter differentiation of the

mesial temporal lobe, incomplete hippocampal inversion, over-

sulcation of the mesial temporal lobe (assessed on coronal T2WI

and 3D-T1WI), extension of oversulcation to the calcar avis, a

FIG 1. A, Axial T1-weighted MR image in a 5-year-old boy with achon-
droplasia shows a deep transverse sulcus within the temporal lobe
(arrow) and abnormal configuration of the temporal horns of the
lateral ventricles. B, Axial T1-weighted MR image in a 5-year-old male
control shows the normal configuration of the mesial temporal lobes
and temporal horns.

FIG 2. A, Sagittal T2-weighted MR image in a 2-year-old boy with achondroplasia shows a sagittal cleft within the temporal lobe (white arrow).
B, Sagittal T2-weighted MR image in a 2-year-old male control shows the normal appearance of the temporal lobe. C, Antenatal sagittal
T2-weighted MR image of the child with achondroplasia in A demonstrates the prenatal appearance of the sagittal clefting within the temporal
lobe at 30 weeks (black arrow). D, Antenatal sagittal T2-weighted MR image of a control fetus shows the normal appearance of the temporal
lobe at the same gestation.
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deep transverse temporal sulcus (assessed separately on axial

T1WI and sagittal T2WI), triangular shape of the temporal horn,

ventriculomegaly (defined as frontal horns of the lateral ventricles

measuring �10 mm), megalencephaly, polymicrogyria, and sub-

ependymal heterotopia. The results were consensus-based.

MR imaging studies in all children showed the presence of a

deep transverse temporal sulcus, visible on axial T1WI (Fig 1) and

sagittal T2WI (Fig 2). Incomplete hippocampal inversion (Fig 3)

and ventriculomegaly were found in 12 children (92%) (Table).

The next most prevalent finding was oversulcation of the mesial

temporal lobe in 11 (85%) (Fig 4), with extension of oversulcation

to involve the calcar avis in 9 (69%) (Fig 5). Further common

findings were loss of gray-white matter differentiation of the me-

sial temporal lobe in 5 children (71% of the children older than 36

months of age in whom this could be accurately assessed), a

triangular shape of the temporal horn in 6 (46%) (Fig 1), and

megalencephaly in 5 (38%). In our cohort, all children with mega-

lencephaly also exhibited ventriculomegaly. Subependymal het-

erotopia and polymicrogyria were not demonstrated in any chil-

dren. In one of the children, the temporal lobe changes were also

recognized antenatally at 30 weeks’ gestation, after the detection

of short limbs and mild ventriculomegaly in the fetus on sonog-

raphy. Comparison of the postnatal with the fetal imaging (Figs

2C and 4C) illustrates the evolution of the findings with brain

maturation.

Seizures were reported in only 1 child who had focal seizures

between 3 and 12 months of age. Seizures occurred in clusters and

were characterized by behavioral arrest, apnea, facial suffusion,

and tachycardia. Electroencephalography recorded seizures aris-

ing independently in the left and right temporal regions.

DISCUSSION
Temporal lobe malformations have been previously described in

other conditions composing the FGFR3 family of skeletal dyspla-

sias and were first reported in 2014 by Pugash et al9 in 1 case of an

achondroplastic fetus with prenatal and subsequent postnatal im-

aging. In 2012, Linnankivi et al7 described 8 patients with hypo-

chondroplasia and an FGFR3 N540K mutation in whom brain

MR imaging demonstrated bilateral temporal lobe dysgenesis,

with abnormally shaped temporal horns and an aberrant hip-

pocampal configuration. In a further cohort of children with hy-

pochondroplasia, Philpott et al,8 in 2013, additionally described

temporal lobe enlargement, deep transverse temporal sulci, overly

sulcated mesial temporal lobes, megalencephaly, and mild ven-

triculomegaly. Correlating our findings with those of previous

studies evaluating brain appearances in thanatophoric dysplasia

and hypochondroplasia revealed common findings of temporal

lobe sulcation abnormalities, incomplete hippocampal inversion,

and ventriculomegaly.6,8 Polymicrogyria and subependymal het-

erotopia have been described in postmortem cases of thanato-

phoric dysplasia on neuropathology6 and in imaging of a case

with hypochondroplasia,8 but these were not seen in our study. It

may be that these are less common features that our sample size

was not large enough to detect, or it may reflect differential effects

of the different FGFR3 mutations on the brain. It is also possible

that subtle cases of polymicrogyria or subependymal heterotopia

may be present pathologically, however, not visible on the MR

images assessed.

There is a growing body of literature elucidating the role of

FGFR3 mutations in neural and skeletal development. FGFR is a

membrane tyrosine kinase encoded by 4 genes (FGFR 1– 4). In

embryonic tissues in mice, FGFR3 expression is limited princi-

pally to neural tube derivatives (developing brain and spinal

cord), cartilage rudiments of developing bone, the cochlea, and

the lens.16 All 4 fibroblast growth factor receptors are expressed in

the developing brain and contribute to its development.6 The

FGFR3 gene in mice is expressed in a gradient in the developing

cortex, with the highest levels adjacent to the hippocampal pri-

mordia and cortical hem.6 Mice with constitutive activation of

FGFR3 in the forebrain demonstrated selective promotion of

growth of the caudolateral (occipitotemporal) cortex, which is

highly correlated with the gradient of FGFR3 expression in the

ventricular zone at early stages of neurogenesis.17

Seizures are reported in FGFR3 disorders, but rarely in achon-

droplasia. Our patient had temporal lobe seizures in infancy, sim-

ilar to that reported in hypochondroplasia7 and Muenke syn-

drome,18 raising the possibility that FGFR3-associated temporal

lobe dysgenesis predisposes to seizures. It is of clinical impor-

tance, however, to note that in our series, most children did not

have seizures despite having temporal lobe malformations. It is

not clear whether this is the case in the other FGFR3 disorders.

Similar temporal lobe malformations are described in Apert

syndrome, which is the result of localized gain-of-function muta-

tions of fibroblast growth factor receptor 2 (FGFR2) and character-

ized by craniosynostosis and syndactyly of the hands and feet.19

FIG 3. A, Coronal T2-weighted MR image in a 30-month-old boy with
achondroplasia shows incomplete hippocampal inversion (arrow) and
ventriculomegaly. B, Coronal T2-weighted MR image in a 30-month-
old male control shows the normal appearance of the hippocampi.

Prevalence of MRI findings in children with achondroplasia
MRI Finding Prevalence

Deep transverse temporal sulcus (axial T1WI) 13/13 (100%)
Sagittal clefting in the medial temporal lobe

(sagittal T2WI)
13/13 (100%)

Incomplete hippocampal inversion 12/13 (92%)
Ventriculomegaly 12/13 (92%)
Oversulcation of the mesial temporal lobe 11/13 (85%)
Extension of oversulcation to the calcar avis 9/13 (69%)
Loss of gray-white matter differentiation of the

mesial temporal lobe
5/7a (71%)

Abnormal triangular shape of the temporal horn 6/13 (46%)
Megalencephaly 5/13 (38%)
Temporal lobe enlargement 1/13 (8%)

a In the 6 children younger than 36 months of age, loss of gray-white matter differ-
entiation of the mesial temporal lobe could not be accurately assessed on available
sequences due to the incomplete myelination.
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The findings described in prenatal and postnatal imaging include

expansion and overconvolution of the temporal lobes and tem-

poral lobe clefts.20-22

The major limitations of our study are that it is retrospective,

with a small sample size. It is not possible to determine what

proportion of patients with achondroplasia have temporal lobe

changes on the basis of such small numbers or to clarify the clin-

ical and radiologic correlations. A further limitation is the quali-

tative rather than quantitative assessment of these cortical mal-

formations on conventional MR imaging sequences.

In conclusion, this case series demonstrates the frequent

presence of temporal lobe malformations in children with

achondroplasia, the most common nonlethal skeletal dyspla-

sia. The findings herein strengthen the association of temporal

lobe malformations and skeletal dysplasias due to different

mutations in the FGFR3 gene.
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ORIGINAL RESEARCH
SPINE

Systematic Radiation Dose Reduction in Cervical Spine CT of
Human Cadaveric Specimens: How Low Can We Go?

X M. Tozakidou, X C. Reisinger, X D. Harder, X J. Lieb, X Z. Szucs-Farkas, X M. Müller-Gerbl, X U. Studler, X S. Schindera, and
X A. Hirschmann

ABSTRACT

BACKGROUND AND PURPOSE: While the use of cervical spine CT in trauma settings has increased, the balance between image quality
and dose reduction remains a concern. The purpose of our study was to compare the image quality of CT of the cervical spine of cadaveric
specimens at different radiation dose levels.

MATERIALS AND METHODS: The cervical spine of 4 human cadavers (mean body mass index; 30.5 � 5.2 kg/m2; range, 24 –36 kg/m2) was
examined using different reference tube current–time products (45, 75, 105, 135, 150, 165, 195, 275, 355 mAs) and a tube voltage of 120
kV(peak). Data were reconstructed with filtered back-projection and iterative reconstruction. Qualitative image noise and morphologic
characteristics of bony structures were quantified on a Likert scale. Quantitative image noise was measured. Statistics included analysis of
variance and the Tukey test.

RESULTS: Compared with filtered back-projection, iterative reconstruction provided significantly lower qualitative (mean noise score:
iterative reconstruction � 2.10/filtered back-projection � 2.18; P � .003) and quantitative (mean SD of Hounsfield units in air: iterative
reconstruction � 30.2/filtered back-projection � 51.8; P � .001) image noise. Image noise increased as the radiation dose decreased.
Qualitative image noise at levels C1– 4 was rated as either “no noise” or as “acceptable noise.” Any shoulder position was at level C5 and
caused more artifacts at lower levels. When we analyzed all spinal levels, scores for morphologic characteristics revealed no significant
differences between 105 and 355 mAs (P � .555), but they were worse in scans at 75 mAs (P � .025).

CONCLUSIONS: Clinically acceptable image quality of cervical spine CTs for evaluation of bony structures of cadaveric specimens with
different body habitus can be achieved with a reference mAs of 105 at 120 kVp with iterative reconstruction. Pull-down of shoulders during
acquisition could improve image quality but may not be feasible in trauma patients with unknown injuries.

ABBREVIATIONS: DLP � dose-length product; FBP � filtered back-projection; IR � iterative reconstruction

Cervical spine CT is routinely used in trauma settings due to its

wide availability around the clock and ease of use.1,2 Further-

more, it is known to be superior to plain radiographs, which have

been reported to fail in the detection of injuries in a substantial

number of patients. In a study performed by Mower et al,3 injuries

were missed on plain radiographs in 320 of 818 patients, most of

which were in the lamina or posterior elements. Thus, CT is ap-

plied currently in a wide range of patients, even in young ones.1,2

The ongoing discussion concerning radiation protection in

terms of the as low as reasonably achievable principle demands

reduction of the radiation dose down to a level at which image

quality is still diagnostically sufficient.4 However, the clinically

applied dose often relies on manufacturer’s recommendations

and is not necessarily the lowest possible dose that can be achieved

in clinical routine. One important and well-examined role in

dose-reduction strategies is using mathematic models such as it-

erative reconstruction (IR) to reduce image noise and thus allow a

lower radiation dose.5 The radiation dose for cervical spine CT

may vary from one institution to another, depending on the CT

scanner and its protocol. The mean radiation dose of the cervical

spine in patients of a Canadian emergency department was re-

ported to be 5.7 mSv.6 To the best of our knowledge, the lowest

possible radiation dose for CT of the cervical spine with sufficient

diagnostic value has not been investigated by a systematic step-

wise dose reduction. For ethical reasons, a stepwise dose reduc-
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tion cannot be performed in a clinical setting. Therefore, we de-

cided to use cadaveric specimens in the present study.

The aim of the current study was to assess the image quality

and diagnostic accuracy of cervical spine CT of cadaveric speci-

mens at different radiation dose levels reconstructed with filtered

back-projection (FBP) and an IR algorithm.

MATERIALS AND METHODS
Specimens and CT Protocol
Institutional review board approval was waived. Four human ca-

daveric specimens (2 women, 2 men; age at death, older than 50

years) were prospectively included. The demographics of each

specimen are shown in Table 1.

Unenhanced CT scans of the cervical spine were performed on

a 128 – detector row multidetector CT scanner (Somatom Defini-

tion AS�; Siemens, Erlangen, Germany). Cadaveric specimens

were in a supine position. Lateral and anteroposterior topograms

served as references for the scan range from vertebrae C1 to T1.

We used the following scan parameters: tube voltage, 120 kV-

(peak); detector configuration, 128 � 0.6 mm; pitch factor, 0.8.

The reference tube current–time product ranged from 45 to 355

mAs (45, 75, 105, 135, 150, 165, 195, 275, 355 mAs) by applying

automatic tube current modulation (CARE Dose4D; Siemens).

The protocol of the tube current–time product was set in steps of

30 mAs between 45 and 195 mAs and in steps of 80 mAs for higher

values between 195 and 355 mAs because the difference in image

quality is only minor in this range, to our knowledge. Our initial

plan was to obtain only scans up to 275 mAs. However, scans at

that dose seemed unacceptable for the lower C-spine at first

glance; thus, we added another 80 mAs to the dose and scanned at

355 mAs. Additionally, we included 150 mAs in our protocol to

compare our findings with the previously published results of

Becce et al.7

Images were reconstructed using both a conventional FBP and

an IR (sinogram-affirmed iterative reconstruction, strength 3) al-

gorithm as described elsewhere in bone convolution kernels (B70

hours for FBP and I70 hours for IR algorithms, respectively).7-9

We used the following image reconstruction parameters: FOV,

15 � 15 cm to 21 � 21 cm according to the specimen constitution;

section thickness/increment, 0.75/ 0.75 mm. Lateral body width

was measured on anteroposterior topograms at 3 different

heights: C3, C5, and C7 (Fig 1). Shoulder level was defined as the

level of the cervical spine, on which the bony shoulder girdle is

superimposed on the lateral topogram (Fig 1). For comparison of

the height of the shoulder girdle in a clinical setting, topograms of

cervical spine CTs of 30 nonintubated patients (15 women, 15

men; mean age, 66.9 � 22.7 years) at the emergency department

in 1 week were reviewed by 1 reader. The height of the shoulder

girdle was assessed on the lateral topogram and recorded.

Analysis of Radiation Exposure
The volume CT dose index and the dose-length product (DLP)

were automatically generated by the CT unit. The effective dose

was estimated by multiplying the DLP by an organ-specific con-

version coefficient of 0.0051 mSv/mGy � cm for an adult neck

region at 120 kVp.10

Analysis of Quantitative Image Noise
Four circular ROIs of 100 mm2 each at the cervical spine levels

(C1–2, C3– 4, C5– 6, and C7–T1) served for noise measurements.

They were placed in the extracorporeal air on axial images at ex-

actly the same level in each scan of the same cadaver by 1 reader

with 2 years of experience in spine imaging (Fig 2). Image noise

was defined as the SD of the mean CT numbers measured in

Hounsfield units within an ROI.

Analysis of Qualitative Image Noise and Morphologic
Characteristics
All CT scans were randomized and independently evaluated by 4

musculoskeletal fellowship-trained radiologists with 2, 3, 4, and 7

years of experience in spine imaging, respectively. Each reader was

blinded to the scan parameters and image reconstruction algo-

rithms. Ratings given by the 4 readers were averaged for statistical

analysis.

All CT images were displayed with the window level/width set

to 600/2000. A total of 72 datasets were assessed using axial and

Table 1: Characteristics of cadaveric specimensa

Cadaveric
Specimen

Body
Weight

(kg)
Height

(m)
BMI

(kg/m2)
Shoulder

Level

Body Width
(cm) at Level

C7 C5 C3
1 63 1.63 23.7 C5 38.3 34.8 15.7
2 93 1.68 33.0 C5 43.4 36.0 19.0
3 62 1.48 28.3 C5 37.3 32.3 15.4
4 94 1.62 35.6 C5 46.4 39.4 16.3

Note:—BMI indicates body mass index.
a Cadavers’ body weights included approximately 10 –15 L formalin fixation.

FIG 1. Lateral body width was measured on each anteroposterior
topogram of the cadaveric specimens at 3 different heights: C3, C5,
and C7 (A). On the lateral topogram, the shoulder level of this cadav-
eric specimen was C5 (B).

FIG 2. Quantitative and qualitative image noise were evaluated on 4
different cervical spine levels (A, dashed lines). Axial image (B) at level
C5– 6 shows 4 ROIs of 100 mm2 each in the extracorporeal air for
quantitative noise measurements.
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sagittal reformations in OsiriX, Version 4.1.2 (http:// www.osirix-

viewer.com). Qualitative image noise was graded on a 3-point

scale (1 � no noise, 2 � acceptable minor noise, 3 � unacceptable

major noise) on 4 levels: C1–2, C3– 4, C5– 6, and C7–T1 using

sagittal reformations (Figs 2A and 3). Morphologic characteristics

of the bony structures were analyzed on a Likert scale. On each

cervical segment (eg, C3), the cortex, trabeculae, and integrity of

the anterior and posterior vertebral body lines were assessed; on

each cervical level (eg, C3– 4), alignment was assessed on either a

2- or a 3-point scale as shown in Table 2.

Statistical Analysis
Quantitative and qualitative parameters were compared using

analysis of variance for repetitive measurements and the Tukey

test. Statistical tests were performed using appropriate statistical

software (Statistica 7, StatSoft, Tulsa, Oklahoma; MedCalc for

Windows, MedCalc Software, Mariakerke, Belgium). A P value �

.05 was considered statistically significant. Because a high

shoulder position in the cadaveric specimens led to remarkably

higher image noise and lower image quality at the levels C5–

T1, upper cervical levels (C1– 4) with no shoulder girdle super-

imposition were additionally separately analyzed. Interob-

server agreement was assessed by calculating the Kendall

coefficient of concordance.

RESULTS
Analysis of Radiation Exposure
The radiation dose output given by the volume CT dose index and

DLP showed a linear relation to the applied tube current. The

mean volume CT dose index, DLP, and effective dose were 26.5

mGy, 530 mGy � cm, and 2.7 mSv for the highest applied refer-

ence mAs value at 355 mAs and 3.3 mGy, 65 mGy � cm, and 0.3

mSv for the lowest applied reference mAs value at 45 mAs, respec-

tively. The effective mAs ranged from 46 mAs (for reference mAs

of 45) to 408 mAs (for reference mAs of 355). Detailed ranges of

effective mAs for the 4 different cadavers were the following (ref-

erence mAs in parentheses): 46 –51 mAs (45), 77– 86 mAs (75),

105–121 mAs (105), 131–157 mAs (135), 146 –172 mAs (150),

161–192 mAs, (165), 195–225 mAs (195), 267–321 mAs (275),

and 347– 408 mAs (355). For details see Table 3.

Analysis of Quantitative Image Noise
Comparison of quantitative noise measurements in images with

IR and FBP reconstructions showed significantly less noise in im-

ages with IR than in images with FBP (mean noise in air C1–T1:

IR, 30 HU; FBP, 52 HU; P � .001). As expected, image noise

decreased as tube current increased in both IR and FBP recon-

structions. With iterative reconstructions, only images with a tube

FIG 3. Lateral topogram (A) of this cadaveric specimen reveals shoulder height at the C5 level. Sagittal reformatted CT images (B–E; window
level/width, 600/2000) of the cervical spine at 45, 105, 195, and 355 mAs reconstructed with sonogram-affirmed iterative reconstruction
(strength level, 3) using bone convolution kernels show a decreasing image noise with increasing tube currents, but still sufficient image quality
at 105 mAs compared with 355 mAs.

Table 2: Analysis of morphologic characteristics of bony cervical
spine structuresa

Assessment, Localization Score Criteria
Cortex

Vertebral body (sag/ax) 0 Not visible
1 Visible, but not

analyzable
2 Clearly visible

Facet joint (sag) 0 Not visible
1 Visible, but not

analyzable
2 Clearly visible

Trabeculae
Vertebral body (sag) 0 Not visible

1 Clearly visible
Integrity

Anterior vertebral body line (sag) 0 Not visible
1 Clearly visible

Posterior vertebral body line (sag) 0 Not visible
1 Clearly visible

Alignment
Vertebral body (sag) 0 Not visible

1 Clearly visible
Facet joint (sag) 0 Not visible

1 Clearly visible
Maximal sum 9

Note:—sag indicates sagittal reformations; ax, axial reformations.
a Cortex, trabeculae, and integrity were assessed on each cervical vertebral segment
(eg, C3); alignment was assessed on each cervical level (eg, C3– 4). The least visible
cortices of each vertebral body and facet joint were used for this analysis.

Table 3: Effective tube current at different cervical spine levelsa

Applied
Tube Current

(mAs)

Effective Tube Current (mAs)

C1–2 C3–4 C5–6 C7–T1
45 37 � 4 46 � 3 45 � 3 43 � 2
75 62 � 7 78 � 4 76 � 2 70 � 3
105 88 � 8 110 � 6 106 � 5 99 � 3
135 113 � 13 139 � 8 133 � 9 127 � 6
150 126 � 13 155 � 10 149 � 6 142 � 6
165 138 � 14 170 � 9 160 � 6 157 � 5
195 163 � 16 204 � 11 190 � 6 186 � 7
275 234 � 23 280 � 18 270 � 19 257 � 12
355 331 � 27 344 � 49 343 � 14 336 � 13

a Data represent mean � SD at the respective cervical spine levels.
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current of 45 mAs showed a significant decrease in quantitative

image noise compared with the highest applied tube current of

355 mAs at levels C1– 4 when analyzing each cervical segment

independently. When we summarized all cervical spine levels, no

statistically significant difference of image noise was noted be-

tween IR images in scans at 75 and 355 mAs, whereas scans at 45

mAs showed higher image noise compared with scans at 355 mAs

(P � .010). Analysis of the upper cervical spine (C1– 4) revealed

no significant difference in image noise in IR images in scans at

105 and 355 mAs, whereas scans at 75 mAs (P � .004) and 45 mAs

(P � .001) showed significantly higher image noise compared

with scans at 355 mAs.

Analysis of Qualitative Image
Noise and Morphologic
Characteristics
Overall, qualitative image quality was

significantly better with IR than with

FBP (noise score, P � .03; morphologic

score, P � .001), even though morpho-

logic characteristics only showed slight

differences between IR and FBP (mean:

IR, 44.6 � 5.0; FBP, 43.3 � 5.3; median:

[25th to 75th percentile] IR, 44.8 [42.1/

48.4]; FBP, 44.3 [39.8/47.6]).

Detailed results for iterative recon-

structions are illustrated in Figs 4–6. In

comparison with FBP reconstruction, IR

images allow a higher reduction of the ra-

diation dose (Table 4).

Regarding qualitative image noise,

all scans with any reference tube cur-

rent–time product for IR images at 105

mAs or higher were rated as acceptable

or better at levels C1–2 and C3– 4. In

contrast, more than half of the scans at

levels C5– 6 and almost all scans at level

C7–T1 were rated as not acceptable for

all tube current–time products, even

with the highest reference mAs value of

355 (median: C5– 6 � 2.1 and C7–T1 �

2.6; Fig 4). When we grouped all cervical

spine levels together, statistical analysis

revealed a significant difference for

qualitative image noise with the IR of

scans at �150 mAs compared with scans

at 355 mAs (45 mAs, P � .001; 75 mAs,

P � .001; 105 mAs, P � .0006; 135 mAs,

P � .002; 150 mAs, P � .04; Fig 5A). FBP

analyses of qualitative image noise

showed significant differences at �195

mAs (FBP) compared with 355 mAs (IR;

P � .012). The Kendall coefficient of in-

terobserver agreement for image noise

was good with 0.67.

The height of the shoulders was at the

C5 level in all cadavers. Hence, body

width was larger at lower spine levels

compared with the upper levels (Table 1). For comparison, in a

clinical setting at the emergency department, the shoulder height

of 30 patients was only slightly lower (C5–T1) than in the cadav-

eric specimens with 4 shoulders at C5, 12 at C6, and 7 each at C7

and T1, respectively.
Morphologic characteristics of images with IR were rated

slightly better than with FBP reconstructions (P � .001). For IR
images, grouped scores for all levels revealed no statistically sig-

nificant difference between 105 and 355 mAs, but significantly

lower scores at 75 mAs (P � .03) and 45 mAs (P � .001). Mor-

phologic characteristics of the upper spine (C1– 4) showed no

significant difference between 45 and 355 mAs. Single analysis of

FIG 4. Qualitative image noise for iterative reconstructed images was evaluated on each cervical
spine level using a noise score scale (1, no noise; 2, minor noise acceptable [dashed line, A–D]; 3,
major noise, unacceptable). The median image noise was at least acceptable at levels C1–2 (A) with
each tube current and at 75 mAs at levels C3– 4 (B), but unacceptable at levels C5–T1 (C and D),
except for 355 mAs at C5– 6 (C). Data are median and 25th to 75th percentiles.

FIG 5. Grouped analysis of qualitative image noise shows significant differences at �150 mAs
with 355 mAs for all cervical spine levels (45 mAs, P � .001; 75 mAs, P � .001; 105 mAs, P � .0006;
135 mAs, P � .0019; 150 mAs, P � .039) (A). Significant differences in image quality for levels C1– 4,
which were not superimposed by the shoulder girdle, were found for scans with �75 mAs (45
mAs, P � .001; 75 mAs, P � .001) compared with 355 mAs (B). The dashed lines in A and B represent
the lowest tube currents (165 mAs for C1–T1 and 105 mAs for C1– 4) that are not significantly
different with respect to qualitative image noise compared with 355 mAs. Asterisks indicate
values that are significantly different compared with 355 mAs (P � .05). Dots and bars indicate
median and 25th to 75th percentiles.
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cortex visibility showed no significant difference for the upper

cervical spine (C1– 4), but significantly lower scores at 45 mAs

(P � .001) when examining the entire cervical spine. Scores for

trabeculae were significantly different at 45 mAs for the upper

(P � .03) and the entire cervical spine (P � .003; On-line Table 1).

Analysis of morphologic scores with FBP reconstructions are

shown in On-line Tables 1 and 2. Interobserver agreement for

morphologic characteristics was excellent with a Kendall coeffi-

cient of 0.848.

If we take the results of qualitative image noise and morpho-

logic score analysis together, the image quality proved to be suf-

ficient with a tube current of 105 mAs and iterative reconstruc-

tions for cervical spine levels, which are not superimposed by the

shoulders.

DISCUSSION
CT image quality of the cervical spine in cadaveric specimens was

superior with the IR compared with the FBP algorithm; this find-

ing implies that the CT dose may be reduced when applying IR

protocols in clinical practice. This result is in accordance with the

literature and pertains to not only musculoskeletal imaging but

also thoracic and abdominal imaging.7,11-13 FBP algorithms may

lead to noisy images in low-dose protocols or obese patients.14,15

Reported benefits of IR algorithms include a reduced noise level

with enhanced subjective and objective image quality as well as

reduction of the radiation dose with preserved image quality.12

However, Becce et al7 emphasized the restricted benefit of the IR

algorithm in analyzing trabecular bone structures in contrast to

the discs or ligaments in cervical spine imaging, though overall

image quality was superior using IR. This finding is in line with

our results of morphologic characteristics on bony structures,

which showed only subtle differences between IR- and FBP-re-

constructed images and might be because spatial resolution de-

pends on several factors, including image thickness, image matrix,

voxel size, and FOV. The IR technique is not capable of compen-

sating for image noise in very low tube currents due to photon

starvation, which explains the unacceptable image quality at

lower cervical spine levels.

Qualitative noise analysis revealed sufficient image quality for

CT of the cervical spine by applying a reference tube current–time

product of 165 mAs and 120 kVp with the IR algorithm. If we

focused on the upper cervical spine (C1– 4), which was not super-

imposed by the shoulder girdle, all scans at 105 mAs showed a

sufficient image quality. Considering morphologic criteria, such

as trabecular and cortical structures, even a reference tube cur-

rent–time product as low as 105 mAs was satisfying. Our findings

are in accordance with previously published results from Becce

et al,7 who demonstrated that the low-dose protocol of the cervi-

cal spine is feasible at a reference level of 150 mAs. They compared

a standard dose protocol at 275 mAs with a low-dose protocol of

150 mAs, each at a fixed tube current of 120 kVp.7 Several studies

compared protocols at different tube current–time prod-

ucts7,16,17; however, no tube current–time product lower than 150

mAs for CT of the cervical spine has been published so far, to our

knowledge.

If we excluded cervical spine levels

that are superimposed by shoulders, a

further reduction of the tube current–

time product to 105 mAs still revealed

sufficient image quality in the analysis of

the cervical spine.

Our results show that even very low

dose protocols with 105 mAs do not im-

pair image quality of the cervical spine.

However, superimposition of the shoul-

der girdle proved to be a limitation of a

further reduction of the dose. We dem-

onstrated that image quality of the cer-

vical spine at levels above the shoulder

girdle is sufficient with a tube current of

45 mAs at level C1–2 and with a tube

current of 75 mAs at level C3– 4. This

FIG 6. Analysis of morphologic characteristics for iterative reconstructed images shows signifi-
cant impaired image quality with 75 mAs (P � .0249) and 45 mAs (P � .0002) compared with 355
mAs for all cervical spine levels (A). The dashed line (A) at 105 mAs represents the lowest value that
is not significantly different in image quality compared with 355 mAs and can be recommended as
the lowest tube current value with sufficient image quality. Analysis of cervical spine levels 1– 4,
which are not superimposed by the shoulders, shows no significant difference in image quality
with any tube current compared with 355 mAs (B). Asterisks indicate values that are significantly
different compared with 355 mAs (P � .05). Dots and bars indicate median and 25th to 75th
percentiles.

Table 4: Minimum required dose for at least sufficient qualitative image quality of the cervical spine in IR and FBP images compared
with 355 mAs (IR)a

Levels C1–T1 Levels C1–4

IR FBP IR FBP
Image noise score 165 mAs 275 mAs 105 mAs 150 mAs

DLP � 250 mGy � cm DLP � 412 mGy � cm DLP � 160 mGy � cm DLP � 225 mGy � cm
ED � 1.3 mSv ED � 2.1 mSv ED � 0.8 mSv ED � 1.1 mSv

Morphologic characteristics score 105 mAs 105 mAs 45 mAs 45 mAs
DLP � 160 mGy � cm DLP � 160 mGy � cm DLP � 65 mGy � cm DLP � 65 mGy � cm
ED � 0.8 mSv ED � 0.8 mSv ED � 0.3 mSv ED � 0.3 mSv

Note:—ED indicates effective dose.
a Data presented are the lowest applied tube current–time product at which scans showed no statistically significant differences in image quality compared with scans at the
highest applied tube current–time product (355 mAs IR). Dose-length product and estimated effective dose are shown for each applied tube current–time product.
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result is in line with a study performed by Kranz et al,18 who

reported the importance of lowering both shoulders during CT of

the cervical spine in patients with and without the use of CT table

straps. At lower cervical spine levels, the radiation absorption was

high due to superimposing the shoulder girdle, and image quality

proved to be insufficient for most scans at these specific levels,

even at the highest applied dose. Even in our small sample size of

30 patients who had a CT of the cervical spine in an emergency

setting without attention being paid to the shoulder position dur-

ing the scan, the shoulder girdle was at the level of C5–T1. Pull-

down of the shoulders can be simple and efficient for low-dose CT

of the cervical spine and should be performed whenever feasible.

We believe the shoulder position is more relevant than the body

mass index because the body mass index of our cadaveric speci-

mens varied and ranged from 24 to 36 kg/m2.

Reducing the reference tube current–time product of 275

mAs, which is recommended by the manufacturer for cervical

spine imaging, to 105 mAs at 120 kVp reduces the effective dose by

62% from 2.1 to 0.8 mSv. With this low-dose CT protocol of the

cervical spine, the effective dose is as low as the effective dose of 2

plain radiographs, which have been reported to be between 0.1

and 1 mSv.19 Geyer et al19 compared FBP images with adaptive

statistical iterative reconstructions on 2 different 64-row multide-

tector CT systems (Light Speed VCT XT and Discovery CT

750HD; GE Healthcare, Milwaukee, Wisconsin) using a tube volt-

age of 120 kVp and automatic tube current modulation. Similarly,

they could show that scanning with adaptive statistical iterative

reconstructions at an estimated effective dose of 1.1 mSv is possi-

ble.19 It is well-known that fractures of the cervical spine can be

missed on radiographs.20,21 Therefore, low-dose CT may be pre-

ferred over radiographs in settings of the cervical spine trauma.

The effects of changes of tube voltage on cervical spine CT

were examined in a phantom study of Hoang et al.22 Their study

revealed that reducing the voltage from 120 to 80 kVp for neck CT

can result in a 50% reduction in the absorbed organ dose to the

bone marrow of the cervical spine and mandible, without impair-

ment in subjective image quality.22 However, in clinical settings,

reduction of tube voltage down to 70 kVp seems to be diagnostic

for soft-tissue evaluation but not necessarily for the cervical

spine.23 On the other hand, a lesser reduction of tube voltage to

100 kV showed a substantial reduction of the radiation dose with

a small increase in objective image noise, but without differences

in subjective image quality.17 In another study, Gleeson et al24

used a higher kilovolt peak of 140 in a whole-body skeletal CT and

reported dose reduction as a result of consecutive reduction of the

tube current. Thus, additional dose reduction may be applicable

with changes of tube voltage in addition to our applied tube cur-

rent changes. We focused on bony structures in an emergency

trauma setting without the use of intravenous contrast media;

therefore, the beneficial effect of low kilovolt peak levels are neg-

ligible. High kilovolt peak levels have been suggested to be less

susceptible to variations in body mass24 and might improve image

quality of the lower cervical spine, which is impaired by the shoul-

ders. However, further studies are needed to support this

hypothesis.

Our study has several limitations. First, formalin fixation of

our cadaveric specimens hampered a low shoulder position. Thus,

cervical spine levels C5–T1 were superimposed by the shoulder

girdle in all cadaveric specimens. We addressed this limitation in

analyzing levels C1– 4 separately. Second, formalin fixation might

cause a change in radiation attenuation due to bone demineral-

ization.25 Third, because we applied automatic tube current mod-

ulation in the current study, the technical parameters could not be

transferred automatically to the protocols of other CT machines.

Fourth, we measured only noise in air, which might not be repre-

sentative of noise in bone. However, measurements in soft tissue

or the spinal cord were performed but were widely scattered; we

attributed this feature to formalin fixation and insufficient dis-

tinguishability of the spinal cord from CSF. Fifth, no measure-

ment of spatial resolution was performed. Sixth, the number of

examined cadavers was small, hampering a meaningful com-

parison with respect to noise measurements. However, the

published CT dose index values of our study can also be used to

optimize the protocols of our vendor by using automatic tube

current modulation.

CONCLUSIONS
Taking results from morphologic scores and image quality to-

gether, we conclude that clinically acceptable image quality of

cervical spine CT for evaluation of bony structures of cadaveric

specimens with variable body habitus can be achieved with a ref-

erence mAs as low as 105 at 120 kVp with IR. The high position of

the shoulders is a limiting factor, even with high radiation doses.

Pull-down of both shoulders during acquisition could improve

image quality but may not be feasible in the trauma patient with

unknown injuries.
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ORIGINAL RESEARCH
SPINE

Clinical and Radiologic Characteristics of Deep Lumbosacral
Dural Arteriovenous Fistulas

X F. Jablawi, X O. Nikoubashman, X G.A. Schubert, X M. Dafotakis, X F.-J. Hans, and X M. Mull

ABSTRACT

BACKGROUND AND PURPOSE: Spinal dural arteriovenous fistulas located in the deep lumbosacral region are rare and the most difficult
to diagnose among spinal dural arteriovenous fistulas located elsewhere in the spinal dura. Specific clinical and radiologic features of these
fistulas are still inadequately reported and are the subject of this study.

MATERIALS AND METHODS: We retrospectively evaluated all data of patients with spinal dural arteriovenous fistulas treated and/or
diagnosed in our institution between 1990 and 2017. Twenty patients with deep lumbosacral spinal dural arteriovenous fistulas were
included in this study.

RESULTS: The most common neurologic findings at the time of admission were paraparesis (85%), sphincter dysfunction (70%), and
sensory disturbances (20%). Medullary T2 hyperintensity and contrast enhancement were present in most cases. The filum vein and/or
lumbar veins were dilated in 19/20 (95%) patients. Time-resolved contrast-enhanced dynamic MRA indicated a spinal dural arteriovenous
fistula at or below the L5 vertebral level in 7/8 (88%) patients who received time-resolved contrast-enhanced dynamic MRA before DSA.
A bilateral arterial supply of the fistula was detected via DSA in 5 (25%) patients.

CONCLUSIONS: Clinical symptoms caused by deep lumbosacral spinal dural arteriovenous fistulas are comparable with those of spinal
dural arteriovenous fistulas at other locations. Medullary congestion in association with an enlargement of the filum vein or other lumbar
radicular veins is a characteristic finding in these patients. Spinal time-resolved contrast-enhanced dynamic MRA facilitates the detection
of the drainage vein and helps to localize deep lumbosacral-located fistulas with a high sensitivity before DSA. Definite detection of these
fistulas remains challenging and requires sufficient visualization of the fistula-supplying arteries and draining veins by conventional spinal
angiography.

ABBREVIATIONS: AV � arteriovenous; CE-MRA � time-resolved contrast-enhanced dynamic MRA; FV � filum terminale vein; lsSDAVF � deep lumbosacral spinal
dural arteriovenous fistula; SDAVF � spinal dural arteriovenous fistula

Despite being the most common spinal vascular malforma-

tion, spinal dural arteriovenous fistulas (SDAVFs) are rare

and still underdiagnosed entities.1,2 The incidence of SDAVF in

the general population is 5–10/million/year.3-5

A recent meta-analysis of all case series that included �5

patients concluded that men were affected 5 times more often

than women and that the mean age at the time of diagnosis was

55– 60 years.6 If not treated properly, SDAVFs are associated

with a considerable morbidity with progressive spinal cord

symptoms.1,7,8 The clinical presentation of an SDAVF can be

ascribed to venous congestion due to pathologic arteriovenous

(AV) shunts in most cases.9 Initial symptoms are often non-

specific.3 They include gait difficulties, symmetric or asym-

metric sensory symptoms such as paraesthesia in 1 or both feet,

diffuse or patchy sensory loss, and radicular pain.6 More than

80% of all SDAVFs are located between T6 and L2, but SDAVFs

can occur anywhere along the dura of the spinal canal.7 Ac-

cording to various reports, fistulas in the sacral region occur in

approximately 4% of patients with SDAVFs.6,10 However,

larger series dealing with SDAVFs located in the deep lumbo-

sacral region (lsSDVAF) are still lacking in the literature. The

purpose of our study was to evaluate the clinical and radiologic

data of 20 patients with lsSDAVFs presenting to our center

between 1990 and 2017.
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MATERIALS AND METHODS
After obtaining permission from our local ethics board, we retro-

spectively evaluated the medical and radiologic reports of the

RWTH Aachen University Hospital for patients diagnosed with

SDAVF between January 1990 and March 2017. SDAVFs located

above the L5 vertebral level and arteriovenous malformations of

the filum terminale were excluded from our analysis.

Two experienced physicians analyzed the radiologic data

blinded to all clinical data. A reference standard for statistical

analysis was established in a consensus reading.

The extension of the T2 signal hyperintensity and the medul-

lary contrast enhancement were qualified by the number of ver-

tebral levels shown to be affected on T1 and T2 MR images. The

appearance of the perimedullary veins was rated subjectively as

absent, mild, or prominent due to their tortuous and dilated ap-

pearance on the T1 and T2 images.

The neurologic status was assessed according to the Aminoff-

Logue disability score (AL-score). We re-evaluated the docu-

mented neurologic status at the time of admission (AL-score), the

duration of symptoms from onset until diagnosis, as well as pre-

vious misdiagnosis and treatment.

Diagnostic Tools

MR Imaging/MRA. Before admission to our center, all 20 patients

underwent extensive spinal DSA and/or MR imaging (0.5T

and/or 1.5T). Two experienced physicians analyzed the radiologic

data blinded to all clinical data. A reference standard for statistical

analysis was established in a consensus reading.

The extension of the T2 signal hyperintensity and the medul-

lary contrast enhancement was qualified by the number of verte-

bral levels shown to be affected on T1 and T2 MR images. The

appearance of the perimedullary veins was rated subjectively as

absent, mild, or prominent due to their tortuous and dilated ap-

pearance in the T1 and T2 images.

Moreover, 8/19 patients who were admitted after time-re-

solved contrast-enhanced MR angiography (CE-MRA) in our in-

stitution underwent additional spinal CE-MRA (1.5T) before

DSA. MRA was performed on a clinical 1.5T MR imaging system

with a phased array spine coil. The MR imaging protocol included

3 different pulse sequences: First, T2-weighted survey images

were acquired to depict the course of the spinal cord as an ana-

tomic reference. Second, MR fluoroscopy, performed with ad-

ministration of a 2-mL test bolus of gadolinium-based contrast

agent (gadopentetate dimeglumine; vial concentration, 0.5 mol/

L), was used to determine the optimal scan delay between contrast

injection and the start of the MRA acquisition. Finally, we per-

formed a dynamic 2-phase 3D fast-spoiled gradient-echo pulse

sequence with 45 mL of contrast agent. These 2 phases served to

distinguish relatively early contrast enhancement, which mainly

involves (normal and/or pathologic) arteries and arterialized

veins, from later enhancement in which arteries and arterialized

veins but also normal veins are visualized together. The number of

sections was individually adjusted (range, 75– 85 mm; 45–51 mm)

to include the vertebral column, usually from T3 to S5. The pre-

cise evaluation was then achieved by MPR and maximum inten-

sity projection. If initial CE-MRA findings were suspicious for a

fistula zone, we performed additional coronal and axial contrast-

enhanced T1-weighted images focused on the suspected fistula

region. Further details about our spinal CE-MRA technique have

been previously described.1,11

DSA. After re-evaluation of all previous spinal angiographic ex-

aminations performed elsewhere before admission to our center,

we finally focused our further DSA examinations on the lumbo-

sacral region.

DSA was performed with a femoral approach in a dedicated bi-

planar neuroangiographic suite. Standardized angiography included

selective manual injections of 4–5 mL of 300 mg/mL of iodinated

nonionic contrast medium into the lumbar and intercostal arteries.

Furthermore, injections into both vertebral arteries, the costocervical

arteries, the thyrocervical trunks, and the arterial feeders of the sacral

region were added. Imaging was in the anteroposterior direction with

2 frames per second. Oblique and lateral views were added to eluci-

date the morphology of the AV shunt as well as the intradural course

of the draining veins. Film sequences of at least 5–20 seconds were

obtained. In 2 patients, in whom lsSDAVF was previously diagnosed

elsewhere before referral to our center, our DSA examinations in-

cluded solely the deep lumbosacral region.

Statistics
Pearson �2 tests and Fisher exact tests were used when applicable.

Student t tests and Mann-Whitney U tests were used when appli-

cable after testing for data distribution with a Shapiro-Wilk test.

P values with an � level of �.05 were significant. All statistical

analyses were performed with SPSS 23 software (IBM, Armonk,

New York).

RESULTS
We identified 194 patients with SDAVFs located anywhere along

the spine. Twenty (10.3%) of these patients had lsSDAVFs and

were included in our study.

Clinical Features
Table 1 provides an overview of clinical findings in all 20 patients

included in this study. Seventeen of 20 (85%) patients were men.

The mean age was 63 � 5 years (median, 63.5 years; range, 53–78

years). Overall, 16 (80%) patients experienced a gradual onset and

progressive deterioration of neurologic function. The remaining

4 (20%) patients had a rapid deterioration of their motor function

in the lower extremities within a mean period of 2.5 months

(range, 1– 4 months) and presented with a severe motor disability

at time of admission.

However, the most common neurologic finding at time of

admission at our institution was subjective and objective gait dis-

turbances of the lower extremities. Paresis in the lower extremities

was present in 17 (85%) patients. The remaining 3 patients (15%)

had a slowly progressive ataxia and hypesthesia without manifest

motor deficits. Sensory symptoms in various severities were doc-

umented in 18 (90%) patients and comprised diffuse loss of sen-

sation and/or paresthesia in the lower extremities. One (case 15)

of these 18 patients had dysesthesia from the T12 level downward.

Fourteen (70%) patients presented with a sphincter dysfunction

at time of admission to our institution.

The mean time between clinical onset and diagnosis in all 20

patients was 15 � 12 months (median, 15 months; range, 1–36
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months). The mean Aminoff-Logue disability score at time of

admission was 3 � 1.5 (median, 3; range, 1–5).

Overall, 9 of 20 (45%) patients had undergone other treat-

ments before admission to our institution. Six of these 9 patients

underwent microsurgical lumbar dorsal decompression and/or

discectomy due to the assumption of a spinal degenerative dis-

ease. Two other patients underwent a biopsy with the assumption

of an intramedullary tumor. The remaining patient was admitted

to our center due to recurrence of the lsSDAVF after repeat endo-

vascular treatment performed elsewhere.

Radiologic Findings
Table 2 provides an overview of radiologic findings in all 20

patients.

On preoperative MR imaging, there was a medullary T2-

weighted hyperintense signal in all except 1 patient (95%) (mean,

7 vertebral levels; range, 0 –13 vertebral levels). The signal altera-

tion involved the conus medullaris in 16 (80%) patients. There

was intramedullary contrast enhancement in 15 (75%) patients

(mean, 3 vertebral levels; range, 1–10 vertebral levels). Another 16

(85%) patients presented with an enlargement of the perimedul-

Table 1: Clinical presentation of patients with deep lumbosacral spinal dural arteriovenous fistulas

Case
No.

Age
(yr)/Sex

Duration of
Symptoms

(mo) Symptoms at Time of Diagnosis AL-Score
Previous Diagnosis

and Treatment
1 66, M 24 Paraparesis 3/5a, sensory transverse lesion L5, sphincter dysfunction 3 Lumbar disc prolapse:

discectomy L4–5
2 56, M 36 Paraparesis 3/5, sensory transverse lesion L2 3
3 63, M 24 Paraparesis 2–3/5, sensory transverse lesion L1, sphincter dysfunction 4
4 60, M 30 Paraparesis 4/5, sensory transverse lesion L4, sphincter dysfunction 3 Lumbar disc prolapse:

discectomy L3–4, L4–5
5 71, M 14 Distal accentuated paraparesis 3/5, mild hypesthesia of the right leg 3
6 66, M 18 Paraparesis 3/5, sensory transverse lesion L5, sphincter dysfunction 4 Lumbar spinal stenosis: dorsal

decompression L1–2
7 55, M 2 Paraplegia and anesthesia below T8, sphincter dysfunction 5
8 67, M 26 Paraparesis 4/5, sensory transverse lesion T12, sphincter dysfunction 2 Intramedullary tumor: biopsy
9 73, M 9 Paraparesis 3/5, sensory transverse lesion T5, sphincter dysfunction 4 Intramedullary tumor: biopsy
10 70, M 3 Paraparesis 3/5, sensory transverse lesion S1, sphincter dysfunction 4
11 69, M 6 Paraparesis 1–2/5, sensory transverse lesion L4, sphincter dysfunction 5
12 67, F 12 No paresis, hypesthesia below T11, ataxia 1
13 63, M 1 Paraparesis 3/5, sphincter dysfunction 3
14 61, M 11 Distal accentuated paraparesis 3/5, hypesthesia of the right leg, ataxia,

sphincter dysfunction
3 Lumbar spinal stenosis: dorsal

decompression and
discectomies L4–5, L5–S1

15 67, F 9 Paraparesis 4/5, dysesthesia below T12, paresthesia on the dorsum
of the left foot

2 Lumbar disc prolapse:
discectomy L5–S1

16 63, M ND No paresis, sensory transverse lesion L1, ataxia, sphincter dysfunction 1 Repeat insufficient
embolizations of lsSDAVF

17 55, M 10 Monoparesis left foot 1 Lumbar stenosis: dorsal
decompression

18 78, M 4 Spastic paraparesis 3/5, paresthesia in both feet, sphincter dysfunction 4
19 74, M 24 Paresis of the left leg 4/5, diffuse paresthesia of the lower extremities 2
20 53, F 6 No paresis, diffuse paresthesia of the lower extremities, mild ataxia,

mild sphincter dysfunction
1

Note:—AL-Score indicates Aminoff-Logue disability score; ND, no data.
a Muscle strength grade.

Table 2: Radiologic features of deep lumbosacral spinal dural arteriovenous fistulas

Case
No.

MRI/MRA DSA

Shunt
Location

T2/T1
Hyperintensity

(Extension)

Contrast
Enhancement

(Extension)

Perimedullary
Vein Enlargement

(Extension)
Prominent

FV

Prominent
Lumbar

Vein

DSA
until

Diagnosis Arterial Feeder
1 S1 R T7-conus T9–T10 Mild, T7–T8 No No 4 Iliolumbar artery R
2 L5 R T9–T11 T5–T11 Mild, T5–T11 No Yes 4 Iliolumbar artery R
3 S1 L T8-conus Absent Absent Yes No 4 Middle sacral artery L
4 S1 R T9-conus Absent Mild, T10–T12 Yes No 3 Iliolumbar artery R
5 S1 R T3-conus ND ND Yes No 3 Iliolumbar artery R
6 L5 L T8-conus T9-conus Mild, T10–T12 No Yes 2 L5 L
7 S1 R T6-conus T8–T12 Mild, T7–T11 No Yes 2 Lateral sacral artery L
8 S2 R T10–T12 T11–T12 Mild, T11–T12 Yes No 3 Lateral sacral artery R
9 L5 L T4-conus T9–T12 Absent No Yes 3 L4 L
10 S1 R T4-conus Absent Severe, T6-conus Yes No 2 Lateral sacral artery R
11 S1 R T6-conus T12–L1 Mild, T6-conus No Yes 5 Iliolumbar artery bilateral
12 S3 R T10-conus T12 Severe, T7-conus Yes No 3 Lateral sacral artery bilateral
13 S1 R T2-conus T12-conus Mild, T8-conus Yes No 4 Iliolumbar artery R
14 S2 L T5-conus T7-conus Mild, T8–L3 Yes No 4 Iliolumbar artery bilateral
15 S1 L T5-conus Absent Severe, T7-conus Yes No 2 Lateral sacral artery L
16 S2 L Absent T10–11 Absent Yes No 2 Iliolumbar artery L
17 S1 L T5-conus T4–L1 Mild, T3–T4 Yes No 2 Iliolumbar artery bilateral
18 S2 L T8–T12 T8–T11 Mild, T9–T12 Yes No 5 Iliolumbar artery bilateral
19 L5 R T8-conus T8-conus Severe, T6–T12 No Yes 2 Iliolumbar artery R
20 S2 R T12-conus T9-conus Mild, T7–T11 No Yes 1 Lateral sacral artery

Note:—R indicates right; L, left; ND, no data.
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lary veins in the upper thoracic and/or thoracolumbar region in

various extensions (mean, 4 vertebral levels; range, 0 –7 vertebral

levels). The filum terminale vein (FV) was dilated in 12 (60%)

patients; in another 7 (35%) patients, other dilated lumbar veins

were detected. In the remaining patient, no pathologic changes of

the FV or the lumbar radicular veins were obvious in the presence

of dilated perimedullary veins.

All 20 patients underwent repeat spinal DSA until a definite

diagnosis was established (mean, 3 DSAs; range, 2–5 DSAs).

Overall, 8 (40%) patients received preoperative spinal CE-

MRA, which revealed no evidence of an SDAVF in the upper

thoracic or thoracolumbar region. However, in 7 of these 8 (88%)

patients, CE-MRA demonstrated a prominent FV or lumbar ra-

dicular vein in the MIP, and MPR images suggested fistula local-

ization in the deep lumbosacral region.

In 4 (20%) patients, the dilated perimedullary veins in the

thoracolumbar region were microsurgically exposed and the di-

rection of flow was assessed via Doppler sonography. The subse-

quent DSA was focused on the lumbosacral region, and a

lsSDAVF could be identified in all 4 patients.

DSA revealed, in 17 (85%) patients, an arterial supply via the

arches of the internal iliac arteries, namely the iliolumbar (n � 11)

and the lateral sacral arteries (n � 6). The remaining 3 patients

presented with an arterial supply via the middle sacral artery and

the L4 and L5 segmental arteries, respectively.

In 5 (25%) of these 20 patients, DSA demonstrated a bilateral

arterial supply via both the iliolumbar arteries (n � 4) and lateral

sacral arteries (n � 1). There were no major complications related

to angiography.

DISCUSSION
Because most studies that deal with lsSDAVFs are case reports and

smaller case series, more comprehensive studies are lacking.12

Thus, it was our aim to describe the clinical and radiologic fea-

tures of lsSDAVFs in a series of 20 consecutive patients who pre-

sented to our institution. In the literature, the sacral region was

considered a rare location for SDAVFs (4%).10,13 However, the

incidence of lsSDAVF in our recent series accounts for up to

10.3% of patients with SDAVF. This higher rate of lsSDAVFs in

our series is explained by the large number of patients with sus-

pected SDAVFs who were referred to our institution as a tertiary

referral center for spinal vascular diseases. Moreover, our current

study also included SDAVFs localized at the L5 vertebral level

(n � 4).

Nonetheless, to the best of our knowledge, our study repre-

sents, at the time of this writing, the largest single-center series

dealing with clinical and radiologic features of lsSDAVF.

Clinical Features
The clinical presentations of SDAVFs of various locations are of-

ten nonspecific and may mimic a variety of conditions.14-16 Initial

symptoms reported in the literature range from low back pain to

complete spastic paraplegia.4,15,17 Comparing our recent findings

with a previous analysis of SDAVFs presented to our center be-

tween 1989 and 2002, we observed no essential differentiations

between clinical symptoms caused by lsDAVFs and those caused

by SDAVFs in other locations.18 Similar to patients with SDAVFs

in other locations, most patients in our recent study had a slightly

progressive paraparesis, sensory abnormalities, and sphincter

dysfunctions at time of admission.18

Moreover, the relatively high rate of misdiagnosis in patients

with lsSDAVFs (40%) demonstrates the difficulties in detecting

the suspected fistula and the broad spectrum of probable differ-

ential diagnoses.

These difficulties, in turn, may lead to clinically relevant delays

until the correct diagnosis is established. It has been hypothesized

that clinical symptoms become more severe the longer the correct

diagnosis and treatment are delayed and the venous congestion

persists.4,10,19 We could not identify a significant correlation be-

tween symptom duration and the severity of morbidity for all 20

patients (P � .41). Nevertheless, intraindividual progressive de-

terioration of symptoms was present in all our patients.

Radiologic Findings
Consistent with findings of fistulas in other locations, typical MR

imaging findings in our series were a combination of intramedul-

lary edema and dilated perimedullary vessels.9,20 In most cases,

the spinal cord demonstrated contrast enhancement reflecting

a disturbance of the blood-cord barrier in the presence of ve-

nous congestion.1,21,22

Nevertheless, the enlargement of the perimedullary veins was

absent and mild in 14 (70%) patients and prominent in only 4

(20%) patients. Additionally, dilated FV or radicular veins in the

deep lumbosacral region were the hallmark of lsSDAVFs in our

MR images and were present in 95% of patients.

In all 7 of 8 (88%) patients who underwent CE-MRA, the

arterialized FV and lumbar veins appeared even more prominent

than the enlarged perimedullary veins in the respective cases.

Moreover, the multiplanar reconstruction of CE-MRA images in

our series allowed a sufficient differentiation between FV and

other lumbar veins. At least 3-mm sagittal sections in T1/T2 MR

images are necessary to identify these veins.

The prominent appearance of the FV in patients with lsSDAVF

has been previously discussed in a few reposts.20,23 However, our

recent findings demonstrate that the deep lumbosacral course of

either a prominent arterialized FV or other lumbar radicular veins

combined with typical medullary congestion should always evoke

the differential diagnosis of an AV shunt in this region, even in the

absence of prominent perimedullary veins (Figure).

One of the milestones in the diagnostic evaluation of spinal

vascular malformations was the development of time-resolved

contrast-enhanced MR angiography.1,11 In a series reported by

Mull et al,1 the MRA-derived level of the feeding artery in SDAVFs

agreed with DSA findings in 14 of 19 cases, including 2 patients

with lsSDAVF at the S1–2 level. In the remaining 5 cases, a mis-

match of only 1 vertebral level (not side) was noted for the feeding

artery.

CE-MRA facilitates localizing the AV shunt by focusing the

DSA on the assumed fistula region, resulting in a shorter inter-

vention time, less contrast agent application, and a lower expo-

sure dose.1,11

In fact, the need for microsurgical exploration to identify the

blood flow in the arterialized veins in the thoracolumbar region
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decreased in our series after establishment of the CE-MRA tech-

nique in our center.

Due to our recent experience, we found that more advanced

4D-MRA techniques with better time resolution may provide ad-

ditional information about the flow direction in the intradural

arterialized veins.

DSA remains the criterion standard for the definite diagnosis

of SDAVF.1,3,14,21 Whenever a spinal AV shunt is suspected, an

angiography of all thoracic and lumbar segmental arteries is re-

quired. In nonconclusive cases, further examination of cervical

and pelvic arterial feeders is required.20

However, despite technologic advances, DSA of the pelvic re-

gion remains technically challenging. A trivial-but-common

problem that resulted in an impaired DSA image quality was

bowel dysfunction, present in most patients in our series. We

could overcome these difficulties by the prophylactic administra-

tion of spasmolytic medication 1 day before or during the DSA.

Moreover, due to the low-flow character of these fistulas and

the long drainage up to the conus medullaris, lsSDAVFs could be

easily missed by inexperienced readers during DSA. Thus, pro-

longed DSA series with additional oblique and lateral projections

are recommended in these patients.

The fistula locations in our series ranged from L5 to S3 level.

Sixteen of 20 (85%) demonstrated an arterial supply via arches of

the internal iliac arteries. The arterial supply of the remaining 3

fistulas was unusual: Case 3 presented with an lsSDAVF localized

at the S1 level, with an arterial supply via the middle sacral artery;

cases 6 and 9 presented with a fistula localized at the L5 level with

an arterial supply via an atypical L5 segmental artery arising from

the abdominal aorta and a descending L4 segmental artery, re-

FIGURE. A and B, Sagittal T2- and contrast-enhanced T1-weighted images reveal congestive myelopathy and dilated perimedullary veins (white
arrows). C and D, Spinal CE-MRA shows dilated radicular veins in the lumbar region suspicious for an SDAVF in the lumbosacral region (white
arrows). E–H, DSA examinations identify the fistula in the dural sleeve of the left S2 root (black arrowhead) supplied via the lateral sacral artery
(white arrowhead). Note the upward draining sacral radicular vein (black arrow). I and J, Intraoperative indocyanine green angiography confirms
the intradural course of the arterialized draining vein (black arrow) embedded at the ventral side of the S2 nerve root.
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spectively. Most interesting, fistulas localized at the L5 level (n �

4) presented with a broad variety of arterial feeders comprising

the iliolumbar arteries and L4 and L5 segmental arteries.

Moreover, 5 (25%) of 20 patients in our series presented with

a bilateral arterial supply via the arches of both internal iliac ar-

teries (On-line Figure).

The detection of a bilateral arterial supply of an lsSDAVF was

significantly higher in patients who were diagnosed after estab-

lishment of CE-MRA in 2003 in our center (P � .05). This finding

reflects growth in our own experience in diagnosing theses fistulas

and the development of multimodal diagnostic tools.

The complex angioarchitecture in the deep lumbosacral re-

gion with a variant and frequently bilateral arterial supply may

contribute to difficulties in identifying the fistula. Thus, an opti-

mal DSA examination for the sacral region requires selective and

long visualization of all lumbar segmental arteries, the middle

sacral artery, and both internal iliac arteries and their arches. If

these examinations remain nonconclusive, super selective cathe-

terization of potential feeding arteries in the pelvic and lumbar

region may be indicated. Moreover, the bilateral arterial supply in

these patients could be sufficiently visualized in series with super-

selective distal microcatheter injection, resulting in a better opaci-

fication of the feeding arteries.

Whenever the AV shunt is identified, the ipsilateral and con-

tralateral feeding arteries above and below the fistula should be

examined to exclude the possibility of multiple arterial feeders to

the fistula zone from the adjacent arteries.1,24

Nonetheless, once an AV shunt in the deep lumbosacral region

is suspected, the most probable differential diagnosis for an

SDAVF is an arteriovenous malformation of the filum terminale.

In both cases, namely SDAVF and filum terminale–AVM, symp-

toms are caused by medullary venous congestion resulting in

comparable myelopathic disorders and a progressive clinical

course. In contrast to lsSDAVFs, the filum terminale artery arising

from the anterior spinal artery predominantly feeds a filum

terminale–AVM.

Even though the filum terminale–AVM is an extremely rare

disease, one should be aware of this differential diagnosis in every

suspected AV shunt located in the deep lumbosacral region.

In inconclusive repeat DSAs, the search for the exact fistula

localization should not be discontinued in patients with a high

probability of an SDAVF.25 In certain cases, a surgical exploration

of the arterialized perimedullary veins might be helpful; to facili-

tate the detection of the fistula localization in subsequent DSA in

4 patients with repeat nonconclusive DSA examinations, we mi-

crosurgically exposed the arterialized perimedullary veins in the

thoracolumbar region at the level with the greatest vein enlarge-

ment. We then assessed the direction of blood flow in these veins

via intraoperative Doppler sonography. In all 4 cases, a caudocra-

nial blood flow was detected. Thus, subsequent DSA examina-

tions were focused on the thus assumed deep lumbosacral origin

of the fistula. This strategy was successful in all 4 cases.

In summary, we note that lsSDAVFs remain diagnostically

challenging, even in experienced hands. Spinal CE-MRA pro-

vides, in most the cases, a sufficient visualization of the perimed-

ullary and lumbar draining veins and facilitates the subsequent

DSA examinations. However, for a precise fistula localization,

DSA remains the criterion standard diagnostic tool. The low-flow

characteristics of these fistulas with a frequently variant arterial

supply and problems of optimal visualization may cause serious

difficulties in localizing the fistula via DSA. Thus, optimized DSA

examinations require a sufficient visualization of all potential

feeding arteries and draining veins in the pelvic and lumbar

regions.

In practice, prolonged series as well as additional oblique and

special lateral projections help visualize the intradural course of

the draining vein up to the conus.

CONCLUSIONS
Clinical symptoms caused by lsSDAVFs are often nonspecific and

may mimic a variety of conditions. The presence of a dilated FV

and/or lumbar radicular vein on MR imaging/CE-MRA com-

bined with typical congestive medullary changes should always

evoke the differential diagnosis of an arteriovenous shunt in the

deep lumbosacral region, even in the absence of perimedullary

dilated veins. However, identifying lsSDAVF via DSA remains

challenging due to the complex and variant spinal arterial supply

in this region and the difficulties in the optimal visualization of

the lumbosacral region.
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ORIGINAL RESEARCH
SPINE

Cervical Cord Atrophy and Long-Term Disease Progression in
Patients with Primary-Progressive Multiple Sclerosis

X F.X. Aymerich, X C. Auger, X J. Alonso, X M. Alberich, X J. Sastre-Garriga, X M. Tintoré, X X. Montalban, and X A. Rovira

ABSTRACT

BACKGROUND AND PURPOSE: Cervical cord atrophy has been associated with clinical disability in multiple sclerosis and is proposed as
an outcome measure of neurodegeneration. The aim of this study was to quantify the development of cervical cord atrophy and to
evaluate its association with disability progression in patients with primary-progressive multiple sclerosis.

MATERIALS AND METHODS: Thirty-one patients with primary-progressive multiple sclerosis underwent 1.5T brain and spinal cord MR
imaging at baseline and 6 –7 years later. The cervical spinal cord from C1 to C5 was segmented to evaluate the normalized overall
cross-sectional area and the cross-sectional area of C2–C3, C3–C4, and C4 –C5. The annualized rates of normalized cross-sectional area loss
were also evaluated. To estimate clinical progression, we determined the Expanded Disability Status Scale score at baseline and at 2 and
14 years after baseline to compute the normalized area under the curve of the Expanded Disability Status Scale and the Expanded Disability
Status Scale changes from baseline to the follow-up time points. Associations between the cord cross-sectional area and brain MR imaging
and clinical measures were also investigated. Finally, the value of all these measures for predicting long-term disability was evaluated.

RESULTS: Some normalized cross-sectional area measurements showed moderate correlations with the normalized area under the curve of the
Expanded Disability Status Scale, ranging from �0.439 to �0.359 (P � .05). Moreover, the annualized rate of the normalized mean cross-sectional
area loss and the baseline Expanded Disability Status Scale were independent predictors of long-term disability progression.

CONCLUSIONS: These data indicate that development of cervical cord atrophy is associated with progression of disability and is
predictive of this event in patients with primary-progressive MS.

ABBREVIATIONS: aNMCSA � annualized normalized mean cross-sectional area loss rate between the baseline and follow-up examination; BPF � brain parenchy-
mal fraction; CSA � cross-sectional area; EDSS � Expanded Disability Status Scale; NMCSA � normalized mean CSA; NCSA23 � normalized CSA at the C2–C3 level;
NCSA34 � normalized CSA at the C3–C4 level; NCSA45 � normalized CSA at the C4 –C5 level; PPMS � primary-progressive multiple sclerosis; T1LV � T1 lesion volume;
T2LV � T2 lesion volume

Primary-progressive multiple sclerosis (PPMS) is characterized

by sustained progression of disability from disease onset and

is typically associated with severe motor impairment.1,2 The rate

at which disability progresses is highly variable, but impairment

occurs faster early in the disease course and reflects, in part, neu-

roaxonal loss and spinal cord dysfunction.3

The spinal cord is a clinically relevant site of the central ner-

vous system and is often affected in multiple sclerosis. Focal and

diffuse cord abnormalities, particularly in the cervical cord seg-

ment, have been described in up to 90% of patients with MS.4 MR

imaging measurement of cervical cord atrophy in patients with

this disease provides valuable additional information related to

disability that cannot be obtained from brain metrics.5 A progres-

sive reduction of the cervical cord cross-sectional area (CSA) oc-

curs in PPMS,6-9 and spinal cord atrophy has been shown to cor-

relate with the severity of clinical disability.10-12 Moreover, some

cross-sectional studies have reported that spinal cord atrophy is

an independent predictor of disability progression.11,12

Nonetheless, the relationship between spinal cord area changes

and worsening of disability has not been consistent among studies:

Some authors describe an association,6,9 whereas others do
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not.7,8 This discrepancy may be explained by several factors,

such as differing sample sizes, follow-up periods, and methods

used to measure the cord CSA.7,13-15

Although some cross-sectional studies11,12 have demonstrated

the value of spinal cord atrophy as an independent predictor of

clinical outcome, only a few longitudinal studies9,16,17 have spe-

cifically focused on analyzing the clinical relevance of this finding

in patients with MS, and these include a short follow-up or were

not focused on PPMS.

Another factor to be taken into account is the method used for

measuring the cervical cord CSA, because the optimal approach

has not yet been identified. One of the most recently used is the

proposed method of Horsfield et al,18 based on application of

active surface models and known as the active surface method.

With this approach, the CSA can be measured at specific levels

and along extended portions of the cord with lower variability

than other methods used in this region, such as the one proposed

by Losseff et al.10 Some recent studies11,17,19 have used the active

surface method for this purpose.

The aim of this study was to quantify the development of cer-

vical cord atrophy and evaluate its association with the progres-

sion of clinical disability long term in patients with PPMS.

MATERIALS AND METHODS
Subjects
Thirty-one patients with PPMS were included in the study. These

patients had been initially enrolled in a 2-year, double-blind, pla-

cebo-controlled, Phase II pilot study, in which patients with

PPMS or “transitional” forms of MS received either interferon

�-1b at doses of 8 MIU or a placebo for 24 months.20

This study was approved by the Vall d’Hebron Clinical Re-

search Ethics Committee, who waived the requirement of written

informed consent.

Clinical Measures
The Expanded Disability Status Scale (EDSS) score and disease

duration were the clinical measures included. The EDSS was as-

sessed at 3 time points: baseline and 2 years and approximately 14

years after baseline (14.12 � 2.88 years). Because EDSS values

were not uniformly distributed across time, we used an averaged

EDSS across time. To determine this value, we calculated the area

under the curve of the EDSS. The area under the curve of the EDSS

values was normalized to the maximum area under the curve of

the EDSS in the time interval measured to obtain the normalized

area under the curve of the EDSS (NAUCEDSS) value according

to the following expression:

NAUCEDSS �

1

2
�

k � 0

1

��tk � 1 � tk	�EDSSk � 1 � EDSSk	


10 �t2 � t0

,

where tk is the number of months from baseline (t0) in the time

point k � (0, 1, 2), and EDSSk is the EDSS measurement at the

time point k.

Moreover, to obtain a prediction of long-term EDSS change,

the differences between the last measurement and the baseline

EDSS measurement were computed for each patient.

MR Imaging Acquisition
Two MRIs were analyzed in this group of patients, a baseline

examination and a follow-up one obtained 6.30 � 0.23 years

(range, 5.92–7.17 years) after the baseline study.

All MR imaging studies were performed on a 1.5T magnet

(Magnetom Vision Plus; Siemens, Erlangen, Germany) using a

quadrature transmit/receive head coil for the brain studies and a

quadrature receive-only neck phased array coil for the cervical

studies. In each brain examination, we obtained the following

sequences: a transverse, T2-weighted, dual-echo turbo spin-echo

sequence (TR, 3000 ms; TE, 14 – 85 ms; echo-train length, 5; ac-

quisitions, 1); and a transverse T1-weighted, spin-echo sequence

(TR, 667 ms; TE, 12 ms; acquisitions, 2). For both sequences, 46

interleaved contiguous axial sections with 3-mm thickness were

acquired covering the whole brain, with a 192 � 256 matrix and

250-mm FOV, yielding an in-plane spatial resolution of approx-

imately 1 � 1 mm2. Following the brain study, a 3D volume image

centered on the cervical spine was obtained using a magnetiza-

tion-prepared rapid acquisition of gradient echo sequence with

128 partitions in the sagittal plane of 1.25-mm thickness and the

following parameters: TR/TE/TI, 9.7/450/4.2 ms; flip angle, 15°;

256 phase-encodings in the z-direction; 1 average; 250-mm FOV;

256 � 256 matrix.

MR Imaging Analysis
Cross-sectional area measurements were assessed using a semiau-

tomatic segmentation method based on an active surface model of

the cord surface with intrinsic smoothness constraints,18 pro-

vided in the Jim 6.0 software package (http://www.xinapse.com/

home.php). Briefly, the sagittal 3D T1-weighted scans of the cer-

vical cord from each patient were first reformatted in the axial

plane and resampled to 1-mm section thickness. Then, the active

surface method was applied to each scan to estimate the cord

surface and cord centerline (Fig 1). An initial estimate of the cord

centerline was manually provided by placing landmarks at the

extremes of the cord region to be studied and at approximately

each 10 mm between these landmarks. Thus, the region studied

comprised the segment from the most cranial section in which the

odontoid process was visible down to the C5 superior margin. A

single operator placed all landmarks. The cord centerline and

cord outlines at each section were calculated using a segmentation

algorithm, with steadily increasing refinement of the active sur-

face model describing the cord outline. The total cord length was

calculated in each region as the distance along the centerline be-

tween the upper and lower landmarks. In each region, the mean

cervical cord CSA was calculated as the total cord volume divided

by the cord length, and CSA was also measured at the C2–C3

(CSA23), C3–C4 (CSA34), and C4 –C5 (CSA45) discs. CSA mea-

surements were then normalized (NMCSA, NCSA23, NCSA34,

NCSA45)—in a manner similar to the proposal of Lin et al21—to

the intracranial cross-sectional area measured at the inferior mar-

gins of the corpus callosum in an axial slice of the proton density–

weighted image of each patient, as previously suggested.18 This

adjustment was performed because cranial size was found to sig-

nificantly correlate with the cord area in healthy controls.22 In

addition to the normalized CSA measurements, the annualized

(normalized) CSA loss rates between the baseline and follow-up
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examination (aNMCSA, aNCSA23, aNCSA34, aNCSA45) were

also evaluated.

To calculate the brain T2 lesion volume (T2LV), the same

neuroradiologist initially analyzed and marked lesions found on

brain MR imaging on the proton density–weighted hard copies

with cross-reference to the T2-weighted images. All lesions

marked on the hard copies were outlined on the computer image

using a semiautomatic local thresholding contour technique

(D.L. Plummer; University College, London, England)23; in

cases in which the lesion could not be outlined satisfactorily

with this approach, manual outlining was performed. A com-

puter program then summed all the individual lesion volumes,

and a final T2LV was generated and stored in a data base spe-

cifically designed for the study. To calculate the T1 lesion vol-

ume (T1LV), we used an automatic segmentation algorithm

that measures T1LV from the initial T2 lesion segmentation

that was used as a lesion mask.24

Brain atrophy was evaluated by measuring the brain paren-

chymal fraction (BPF) according to a previously described

algorithm.25

Statistical Analysis
To evaluate the longitudinal cord CSA changes, differences be-

tween the baseline and follow-up CSA measurements were as-

sessed using a t test for paired samples. Correlations of the cord

CSA with the clinical and brain MR imaging measures were as-

sessed using the Pearson correlation coefficient. To create a pre-

dictive model for the �EDSS, linear regression analysis was per-

formed. A stepwise method was used to select the most relevant

measures among the following: baseline CSA measures, annual-

ized cord CSA loss rates, brain MR imaging measures, disease

duration, and baseline EDSS scores. Age at baseline was also in-

troduced in the model as a covariate. All statistical analyses were

performed using SPSS (IBM, Armonk, New York). P values � .05

were considered statistically significant.

RESULTS
Clinical and Conventional MR Imaging Measures
The main baseline demographic, clinical, and conventional MR

imaging characteristics of the patients are shown in Table 1. Dur-

ing clinical follow-up, the median EDSS score was 6.0 (range,

4.0 – 8.5) at 24 months and 7.5 (range, 4.0 –9.5) at last measure-

ment, approximately 14 years after baseline (14.12 � 2.88 years)

(Table 2). The mean T2 and T1 lesion volumes increased to

FIG 1. An example of the cord surface estimation obtained using the active surface method. The upper left image shows the location of the
landmarks (red markers) that can be visualized in this sagittal slice. These landmarks were manually placed in the axial slices at the center area
of the cord with a distance between them of approximately 10 mm. The upper right image shows the cord outline estimation (red lines). The
lower axial slices show some examples of the spinal cord segmentation obtained (region within red contour).

Table 1: Main baseline demographic, clinical, and conventional
MRI characteristics

Patients with MS
Median age (range) (yr) 51 (33–61)
Men/women 19:12
Mean disease duration at baseline (range) (yr) 11.74 (2–33)
Median EDSS score at baseline (range) 5.5 (3.0–6.5)
Mean brain T2LV at baseline (SD) (mL) 18.12 (20.63)
Mean brain T1LV at baseline (SD) (mL) 7.41 (8.47)
Mean BPF at baseline (SD) 73.13% (5.86%)
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21.56 � 20.65 mL and 9.53 � 9.32 mL, respectively, whereas the

mean BPF decreased by 3.83% at 6 –7 years of radiologic fol-

low-up (Table 3). The T2LV, T1LV, and BPF changes were statis-

tically significant (P � .001).

Longitudinal Changes in Cervical Cord Cross-Sectional
Area
Baseline CSA measurements, follow-up CSA measurements, and

cord area changes averaged by year are shown in Table 4. The

normalized CSA values decreased significantly in all the regions

studied (Fig 2). The annualized CSA loss rates were similar for all

the normalized CSA measurements.

Associations between Measurements
According to the Evans categorization system,26 the normalized

CSA measurements showed a weak-to-moderate negative associ-

ation with the normalized area under the curve of the EDSS at

baseline (NMCSA: r � �0.357, P � .049; NCSA23: r � �0.418,

P � .019) and at follow-up (NMCSA: r � �0.439, P � .013;

NCSA23: r � �0.408, P � .023; NCSA34: r � �0.387, P � .032).

No significant correlations were found

between the annualized (normalized)

cord CSA loss rates and the normalized

area under the curve of the EDSS. Anal-

ysis of associations between the normal-

ized CSA and brain MR imaging mea-

surements showed no associations of the

FIG 2. Box-and-whisker plots of normalized cross-sectional areas: NMCSA (upper left), NCSA23 (upper right), NCSA34 (lower left), and NCSA45
(lower right).

Table 2: Evolution of the EDSS
Baseline 2 Years 14 Years

Median EDSS score
(range)

5.5 (3.0–6.5) 6.0 (4.0–8.5) 7.5 (4.0–9.5)

Table 3: MRI characteristics at follow-up
Follow-Up

Mean brain T2LV (SD) (mL) 21.56 (20.65)
Mean brain T1LV (SD) (mL) 9.53 (9.32)
Mean BPF (SD) 70.33% (5.84%)

Table 4: Longitudinal cross-sectional area measurements
NMCSA NCSA23 NCSA34 NCSA45

Mean at baseline (SD) (mm2) 71.49 (6.37) 67.76 (7.26) 68.21 (7.39) 71.51 (8.27)
Mean at follow-up (SD) (mm2) 68.12 (8.91) 65.40 (10.27) 65.23 (10.61) 67.95 (9.97)
Cord area change averaged by

year (SD) (%)
�0.77 (1.14) �0.62 (1.20) �0.74 (1.47) �0.77 (1.61)

P value .001 .006 .009 .006
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BPF, T2LV, or T1LV with the various CSA measurements. A

moderate correlation was found between the baseline BPF and the

annualized (normalized) CSA loss rates at C2–C3 (r � �0.419,

P � .019) and C3–C4 (r � �0.425, P � .017), whereas a trend was

observed between the baseline BPF and the aNMCSA (r �

�0.355, P � .05).

Prediction of Long-Term EDSS Change
The long-term EDSS change was measured 14.12 � 2.88 years

after baseline to obtain an estimation on a time horizon of around

14 years. In the linear regression analysis to predict this change,

the annualized mean cervical cord area loss rate (aNMCSA) and

baseline EDSS (EDSS0) were introduced in the model using the

stepwise method, and age was introduced as a covariate. However,

only aNMCSA and EDSS0 with P values of .007 and .025, respec-

tively, were statistically significant variables. The model obtained

was then defined by the following expression:

�EDSS � 4.0 � 0.628 aNMCSA

� 0.476 EDSS0 � 0.006 Age.

The F-test showed a significant P value (.004); thus, it was as-

sumed that there was a linear relationship among the variables in

our model. Finally, R2 � 0.390, which indicated that the linear

regression model explained 39.0% of the total variance in the data.

DISCUSSION
The present study investigated the role of cervical cord atrophy in

a longitudinal study of a cohort of patients with PPMS to evaluate

the association of this MR imaging finding with clinical progres-

sion of disability and with other MR imaging measures. We found

a significant decrease in the normalized CSA values in all the re-

gions studied. Moreover, some weak-to-moderate correlations

were found between the weighted-average EDSS and normalized

CSA values both at baseline and follow-up.

The annual loss of spinal cord tissue in our cohort was lower

than that reported in previous studies.6,8,9,13,17,21,22 However,

Lukas et al9 recently reported that spinal cord tissue loss may slow

down with time, with already highly atrophied structures exhib-

iting slower atrophy rates. Our results support this notion: During

the lengthy follow-up period, we found a smaller annualized CSA

loss than other studies with a shorter follow-up.

To obtain the weighted-average EDSS, we used the area under

the curve. The area under the curve becomes interesting when the

longitudinal time intervals are unequally spaced, as was the case in

the present study. Then the area under the curve reflects the

weighted average of a certain outcome variable during the total

follow-up period.27 Area under the curve values were also nor-

malized to facilitate their interpretation by an index in a range

from 0 to 1, associated with patient disability.

Although the linear regression model predicting long-term

EDSS change showed a strong correlation with the data according

to the Evans categorization,26 the only significant variables re-

maining in the model were the aNMCSA and baseline EDSS.

None of the CSA measures or conventional MR imaging measures

showed high enough significance to be included in the model. The

model showed that the greater the progression of cervical cord

atrophy, associated with a more negative aNMCSA, the greater

was the long-term EDSS change. Baseline EDSS acted as a limiting

factor in the model, because the margin to a long-term EDSS

increase was lower when baseline EDSS values were higher.

The lack of association between the BPF and cross-sectional

area values is in agreement with a previous study in patients with

PPMS.28 At C2–C3 and C3–C4, a moderate negative correlation

between the BPF and the annualized rate of spinal cord tissue loss

was observed, whereas only a trend was seen between the baseline

BPF and aNMCSA. These findings may be an indication that

brain and cord pathology evolve differently and that measure-

ment of brain and cord atrophy can provide complementary in-

formation about the severity of PPMS.28

The data analysis did not include the effect of treatment. This

factor was not considered essential because the study patients

were part of a cohort participating in a clinical trial20 in which one

group was treated with interferon � 1-b, and the remainder, with

placebo during the first 2 years; and there were no differences in

EDSS progression or CSA measurements between the groups.

This study had limitations. First, the long follow-up made it

difficult to enroll a larger sample that fulfilled the clinical and

radiologic information required for the study. Second, images

were acquired using a 1.5T MR imaging scanner. Most recent

studies use 3T scanners to acquire cervical cord images because

they provide a better signal-to-noise ratio in the same acquisition

time. However, given the duration of our study, a 1.5T scanner

was used at the first time point and we decided to maintain the

same scanner throughout the study. Third, the sequence used to

acquire cervical cord images was 3D T1-weighted MPRAGE. In a

recent study, Kearney et al19 proposed the use of phase-sensitive

inversion recovery sequences to take advantage of their better

resolution and higher contrast. It is likely that reproducibility

would improve if the active surface method were combined with a

phase-sensitive inversion recovery rather than a 3D T1-weighted

MPRAGE sequence. However, because of the retrospective nature

of the study, it was not possible to introduce this sequence in the

acquisition. Nonetheless, Kearney et al mentioned that when

phase-sensitive inversion recovery cannot be used, combining ac-

tive surface with 3D MPRAGE may be the most suitable approach.

Fourth, EDSS values were not uniformly distributed across time.

We tried to resolve this problem using a weighted-average mea-

surement (normalized area under the curve), but a uniform dis-

tribution would have allowed further analysis. Finally, inclusion

of a healthy control group would have helped to differentiate de-

creases in cervical cord values due to age and decreases due to

MS-induced atrophy.

CONCLUSIONS
The results of this study suggest that cervical cord area measures

are associated with disability in patients with PPMS. More inter-

esting, this study supports MR imaging changes being taken into

account when developing predictive studies. Specifically, we

found that the rate of cervical cord area loss could play a relevant

role in predicting clinical disability progression long term. Fur-

ther longitudinal studies focused on the evaluation of cervical

cord area changes in patients with PPMS, and their relation to

disease progression for long periods would help to define the
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value of cervical cord atrophy as a surrogate marker in MS clinical

trials or for clinical management of these patients.
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Carotid Artery Wall Imaging: Perspective and Guidelines from
the ASNR Vessel Wall Imaging Study Group and Expert
Consensus Recommendations of the American Society

of Neuroradiology
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X B.A. Wasserman; on behalf of the Vessel Wall Imaging Study Group of the American Society of Neuroradiology

ABSTRACT
SUMMARY: Identification of carotid artery atherosclerosis is conventionally based on measurements of luminal stenosis and surface
irregularities using in vivo imaging techniques including sonography, CT and MR angiography, and digital subtraction angiography. However,
histopathologic studies demonstrate considerable differences between plaques with identical degrees of stenosis and indicate that
certain plaque features are associated with increased risk for ischemic events. The ability to look beyond the lumen using highly developed
vessel wall imaging methods to identify plaque vulnerable to disruption has prompted an active debate as to whether a paradigm shift is
needed to move away from relying on measurements of luminal stenosis for gauging the risk of ischemic injury. Further evaluation in
randomized clinical trials will help to better define the exact role of plaque imaging in clinical decision-making. However, current carotid
vessel wall imaging techniques can be informative. The goal of this article is to present the perspective of the ASNR Vessel Wall Imaging
Study Group as it relates to the current status of arterial wall imaging in carotid artery disease.

ABBREVIATIONS: CE � contrast-enhanced; DIR � double inversion recovery; FC � fibrous cap; IPH � intraplaque hemorrhage; IVUS � intravascular ultrasound;
LRNC � lipid-rich necrotic core; MATCH � multicontrast atherosclerosis characterization; SNAP � simultaneous noncontrast angiography and intraplaque hemor-
rhage; SPACE � sampling perfection with application-optimized contrasts using different flip angle evolution; US � ultrasound

The word “atherosclerosis” is derived from the 2 Greek words

“athera” (mush) and “sclerosis” (hardening), indicating

hardening of the vascular wall. This disease is highly prevalent in

developed countries, with carotid artery narrowing reported in up

to 75% of men and 62% of women 65 years of age and older.1

Stroke is the second most common cause of death worldwide,2

and approximately 18%–25% of all strokes are due to carotid

atherosclerotic disease.3

Conventionally, identification of atherosclerosis affecting the

carotid artery is based on measurements of the degree of luminal

stenosis and surface irregularities4,5 by sonography, catheter-

based angiography, and, nowadays, CTA or MRA.6,7 However,

histopathologic studies initially performed on coronary arteries

and subsequently on carotid arteries demonstrate considerable

differences between plaques with identical degrees of stenosis.

These observations led to research indicating that certain plaque

features are associated with increased risk for ischemic events.8-10

The more recent introduction of fast multidetector row CT tech-

nology, high-field MR imaging, and advanced ultrasound (US)

systems has enabled accurate characterization of plaque features

that relate to risk of ischemic injury.11-14 The ability to look be-

yond the lumen using advanced wall imaging methods to identify

“vulnerable plaque”15,16 is spurring a paradigm shift away from

simple measurement of percent luminal stenosis for gauging the

risk of ischemic injury. Currently, characterization of the vessel

wall and atherosclerotic plaque is the focus of several ongoing

research studies that are investigating the optimal approach to

vulnerable plaque imaging.17-19
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Further evaluation in randomized clinical trials is needed to

establish the exact role of plaque imaging in clinical decision-

making. However, carotid vessel wall imaging techniques may be

beneficial at present. For example, improved visualization of the

location and extent of atherosclerotic plaque would assist in sur-

gical planning before endarterectomy or carotid artery stent

placement. Vessel wall imaging may also be helpful in borderline

clinical cases. Identification of carotid plaque harboring a large

lipid-rich necrotic core (LRNC) with ulceration and intraplaque

hemorrhage (IPH) despite guideline-based medical therapy in a

patient with repeat strokes and 50% carotid stenosis may lead to

consideration for carotid endarterectomy. In asymptomatic patients,

vessel wall imaging with a large LRNC may represent the phenotype

of atherosclerotic disease amenable to more intensive lipid-lowering

therapy.20 Similarly, progressive vulnerable plaque features with in-

creasing IPH in asymptomatic carotid stenosis may benefit from

more intensive lipid-lowering therapy.21,22

The goal of this article is therefore to present the perspective of

the ASNR Vessel Wall Imaging Study Group on the current status

of arterial wall imaging in carotid artery disease.

CLINICAL BACKGROUND AND PHYSIOLOGY
For several years, digital subtraction angiography remained the

primary imaging method for studying carotid arteries for detect-

ing stenosis secondary to atherosclerotic plaque.23,24 The method

provides optimal spatial resolution for defining the opacified lu-

men, the associated degree of luminal stenosis, and plaque-related

luminal changes that include lumen irregularity and plaque

ulcerations.25,26

Carotid endarterectomy trials were undertaken during the

1980s to mid-1990s that quantified the benefit of carotid endar-

terectomy according to the degree of luminal stenosis.4,27-30

These studies became the basis for considering degree of stenosis

as the primary metric for stratifying subsequent stroke risk and

selecting the optimal therapeutic approach (surgery versus best

medical management).27 In particular, 3 multicenter randomized

studies, the European Carotid Surgery Trial (ECST), NASCET,

and Asymptomatic Carotid Atherosclerosis Study (ACAS) evalu-

ated cutoffs for the degree of carotid stenosis as they relate to

stroke risk reduction by carotid endarterectomy.28-30

NASCET, ECST, and ACAS used DSA to assess the percent

reduction in the luminal diameter of the artery. The methodology

for carotid stenosis quantification is debated because NASCET

and ECST used indirect ratio-percent methods.31 Stenosis mea-

surements with NASCET and ECST differ substantially: With the

ECST method, twice as many stenoses were classified as severe,

and less than one-third of the number of stenoses, as mild com-

pared with the NASCET method.32 Techniques that enable iden-

tification of both outer and inner walls of the artery might lead to

more accurate assessment of risk. Bartlett et al33 suggested the use

of this direct diameter– based measurement to overcome the lim-

itations of the percent-based methods, and the results they found

suggest that this technique could be efficient.

The degree of luminal stenosis as a marker of atherosclerotic

disease severity has been criticized because of observations that

plaques producing only mild-to-moderate stenosis may still lead

to acute cerebral infarction.34-41 Histopathologic evaluation of

these plaques showed that plaque erosion and disruption were

common morphologic features found in symptomatic lesions, in-

dicating that luminal narrowing was not the sole predictor of

cerebrovascular events.36-38

These studies introduced the following new concepts: 1) The

degree of carotid stenosis is a weak indicator of the volume and

extension of carotid plaque42-44; 2) a set of plaque features iden-

tifiable by imaging are closely linked to the development of isch-

emic symptoms; and 3) these features can significantly increase

the risk of stroke regardless of the degree of stenosis.45-48 Thanks

to advancements in the imaging techniques to specifically target

the vessel wall as opposed to the vessel lumen, considerable re-

search effort is underway to identify those plaque-related param-

eters that, together with the degree of stenosis, can more accu-

rately predict the presence of vulnerable plaque and the associated

risk of ischemic events.

More than 30 years ago, Imparato et al8 found that there were

certain plaque features, such as IPH, that were associated with an

increased risk of plaque rupture and distal embolization. Since

that time, roughly 1000 articles have been published on IPH as

well as ones characterizing additional features associated with plaque

vulnerability, including the thickness of the fibrous cap, rupture of

the cap, the presence and size of the LRNC, and the presence of active

plaque inflammation. Vulnerable plaques also tend to be character-

ized by an eccentric distribution, an irregular surface of the intimal

layer, or superficial ulcerations with intimal exposure.

Imaging Features of Plaques at Risk for Stroke
US can assess plaque composition based on echogenicity with

classification systems proposed by Geroulakos et al49 and Bluth.50

The presence of echogenic/hypoechogenic elements is associated

with the LRNC,51,52 whereas hyperechogenic regions or the pres-

ence of acoustic shadowing is indicative of calcification. US is

sensitive in identifying calcification, but when present, the ensu-

ing acoustic shadowing limits visualization of tissues deep to the

calcification.53

CT has been used to type plaques based on Hounsfield atten-

uation. de Weert et al54,55 categorized plaques as fatty for attenu-

ation values of �60 HU, mixed for attenuation values between 60

and 130 HU, and calcified for attenuation values of �130 HU. By

applying these thresholds, it is possible to identify those plaques

with an LRNC from others with a prevalent expression of myofi-

broblasts, hemorrhage, or calcification.56 Based on this analysis,

calcified plaques were found to be 21 times less likely to be symp-

tomatic than noncalcified plaques,57 whereas fatty plaques were

clearly associated with an increased risk of rupture.48,58

MR imaging has the ability to distinguish plaque compo-

nents such as the LRNC, fibrous tissue, and IPH with high

accuracy.59-64 The identification of calcified components can

be more challenging than CT, but MR imaging typically offers

good results.65,66

Luminal Morphology and Ulcerations
The morphology of the luminal surface of carotid plaques can be

classified as smooth, irregular, or ulcerated.67 A smooth surface is

identified as plain luminal morphology without any sign of ulcer-

ation or irregularity. An irregular surface indicates the presence of
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small alterations of the luminal surface on the luminal profile of

the plaque; this condition is considered a risk factor for embolism

and is associated with an increased risk of TIA/stroke.61 The third

type of morphology is ulceration. Plaque ulceration has been de-

fined as “an intimal defect larger than 1 mm in width, exposing

the necrotic core of the atheromatous plaque”68; however, other

authors suggested other (smaller) sizes.69-71 The NASCET study

demonstrated a significantly increased risk of cerebrovascular

events in plaques with ulcerations.4

Intraplaque Hemorrhage
IPH is a common feature of atherosclerotic plaques and is consid-

ered one of the identifying features of vulnerable plaque.40 A

number of studies have found a statistically significant association

between the presence of IPH and cerebrovascular events,72,73 and

IPH has been implicated in plaque progression.74 It is thought

that the rupture of neovessels or plaque rupture itself causes IPH;

and some conditions such as inflammation, metabolic disease, or

diabetes may precipitate this event.75 Recent literature also indi-

cates a potential role of blood pressure.76,77

Fissured Fibrous Cap and Lipid Rich Necrotic Core
The fibrous cap (FC), which separates LRNC from the vessel lu-

men, is considered one of the most important features of the

carotid artery vulnerable plaque model. The FC is a layer of fi-

brous connective tissue and contains macrophages and smooth-

muscle cells within a collagen-proteoglycan matrix associated

with T-lymphocytes.78 Vulnerable plaques are characterized by

the presence of a thin FC covering a large LRNC containing mac-

rophages and inflammatory cells. In both cross-sectional and lon-

gitudinal studies,21,47 the LRNC size was found to be a strong

predictor of fibrous cap disruption. The fissuring or rupture of the

FC exposes the LRNC to luminal blood, activating the thromboem-

bolic cascade. Therefore, LRNC and FC status are expected to be

associated with a risk of cerebrovascular events, as shown in a single-

center experience.73,79,80 The intact thick FC is associated with a low

risk of plaque rupture, a thin FC is associated with a mild risk, while

a fissured FC is associated with a high risk of plaque rupture.81 Ad-

ditionally, percent LRNC area exceeding 40% of vessel wall area in-

dicates a high risk for plaque rupture, while percent luminal stenosis

did not correlate with plaque rupture.21

Neovascularization and Inflammation
Intraplaque neovascularization arises from newly formed mi-

crovessels that grow into the intima through breaks in the medial

wall and are characterized by leaky capillaries with an endothelial

lining that is immature and imperfect due to the harsh atheroscle-

rotic environment. Histopathologic studies have demonstrated that

neovessels can be found within carotid artery plaques, and the degree

of neovascularity is associated with the “activity” of the plaque in

terms of inflammation and increased risk of neovessel rupture and

hemorrhage (IPH).82,83 Inflammation of unstable “vulnerable” ath-

erosclerotic plaques was first identified in coronary artery lesions and

subsequently demonstrated in carotid artery plaques.84,85

The recruitment of inflammatory cells in atherosclerotic le-

sions is a constitutive phenomenon seen throughout the process

of lesion initiation and plaque growth. In addition, inflammation

appears to play a role in the process of plaque disruption.86 In-

flammatory cells are typically found in the plaque shoulder, cap,

or both.85 In many instances and particularly in advanced plaques

with a complex architecture, inflammatory cells tend to accumu-

late focally within plaques.85,86

Several types of inflammatory cells are detected in the carotid

artery vulnerable plaque, and some studies have found that the

presence of macrophages is significantly associated with the risk

of plaque rupture87-89; therefore, the identification of macro-

phages has become the target of imaging studies devoted to the

detection of plaque inflammation.90-94

Plaque Remodeling (Positive versus Negative)
The concept of plaque remodeling was initially described for ath-

erosclerotic lesions in coronary arteries but is largely accepted for

other vascular beds, including the carotid arteries.95,96 Carotid

plaques can show either positive or negative remodeling or both.

Positive remodeling is dilation of the vessel wall in response to an

increase in plaque volume with little or no compromise of the

vessel lumen as the vessel initially attempts to maintain normal

lumen diameter.97 Negative remodeling is present when the vessel

lumen diameter is decreased (stenosis).

Plaque Volume
Recent studies have demonstrated that the volume of the carotid

artery plaque could play a role in determining plaque “vulnera-

bility” and risk of cardiovascular events.98,99 Increasing plaque

volume predicted cardiovascular events.43,100 Some authors have

hypothesized that the plaque volume may be a better indicator of

the severity of atherosclerotic disease than the degree of stenosis.21

Noninvasive in vivo assessment of atherosclerotic plaque volume

and the relative contribution of different plaque components

clearly have important clinical implications as they relate to risk

assessment for ischemic events. In addition, it has been shown

that higher LRNC volumes appear to be associated with the pres-

ence of plaque ulcerations, representing a significant risk factor

for the development of cerebrovascular events.101 Furthermore,

plaque composition is known to change with increasing plaque

volume. More specifically, there is an increase in the proportion of

lipid and calcification with increasing plaque volume.101 Plaque

length, which relates more directly with plaque volume than the

degree of stenosis, has been shown to be an independent risk

factor for periprocedural complications and an excess restenosis

rate in a secondary data analysis of the Carotid and Vertebral

Artery Transluminal Angioplasty Study (CAVATAS).102

Summary Concepts
It is clear that there are several plaque features of increased clinical

risk supported by associations with endarterectomy specimen

analyses. It is of utmost importance to test management strategies

based on these MR imaging– defined features of risk before treat-

ment guidelines can be established. Currently, there are several

prospective trials intended to examine the value of prospective

plaque imaging (Atherosclerosis Risk in Communities [ARIC],

Plaque At RISK [PARISK], Carotid Plaque Imaging in Acute

Stroke [CAPIAS], Chinese Atherosclerosis Risk Evaluation-Phase

II [CARE-II], and Canadian Atherosclerosis Imaging Network
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[CAIN]).103-108 In the meantime, it is possible that carotid plaque

characterization may be of immediate clinical value today. Given

that the presence of IPH, large LRNC, and/or a thin-ruptured FC

is associated with a higher risk of future cardiovascular events, the

presence of these plaque features may warrant closer clinical fol-

low-up and consideration for more intensive medical therapy.

Despite attempts to encourage all physicians to manage athero-

sclerosis medically with current evidence-based guidelines, many

patients are not receiving high-intensity lipid-lowering therapy,

even when indicated. Providing additional information based on

carotid plaque MR imaging identification of IPH, large LRNC,

and/or a thin-ruptured FC may improve patient/physician com-

pliance with current therapeutic guidelines. If patients receiving

standard-of-care medical therapy have repeat strokes ipsilateral to

carotid plaque harboring “vulnerable” plaque features, they may

warrant surgical intervention even if they do not meet the stenosis

thresholds by the NASCET criteria.

CURRENT IMAGING STATE OF THE ART
In this section of the paper, we will summarize the imaging tech-

niques that can be used in the imaging of the carotid artery wall.

US
US is generally accepted as the standard imaging technique for

first-line diagnosis of atherosclerosis of the carotid artery.67 US

has shown very good results in the identification and character-

ization of high-risk plaques in patients with atherosclerosis.109 In

particular, the use of microbubble contrast material facilitates as-

sessment of vulnerable plaque features such as the presence/ab-

sence of neovascularization.110,111 The recently introduced volu-

metric US technology seems to add further value to this technique

by improving the interobserver concordance and increasing the

spatial coverage.112 Another US technique that could be used for

carotid plaque characterization is intravascular US (IVUS). The

advantage of IVUS is excellent spatial resolution, which is possible

given the short distance between the probe and the carotid plaque,

which permits the use of high-frequency (up to 50 MHz) in-

sonation without excessive attenuation.

US, however, suffers from some key limitations. In patients

with short muscular necks, it may be very difficult to identify the

carotid bifurcation.113 In obese patients or in patients that have

had radiation therapy, US assessment of the carotid arteries can be

challenging. Another limitation of US is the evaluation of highly

calcified plaques that create acoustic shadowing that can reduce

visualization of the lesion.114 Furthermore, US is less capable of

detecting additional, more distally located (“tandem”) stenoses

than CTA or MRA. It is important to underline that IVUS is invasive

and is only performed in selected cases that are largely treated with

carotid artery stent placement; thus, no pathologic correlate is avail-

able. IVUS identification of the fibrous cap or visualization of friable

plaque may correlate with increased risk of emboli. Moreover, the

small cohorts of assessed IVUS patients as well as the potential risk

related to the procedure need further analysis before IVUS can be

included in the routine clinical work-up.115

Luminal Morphology and Ulcerations. It has recently been

shown that 3D-US could be effective in the detection of ulceration

in carotid artery plaques.116,117

Intraplaque Hemorrhage. A few articles have assessed US perfor-

mance in the detection of IPH, and the results demonstrated low

sensitivity and specificity.118,119

Fibrous Cap Status. Some authors have explored the potential of

conventional US to characterize the FC, but the results obtained

were suboptimal.120-122 Recent articles123,124 have suggested that

intravascular ultrasonography can assess in detail plaque struc-

ture and the FC but with associated procedural risk.

Neovascularization and Inflammation. Several recently pub-

lished110,111,125,126 contrast-enhanced sonography studies found

that sonographic enhancement correlates with intraplaque neo-

vascularization in carotid endarterectomy specimens. However,

the reproducibility and utility of this technique for clinical care

are not well-established.127

It is important to underline that US can also be used to assess

those initial subtle wall alterations in the very early phases of ath-

erosclerosis progression, for example, the intima-media thickness

that is considered a significant predictor of coronary and cerebro-

vascular events.128,129

Recent studies assessed the reliability of US for assessing cer-

tain plaque features. Bar et al130 assessed plaques in 30 patients.

Interrater agreement values for the following plaque features were

as follows: homogeneity, 96% (� � 0.84; P � .001); surface char-

acteristics, 90% (� � 0.77; P � 001); and echogenicity, 86% (� �

0.60; P � .001). The correlation coefficient for plaque content and

volume measurement agreement was 0.81, and measurements did

not differ significantly (P � not significant). In an article published in

1999 by Hartmann et al,131 the � values and 95% confidence intervals

for interrater reproducibility were 0.05 (�0.07 to 0.16) for plaque

surface structure, 0.15 (0.02 to 0.28) for plaque heterogeneity, 0.18

(0.09 to 0.29) for plaque echogenicity, and 0.29 (0.19 to 0.39) for

plaque calcification. The upper bounds of all the confidence intervals

were below the 0.40 level, indicating very low reliability.

CT
Modern CT scanners can provide exquisite, rapid high-resolution

imaging of the carotid artery lumen and the arterial wall. The

introduction of multienergy technology provided a tremendous

boost to the development of CT techniques; and constant ad-

vances in detector technology, in spatial and temporal resolution,

and release of advanced software for image reconstruction have

helped to consolidate this technique as a reliable tool for the eval-

uation of arterial pathology, with particular success in the detec-

tion and characterization of carotid atherosclerosis.

Because of its spatial resolution, CT imaging seems to be a

promising tool for the quantification of the volume of the carotid

plaque as well as for the volume quantification of plaque subcom-

ponents (fatty, mixed, calcified) (Fig 1). Moreover, the introduction

of multienergy technology is opening new options in tissue charac-

terization because the different tissue components show different

attenuation levels with varying kiloelectron volt values.132,133

Luminal Morphology and Ulcerations. CT offers very good re-

sults in detecting ulcerations when compared with histopathology

(Fig 2), with performance significantly better than US,134-136 but

the presence of a halo or edge blur may hinder detection of smaller

ulcerations.
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Intraplaque Hemorrhage. Detection of IPH using CT is chal-

lenging, and conflicting results have been reported. While

some authors have found that CT density is slightly higher in

fatty plaques with IPH identified by MR imaging compared

with plaques without IPH,137 others found no significant dif-

ferences in Hounsfield units of fatty plaques with and without

IPH identified by MR imaging.104 Other authors found a cor-

relation between the presence of IPH and low Hounsfield unit

values (�30 HU),56,138,139 which might be explained by the

associated presence of LRNC. Recently, some authors sug-

gested that the rim sign on CTA (soft-tissue plaque with ad-

ventitial calcifications) as well as maximum soft-plaque thick-

ness could be predictive of carotid IPH.140

Fibrous Cap Status. The assessment of the status of the FC using

CT is complex because of the artifacts related to the edge blur and

halo effects, but authors suggest that CT can be used to assess the

FC status, in particular to identify rupture.141,142 Notably, it

seems that the rupture of the FC correlates with the presence of

postcontrast plaque enhancement in CTA analysis.45

Neovascularization and Inflammation. The degree of postcontrast

plaque enhancement has been shown to be associated with the extent

of neovascularization on CT.143 The adventitial neovascularization

has been assessed with both MR imaging144 and CT.145,146 Romero

et al145 showed adventitial neovascularity on CTA to be significantly

more common in symptomatic than in asymptomatic patients with

�70% stenosis and for stenosis between 50% and 70%,146 and sim-

ilar findings have been reported by MR imaging.144

Plaque Remodeling. CT studies have found that positive carotid

remodeling was significantly greater in patients with cerebral

ischemic symptoms than in asymptomatic patients and that the

extent of expansive remodeling may indicate underlying athero-

sclerotic plaque vulnerability.147,148

Plaque Volume. CT can calculate the volume of the carotid artery

plaque and determine the volume of the subcomponents, according

to the Hounsfield unit threshold.149 Further, it has been shown in a

CT/MR imaging comparison study that the best discriminating fac-

tor for predicting a complicated American Heart Association type VI

FIG 1. Plaque volume analysis in a 75-year-old man with a TIA. In the volume-rendered image, the carotid is traced (A), and in the curved-planar-
reconstructed postprocessed image (CTA module, Aquarius iNtuition Edition, Version 44121382907; TeraRecon, San Mateo, California) (B), the
plaque is identified based on the green contours (white arrows). The volume analysis with automated boundary detection and tissue segmen-
tation is shown in panels C, D, and E (corresponding to the 3 arrows, proximal-to-distal) with contours delineating the lumen (red contour), outer
wall (blue contour), and shading of calcium (blue), mixed tissue (green), and lipid component (red).
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plaque is the thickness of the fatty plaque component with a receiver

operating characteristic area under the curve of 0.89.104

CT Limitations. CT imaging has 3 main limitations: 1) the radi-

ation dose delivered to patients, 2) the risk related to the admin-

istration of contrast material, and 3) the limited fatty tissue con-

trast. Diagnostic radiation exposure and the consequent potential

radiation hazards represent a significant issue,150,151 particularly

when longitudinal monitoring is required. The second limiting fac-

tor of CT is the potential anaphylactic reaction to contrast mate-

rial152,153 and contrast-induced nephropathy, which is a common

form of hospital-acquired acute renal failure.154,155 A further limita-

tion of CT is the limited published information concerning the reli-

ability of this technique and the prospective value of CT-based

plaque features on stroke risk and/or stroke recurrence.

MR
The use of a high field strength (1.5T–3T) and dedicated surface

radiofrequency coils improves the signal-to-noise ratio, which al-

lows for the evaluation of plaque components and investigation

beyond the simple assessment of stenosis measurements. Multi-

contrast carotid MR imaging (including

T1WI, T2WI, and proton density and

TOF) can characterize plaque compo-

nents (eg, fibrous cap, LRNC, calcifi-

cation, and intraplaque hemorrhage)

without administration of contrast

agents. Contrast-enhanced MR imaging

improves tissue characterization60,61

and offers information on the presence

of neovascularization (Figs 3 and 4).

Luminal Morphology and Ulcerations.
MR imaging detects plaque ulcerations

with a sensitivity similar to CT (Fig

2).156 Etesami et al156 demonstrated that

the use of contrast-enhanced MRA tech-

niques improved the sensitivity for ul-

cerations by 37.5% compared with an

unenhanced time-of-flight sequence.

Intraplaque Hemorrhage. MR imaging

is considered the best imaging technique

for the detection of IPH (Figs 3 and 5).

Several studies have shown that the ap-

pearance of IPH depends on the oxida-

tive state of hemoglobin.157-159 Because

of the sensitivity of MR imaging in de-

tecting IPH and the risk attributed to

this feature, some authors suggest that

MR imaging is the best technique for

imaging carotid artery vulnerable

plaque.12,40,63,160,161 During the sub-

acute and chronic phases, IPH appears

bright on T1-weighted imaging due to

the relatively short T1 of methemoglo-

bin. This phenomenon has been ex-

ploited using widely available sequences

such as MPRAGE, though other heavily

T1-weighted techniques have been developed to satisfy this pur-

pose such as multicontrast atherosclerosis characterization

(MATCH) and simultaneous noncontrast angiography and intra-

plaque hemorrhage (SNAP) (Figs 6 and 7). In MATCH, hyper-T1

contrast weighting is achieved using inversion preparation and

data acquisition at the background nulling point, and thus IPH

can be exclusively visualized with a near-dark background; on the

other hand, background tissues can readily be visualized on other

contrast weightings, thanks to the inherently coregistered multi-

contrast acquisition (Fig 7).162,163 IPH detection using 3D SNAP

enables greater conspicuity of the lumen boundary compared

with MPRAGE (Figs 5–7).164 SNAP provides the advantage of 3D

isotropic resolution as well as simultaneous bright-blood an-

giography to detect stenosis or ulceration that may be colocal-

ized with IPH.165 It is worth noting that it is not necessary to

restrict carotid wall imaging to dedicated, small-FOV surface

coils for IPH detection since this can be achieved at a lower

spatial resolution using large-FOV neck coils (Fig 3).63,79,166 In

fact, IPH detection can be achieved on the mask sequence ac-

quired as part of a routine contrast-enhanced MRA (Fig 3).63

FIG 2. Ulcerated carotid artery plaques detected with CT and MR imaging. In the first case, the
CTA of a 74-year-old man with a TIA demonstrates an ulcerated carotid artery plaque (white
arrows) in the left internal carotid artery (white arrow) in the MIP (A) and axial source (B) images.
In the second case, an MR imaging analysis of a 63-year-old man with a TIA shows a tiny ulceration
(white arrows) in the right internal carotid artery visible in the axial (C) and paracoronal (D) planes.
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Lipid-Rich Necrotic Core. Initial re-

search demonstrated that LRNC could
be detected as a focal hypointense region

on T2WI (Fig 8).167,168 Multiple studies

have confirmed the improved detection

of LRNC seen as a focal nonenhancing

region on contrast-enhanced T1WI

within the carotid vessel wall.60,61 Larger

LRNC size correlates with future ipsilat-

eral carotid symptoms. All validation of

LRNC detection/quantification and

predictive features has been based on

multicontrast carotid plaque MR imag-

ing protocol using dedicated carotid

coils. Recent work has suggested the

ability to detect a large LRNC using
commercially available 3D T1WI se-
quences and large-FOV neck coils. The
Canadian Atherosclerosis Imaging Net-

work has recently completed a pro-
spective, multi-institution study using
large-FOV neck coils and commercial

sequences from a variety of MR imaging

vendors to detect LRNC and IPH. When

fully analyzed, CAIN may give us addi-

tional information about the ability of

FIG 4. Carotid atherosclerotic plaque MR imaging and a specimen from a 76-year-old woman
with transient ischemic attacks ipsilateral to carotid bulb stenosis, measuring 47% by the NASCET
criteria demonstrated on a contrast-enhanced MRA. A, Narrowing is caused by the plaque char-
acterized by 2D cardiac-gated double inversion recovery black-blood MR imaging (B). Regional
enhancement (green arrow) within the lipid core (yellow arrow) suggests focal inflammation with
neovascularity as confirmed on the endarterectomy specimen (C, green circle). Contrast en-
hancement is also useful for delineating the fibrous cap (B and C, orange arrowheads). Calcifica-
tion is identified as areas of hypointensity (B, red arrows, and C, red circle).

FIG 3. Carotid atherosclerotic plaque MR imaging and a specimen from a 73-year-old man with stenosis of the carotid bulb measuring 69% by
the NASCET criteria demonstrated on a contrast-enhanced MRA (A). The precontrast (mask) image from the contrast-enhanced MRA demon-
strates bright signal indicative of intraplaque hemorrhage, specifically subacute blood, or methemoglobin (B, arrow). Subacute blood is also
identified as bright signal on the precontrast T1-weighted black-blood image (C, arrow). A rim of hemosiderin is identified as hypointense signal
on the postcontrast black-blood image (D) and a hemosiderin-sensitive sequence (E) and is confirmed on the endarterectomy specimen (F and
G). The fibrous cap is also delineated (green arrow, D and F). Black-blood imaging was achieved by using 2D cardiac-gated double inversion
recovery turbo spin-echo. ECA indicates external carotid artery; CCA, common carotid artery; TFE, turbo field echo.
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IPH and LRNC size detected with large-FOV neck coils and com-

mercial sequences to predict future ipsilateral events.

Fibrous Cap Status. MR imaging can assess fibrous cap sta-

tus,61,169 as opposed to the other noninvasive imaging modalities

such as CT and US.141 A regular (thick) FC is characterized by the

presence of a juxtaluminal band of low signal on time-of-flight

MR images and/or a hyperintense juxtaluminal region on con-

trast-enhanced T1WI, whereas a thin FC is present when this

band of low signal on TOF or the hyperintense region on contrast-

enhanced (CE)-T1WI is not visible or when the juxtaluminal hy-

perintense region on CE-T1-weighted MR imaging is interrupted.

The fissured fibrous cap is characterized by 2 distinct features: 1)

the absence of the juxtaluminal band of low signal, and 2) the

presence of a bright gray region adjacent to the lumen, corre-

sponding to plaque hemorrhage and/or mural thrombus.60,170 As

shown by Wasserman et al61 and Cai et al,60 contrast-enhanced

imaging could be useful for improving delineation of the cap

compared with noncontrast (T2), and CE-T1WI can be used to

quantify the fibrous cap and the LRNC. Although resolving a thin

fibrous cap defined by pathologic criteria would necessitate a

higher field strength to overcome signal constraints, distinguish-

ing thin/ruptured from thick fibrous cap thicknesses can be

achieved at 1.5T (Fig 8).171,172

Consistent visualization of the FC requires dedicated carotid

surface coils. Yuan et al170 and others have shown that the fissured

FC has a statistically significant association with the presence of

cerebrovascular symptoms81 and is associated with a higher risk

of ischemic symptoms in prospective studies.79,80

Neovascularization and Inflammation. There are new contrast

agents using iron particles (ultrasmall superparamagnetic iron

oxide or P947)173,174 that can evaluate plaque inflammation via

uptake by phagocytic cells within the inflamed vessel wall. Small

FIG 5. Smooth left internal carotid artery stenosis with intraplaque hemorrhage. All images were acquired with a 16-channel neurovascular coil
at 3T. The CE-MRA demonstrates a smooth, nonulcerated stenosis in the bulbous and postbulbous parts of the left internal carotid artery (white
arrowhead, A). Oblique reformat of a coronally acquired MPRAGE image shows extensive intraplaque hemorrhage, which appears hyperintense
(white arrow, B). The IPH is hyperintense on the nonenhanced T1 fat-saturated spin-echo image (C) and isointense on the gadolinium-enhanced
T1 fat-saturated spin-echo image (D). On the TOF MRA source data, the IPH also appears hyperintense but to a lesser degree than the intraluminal
flow signal (E).
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particle– based MR imaging contrast agents (iron oxide) can be

used to evaluate the presence of plaque inflammation. These iron

oxide particles enter atherosclerotic plaques, with the agents ac-

cumulating in macrophages transformed from blood monocytes

attracted by inflammatory mediators.90 High-risk inflamed

plaques contain a focal area of signal loss on MR images, due to

iron oxide accumulation.91 Iron nanoparticles (10- to 300-nm-

sized) are also bound to antibodies, drugs, peptides, and polysac-

charides; and avidin-biotin cross-linked with polymers is used

to assess endothelial function in animal models. Polymer hy-

droxyl acidic core (polylactic acid) and dendrimers (polyami-

doamine, diaminobutane) have been described as suitable to

functionalize the surface of superparamagnetic iron oxide175

(15- to 60-nm superparamagnetic iron oxide) particles, allow-

ing for ligand binding. Ligand-bound superparamagnetic iron

oxide (anti-VCAM-1 and anti-E-selectin antibody conjugated

superparamagnetic iron oxide) can cause dephasing and loss of

T2* signal intensity due to susceptibility effects and is suitable

for passive targeted imaging of inflammation in cardiovascular

tissue.175 In addition to iron oxide nanoparticles, various other

nanoparticles are being used for molecular imaging of athero-

sclerosis in animal models, eg, liposome vesicles (50 –70 nm)

for US176/MR imaging177; perfluoro-

carbon core emulsions (200 –300 nm)

for MR imaging, US, fluorescence, and

nuclear imaging; chemo-thermo-im-

muno178; and high-density lipopro-

tein and low-density lipoprotein mi-

celles for MR imaging.179 Other types

of particles such as gold, carbon nano-

tube fullerenes (4 nm), quantum dots

cadmium selenide spheres (2–10 nm),

and metal-based agents are in the

process of standardization and may

be useful in fluorescent imaging.180

Moreover, other investigators have re-

ported the possibility of viral capsid

FIG 6. Matched cross-sectional images of a carotid plaque with high signal intensity (white
arrows), consistent with the presence of intraplaque hemorrhage on MPRAGE (A) and SNAP MR
imaging (B). Note the greater conspicuity of the carotid lumen (L) on SNAP compared with the
MPRAGE image. There is a penetrating ulcer (asterisk) that is more easily detected on SNAP
compared with the TOF MRA image (C).

FIG 7. In a 68-year-old male patient, coexistent plaque components, fresh intraplaque hemorrhage (arrows), and superficial calcifications
(arrowheads) are detected by MATCH (first row) and the conventional multicontrast protocol (second row). Compared with T1-weighted TSE
and TOF, MATCH provides more conspicuous depiction of intraplque hemorrhage on the hyper-T1-weighted image and calcification on the gray
blood image. Notice that the calcification is also visible on the MATCH T2-weighted image but not on the T2-weighted TSE image.
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protein cages with gadolinium as potential nanospheres for

drug encapsulation and imaging.181

A recent MR imaging study182 showed that enhancement of

carotid plaque after administration of gadolinium is associated

with neovascularization (P � .001) (Fig 4). The correlation be-

tween the degree of plaque enhancement and the degree of neo-

vascularization, which is itself linked to the degree of plaque in-

flammation, was also confirmed at histology in a recent study by

Millon et al.182 Investigations have shown that inflammatory cells

are also present at the interface with the underlying necrotic core

and in the plaque shoulder region.183,184 From the imaging point

of view, it is possible to distinguish 2 different types of neovascu-

larization: 1) adventitial neovascularization, and 2) intraplaque

neovascularization. The adventitial neovascularization has been

assessed with MR imaging.144 Ectopic neovascularization in the

intima and media is a hallmark of advanced atherosclerotic le-

sions, but the adventitial layer is a fundamental target because it

serves as the main source of in-growth of new vessels. The degree

of neovascularity measured using gadolinium perfusion methods

correlated with adventitial perfusion as measured by its transfer

constant (Fig 9).185 Wasserman171 categorized the circumferen-

tial enhancement (0, absent; 1, �50%; 2, �50%) on postcontrast

MR imaging by finding an association between the grade of ad-

ventitial enhancement and cerebrovascular events. Plaque perfu-

sion imaging using dynamic contrast-enhanced MR imaging has

been shown to give reproducible physiologic measurements of the

vasa vasorum.186,187 However, protocol compliance may be more

important for functional imaging such as dynamic contrast-en-

hanced MR imaging as compared with anatomic imaging.

Plaque Volume. Recently published studies show the utility of

MR imaging for this type of quantification.103,188 In general, the

reliability of MR imaging for plaque assessment has been very

good. A study published by Wasserman in 2010103 found that the

scan reliability for common carotid artery lumen area was 0.94,

whereas for the ICA lumen area, it was 0.89. In the assessment of

the total wall volume, the value was 0.79, but in the assessment of

LRNC volume, the value was very low (0.3). The authors found

that overall reliability is primarily related to reader variability

rather than scan acquisition. The coefficient of variation values

for the plaque area or plaque volume are between 3% and 6%, as

demonstrated by Saam et al.189,190

FIG 8. A, Contrast-enhanced MRA of the extracranial carotid bifurcation indicating the level of 2D-FSE images obtained with 1.5T. B, T1-weighted
double inversion recovery black-blood FSE image shows an eccentric plaque (arrow) in the internal carotid artery. C, T2-weighted double
inversion recovery black-blood FSE image at the same level shows a crescentic, hypointense signal from the necrotic core, which is separated
by a higher intensity fibrous cap from the flow lumen.

FIG 9. Volume transfer constant (Ktrans) map of a patient with carotid
plaque. Maps were generated using pharmacokinetic modeling of dy-
namic contrast-enhanced MR images. The parametric map is overlaid
on the anatomic MR image, and voxel Ktrans values (Patlak model) are
color-coded. The necrotic core exhibits low Ktrans values at the center
of the plaque, while the highly vascularized adventitia at the outer rim
exhibits high Ktrans values. There is another region of higher Ktrans

values near the inner rim of the plaque.
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Imaging studies have documented changes in atherosclerotic

plaque volume and composition and progression of subclinical

lesions into rupture-prone plaques.191-196 The ability to monitor

these changes might contribute to our ability to estimate risk and

assess pharmaceutical treatment efficacy.197 For example,

changes in plaque structure that correspond with a clinical event

help to identify that plaque as a culprit lesion, which puts it at a

higher risk for future stroke.34,122,198 Several studies have re-

ported using MR imaging for longitudinal analysis of carotid

plaque variations,191-193 with fewer reports using CTA.194,195

MR Imaging Limitations. An important limitation to contrast-

enhanced MR imaging evaluation of plaque that has recently

emerged is the potential for gadolinium toxicity, particularly

when longitudinal monitoring is required. Recent studies have

reported the accumulation of gadolinium in various tissues of

patients without renal impairment, including in bone, brain, and

kidneys,199-201 and in July 2015, the US Food and Drug Admin-

istration published a safety announcement that it is investigating

the risk of brain deposits associated with the repeat use of gado-

linium contrast agents in MR imaging,202 stating: “To reduce the

potential for gadolinium accumulation, health care professionals

should consider limiting GBCA [gadolinium-based contrast

agents] use to clinical circumstances in which the additional in-

formation provided by the contrast is necessary. Health care pro-

fessionals are also urged to reassess the necessity of repetitive

GBCA MRIs in established treatment protocols.” This risk must

now be weighed against the potential radiation hazard described

earlier that limits longitudinal plaque monitoring by CT.

Advanced Algorithms to Carotid Artery Plaque
Characterization
With the development of deep learning technology and plaque

characterization algorithms applied to medical imaging, it is now

possible to identify, classify, and quantify target features from

imaging datasets such as total carotid artery plaque volume and

plaque subcomponent detection (calcium, IPH, lipid core).203,204

Deep-learning technology has experienced rapid progress in

health care over recent years, with early reports of implementa-

tion in carotid imaging204 raising the prospect of routine use in

the clinical setting once validated.

Functional–Molecular Imaging
“Molecular” imaging techniques have been gaining popularity.

The objective of molecular imaging is to provide biologic insight

into the identification and classification of carotid artery plaques,

especially those at high risk. In atherosclerotic plaques, multiple

and complex reactions take place at the molecular and cellular

level, with various atherosclerosis-related biomarkers present at

different stages of disease progression.205 Conventional imaging

with US, MR, or CT cannot identify these components because of

limited imaging contrast; therefore, several methods have been

proposed that use external contrast agents targeting these specific

biomarkers.

A wide variety of studies has assessed the diagnostic potential

of nuclear medicine techniques for imaging and quantifying

plaque inflammation, such as by PET using the widely available

[18F] FDG or newer radiotracers such as [18F] fluorocholine

(Fig 10).206-208 Nuclear medicine tracer techniques have also

shown efficacy in the identification of neovascularization.209,210

Because vulnerable plaques are infiltrated by lymphocytes and

macrophages, with the latter cell population capable of taking up

[18F] FDG from the interstitial spaces, [18F] FDG PET can be used

to directly detect plaque inflammation in various anatomic loca-

tions.211 In recent years, a number of studies have assessed the

diagnostic potential of [18F] FDG PET to image and quantify

plaque inflammation206,207 as well as monitoring the reduction of

plaque inflammation resulting from statin therapy.208

RECOMMENDATIONS
Carotid MRI

Background. Results from recently published meta-analyses sup-

port the hypothesis that MR imaging detection of carotid IPH is

associated with increased risk for future primary and recurrent

ischemic neurologic events.79,212,213 Furthermore, the absence of

IPH portends a benign clinical course, even among patients with

symptomatic 50%–99% carotid stenosis.213 Other plaque features

associated with increased risk include identification of a large

LRNC and a thin or ruptured fibrous cap.79

Goals. 1) To provide general guidelines for carotid MR vessel wall

imaging with recommended imaging sequences, spatial resolution,

and coverage. Guideline considerations are that the protocol can be

applied broadly across a spectrum of clinical scanners and not require

specialized software or research keys for implementation, and 2) to

recommend future areas for technical development and clinical ex-

pansion needs.

Essential Features for Identification with Carotid Plaque Imaging.
Any MR imaging protocol for plaque imaging should be able to

identify the following atherosclerotic plaque characteristics:

1) Stenosis and luminal surface condition (fibrous cap and

ulceration).

2) Presence of intraplaque hemorrhage.

3) Presence of lipid rich necrotic core.

4) Plaque burden and distribution.

Minimum MR Imaging Protocol Requirements for Identification
of Essential Plaque Features (1.5T and 3T). Recommended mini-

mum sequence requirements are the following:

● Resolution: In-plane 0.6 mm, through-plane 2 mm

● Longitudinal coverage: 3– 4 cm centered on the carotid

bifurcation

● Effective blood suppression for a plaque burden visualization

sequence.

The protocol may include any combination of sequences that

meets the minimum requirements set forth above. The sequences

used can be either 2D or 3D or a combination, provided that they

together meet the minimum sequence requirements above. Over-

all scan time can be adjusted based on field strength and the avail-

ability of specialized hardware such as carotid phased array coils.

3T scanners are recommended for improved SNR.

Example Protocols. Four protocols are presented based on

considerations for 2D and 3D imaging and the use of gadolin-
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ium contrast agents (Tables 1– 4). If patients are able to un-

dergo gadolinium contrast injection, its use is recommended

for the detection and quantification of LRNC and the delinea-

tion of the fibrous cap.60,214 Use of large-coverage 3D se-

quences can detect plaques extending beyond the 4-cm cover-

age centered on the bifurcation and is preferable. Carotid coils

are recommended for use with all protocols, though large-FOV

neck coils can detect IPH. It is possible to add a 4-minute 3D

MPRAGE sequence to routine clinical carotid MRA protocol.

The protocol is similar to Table 1, but with 0.8-mm isotropic

resolution using a large-FOV neck coil instead of 0.6 mm using

dedicated carotid surface coils. Focal regions of T1 hyperintensity

within the carotid plaque that are 15� greater than the adjacent ster-

nocleidomastoid muscle can be used to identify IPH.

FIG 10. [18F] fluorocholine positron-emission tomography CT (18F-FCH PET CT) image of a symptomatic (arrow) and contralateral asymptomatic
(arrowhead) carotid plaque of a patient who experienced right-sided stroke. A, Diagnostic contrast-enhanced CT shows a significant stenosis
in the right internal carotid artery because of a calcified plaque, whereas a noncalcified atherosclerotic plaque can be seen on the contralateral
internal carotid artery. B, CT, inset on the symptomatic plaque. C, CT, inset on the asymptomatic plaque. D, The fused PET CT image denotes a
focal area of high [18F] FCH uptake in the right symptomatic carotid plaque, whereas there is no visible [18F] FCH uptake in the left asymptomatic
carotid plaque. E, Fused PET CT, inset on the symptomatic plaque. F, Fused PET-CT, inset on the asymptomatic plaque.

Table 1: 3D Noncontrast protocol

Name 3D TOF 3D MPRAGE
3D T1WI

SPACE/Cube/VISTA
3D T2WI

SPACE/Cube/VISTA
Plaque feature Stenosis, ulceration,

calcification
Intraplaque hemorrhage Plaque burden and

distribution
LRNC

Sequencea FFE/SPGR IR-TFE/SPGR TSE/FSE TSE/FSE
Image mode 3D 3D 3D 3D
Scan plane Axial Coronal Coronal Coronal
TR (ms) 24 15 1000 2500
TE (ms) 4.6 Minimum 30 250
FOV (cm) 16 � 16 16 � 16 16 � 16 16 � 16
Resolution (mm2) 0.6 � 0.6 0.6 � 0.6 0.6 � 0.6 0.6 � 0.6
Slice thickness (mm) 1b 0.6 0.6 0.6
Blood suppression Saturation–veins None MSDE/FSDc MSDE/FSD
Special parameters Flip angle � 20° Flip angle � 15° Echo-train: variable Echo-train: variable

TI � 500 ms VFA T1 VFA T2
Turbo factor � 30,

IRTR � 800 ms
Fat suppression No Yes (water excitation) Yes Yes

Note:—SPGR indicates echo-spoiled gradient-echo; FFE, fast-field echo; IR-TFE, inversion recovery–turbo field echo; VFA, variable flip angle; IRTR, time interval between 2
consecutive IR pulses; MSDE, motion-sensitized driven equilibrium; FSD, flow-sensitized dephasing.
a Siemens/Philips/GE acronyms.
b Interpolated resolution.
c Pulse gating not required for any sequence.
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Motion-sensitized driven-equilibrium215/flow-sensitive de-

phasing216 flow suppression is required for 3D sampling perfec-

tion with application-optimized contrasts using different flip an-

gle evolution (SPACE; Siemens, Erlangen, Germany)/Cube (GE

Healthcare, Milwaukee, Wisconsin)/volume isotropic turbo spin-

echo acquisition (VISTA; Philips Healthcare, Best, the Nether-

lands) to ensure effective blood suppression to accurately identify

plaque lumen boundaries. Good blood suppression postcontrast

requires the use of motion-sensitized driven-equilibrium or dou-

ble inversion recovery (DIR)/quadruple inversion recovery217

flow suppression. For DIR, the inversion time can be calculated

based on estimated T1 values of blood at 5-minute intervals fol-

lowing contrast administration (0.1 mmol/kg) for 1.5T or 3T

scanners.218 We recommend a TI of 250 ms for 3T scanners for a

TR triggered at a 1 RR interval, which generally produces ade-

quate flow suppression beginning 5 minutes after injection de-

spite variations in postinjection scan time and heart rate, which

will affect the T1 blood values.

Discussion. Lumen. Quantifying luminal narrowing is a prerequi-

site, as stenosis severity is the cornerstone for treatment decisions in

current clinical guidelines. Furthermore, detection of ulceration pro-

vides prognostic value. Use of TOF MRA for lumen assessment

avoids the need for IV contrast and may provide confirmatory

evidence of intraplaque hemorrhage and sometimes calcifica-

tion. Addition or substitution with CE-MRA should be consid-

ered for those without contraindication for contrast adminis-

tration. This would also provide an opportunity to perform

post-contrast-enhanced imaging of the vessel wall for direct

identification of the LRNC and identification/confirmation of

fibrous cap status and ulcerations.

IPH. MR imaging techniques are available for IPH detection

across scanner platforms, and the predictive value of IPH for isch-

emic events has been extensively evaluated, both with and without

custom carotid coils. In a review performed by Gupta et al,79 studies

were stratified by those utilizing multisequence, carotid coil–depen-

dent protocols and those using a single sequence with standard large-

FOV neck coils for IPH detection. Using either technique, IPH was

associated with significantly increased risk for TIA or stroke (hazard

ratio, 440; 95% CI, 210–923; and hazard ratio, 504; 95% CI, 215-

1185, respectively). While IPH can be identified on T1WI sequences

Table 2: 3D contrast protocol

Name 3D TOF 3D MPRAGE
Precontrast and Postcontrasta

3D T1WI SPACE/Cube/VISTA
Plaque feature Stenosis, ulceration, calcification Intraplaque hemorrhage Plaque burden and distribution, LRNC
Sequenceb FFE/SPGR IR-TFE/SPGR TSE/FSE
Image mode 3D 3D 3D
Scan plane Axial Coronal Coronal
TR (ms) 24 15 1000
TE (ms) 4.6 Minimum 30
FOV (cm) 16 � 16 16 � 16 16 � 16
Resolution (mm2) 0.6 � 0.6 0.6 � 0.6 0.6 � 0.6
Slice thickness (mm) 1c 0.6 0.6
Blood suppression Saturation–veins None MSDE/FSDd

Special parameters Flip angle � 20° Flip angle � 15° Echo-train: variable
TI � 500 ms VFA T1

Turbo factor � 30, IRTR � 800 ms
Fat suppression No Yes (water excitation) Yes

a Clinical CE-MRA per institutional protocol can be used before postcontrast sequence.
b Siemens/Philips/GE acronyms.
c Interpolated resolution.
d Pulse gating not required for any sequence.

Table 3: 2D noncontrast protocol

Name
TOF MRA
Localizer

Oblique T1WI
Localizer T1WI T2WI 3D-TOF MPRAGE

Plaque feature Localize artery Localize bifurcation Plaque burden
and distribution

LRNC Stenosis, ulceration,
calcification

Intraplaque hemorrhage

Sequencea FFE/SPGR TSE/FSE TSE/FSE TSE/FSE FFE/SPGR IR-TFE/IR-FSPGR
Image mode 2D 2D 2D 2D 3D 3D
Scan plane Axial Oblique Axial Axial Axial Axial
TR (ms) 25 2000 800 4800 24 13
TE (ms) 4 8 10 50 Minimum Minimum
FOV (cm) 16 � 12 16 � 16 16 � 16 16 � 16 16 � 16 16 � 16
Resolution (mm2) 0.63 � 0.83 0.63 � 0.63 0.63 � 0.63 0.63 � 0.63 0.63 � 0.63 0.63 � 0.63
Slice thickness (mm) 2 2 2 2 2/�1 2/�1
No. of slices 32 6 16 16 40 40
Blood suppression None DIR DIR DIR Noneb None
Special parameters Flip angle � 40° Echo-train � 14;

3 slices/TR
Echo-train � 10; Echo-train � 12;

8 slices/TR
Flip angle � 20° Flip angle � 15°,

turbo factor � 30,
TI � 500 ms,

IRTR � 800 ms
Fat suppression No Yes Yes Yes No Water excitation

Note:—DIR indicates double inversion recovery; FSPGR, fast-spoiled gradient recalled.
a Siemens/Philips/GE acronyms.
b Pulse gating not required for any sequence.
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such as T1WI fast spin-echo, T1WI SPACE, TOF, and so forth, a

highly T1-weighted sequence such as MPRAGE can provide higher

sensitivity and specificity for IPH detection.219

Lipid-Rich Necrotic Core. T2-weighted imaging can be used

to detect the presence of LRNC.167,168 Direct assessment of the

LRNC can also be done in patients undergoing contrast adminis-

tration using a postcontrast T1WI scan. CE-MRA followed by

post-CE vessel wall imaging in patients without contraindication

will improve detection and quantification of the LRNC and de-

lineation of the fibrous cap.214

Plaque Burden and Distribution. Knowledge of the location

and distribution of plaque assists in preprocedural planning. Time-

efficient 3D large-coverage black-blood MR imaging may be better

suited for this purpose.

Future Improvements and Needs for MR Imaging. Technical de-

velopments are urgently needed in the following areas:

1) Improved spatial resolution both in-plane and through-plane

to better characterize finer structures such as fibrous caps.

2) More effective blood flow suppression for large-spatial-coverage

imaging acquisition and pre- and postcontrast administration.

3) Dedicated carotid coils that are integrated with head and neck

coils for extensive coverage.

4) Improved techniques for identifying the lipid rich necrotic

core, especially without the need for contrast application.

5) More effective methods to deal with motion.

6) A streamlined imaging protocol that is able to identify multiple

imaging targets in 1 or 2 imaging sequences.

7) Effective image-processing tools for efficient quantitative iden-

tification of imaging targets.

8) Development of training programs for MR imaging specialists

on image acquisition and for radiologists on vessel wall image

interpretation.

9) Ultimately, a guideline that clearly calls for the need for

carotid plaque imaging and 1 simple protocol that can meet

all the needs.

Currently, there are many new techniques being developed for

carotid plaque imaging. 3D-SNAP provides non-contrast-en-

hanced MRA and simultaneous IPH detection.164 3D spoiled gra-

dient-recalled echo pulse sequence for hemorrhage assessment

using inversion recovery and multiple echoes (3D-SHINE) pro-

vides information about the state of IPH in addition to IPH de-

tection.220 IPH can also be identified on a precontrast mask of

CE-MRA if available.63 MATCH provides comprehensive informa-

tion regarding plaque composition in a single sequence.163 3D Mul-

tiple Echo Recombined Gradient Echo (3D-MERGE)221 and 3D de-

lay alternating with nutation for tailored excitation with fast low-

angle shot (3D-DASH)222 provide large-coverage blood suppression

for plaque burden measurements. Diffusion-weighted imaging can

detect LRNC without the use of contrast media.223 Self-gating has

been used to reject data acquired during swallowing motion.224

T1-insensitive blood-suppression techniques such as quadruple

inversion recovery217 provide good blood suppression for post-

contrast imaging. However, these supplementary techniques re-

quire specialized equipment (3T, custom carotid coils, custom

sequences) and more intensive interpreter training.

Carotid CT

Background. Currently no meta-analyses or prospective trials

have suggested that some specific CT features are associated with

an increased risk for future primary and recurrent ischemic neu-

rologic events, even if there are several prospective trials on their way

or that have been published that examine the value of plaque imaging

prospectively (PARISK, CAPIAS, CARE-II).104-106 However, cross-

sectional studies have found that some CT characteristics

(Hounsfield unit attenuation, the presence of neovascularization)

are associated with increased risk of cerebrovascular events.48,225

Goals. 1) To provide general guidelines for carotid CT vessel

wall imaging with recommended desirable imaging tech-

niques, tissue contrast, spatial resolution, and coverage.

Guideline considerations are that the protocol can be applied

Table 4: 2D contrast protocol

Name
TOF MRA
Localizer

Oblique T1WI
Localizer

Precontrast and
Postcontrasta T1WI 3D-TOF MPRAGE

Plaque feature Localize artery Localize bifurcation Plaque burden and
distribution, LRNC

Stenosis, ulceration,
calcification

Intraplaque hemorrhage

Sequenceb FFE/SPGR TSE/FSE TSE/FSE FFE/SPGR IR-TFE/IR-FSPGR
Image mode 2D 2D 2D 3D 3D
Scan plane Axial Oblique Axial Axial Axial
TR (ms) 25 2000 800 24 13
TE (ms) 4 8 10 Min Min
FOV (cm) 16 � 12 16 � 16 16 � 16 16 � 16 16 � 16
Resolution (mm2) 0.63 � 0.83 0.63 � 0.63 0.63 � 0.63 0.63 � 0.63 0.63 � 0.63
Slice thickness (mm) 2 2 2 2/�1 2/�1
No. of slices 32 6 16 40 40
Blood suppression Saturation–veins MSDE QIRc Saturation–veins Nod

Special parameters Flip angle � 40° Echo-train � 14;
3 slices/TR

Echo-train � 10 Flip angle � 20° Flip angle � 15°,
turbo factor � 30,

TI � 500 ms,
IRTR � 800 ms

Fat suppression No Yes Yes No Water excitation

Note:—QIR indicates quadruple inversion recovery.
a Clinical CE-MRA per institutional protocol can be used before postcontrast sequence.
b Siemens/Philips/GE acronyms.
c Double inversion recovery can be used, but blood suppression may be incomplete, and inversion time is a variable dependent on patient and contrast bolus.
d Pulse gating not required for any sequence.
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broadly across a spectrum of clinical CT scanners and not re-

quire specialized software or research keys for implementa-

tion. 2) To recommend future areas for technical development

and clinical expansion needs.

Essential Features for Identification with
Carotid Plaque Imaging. Any CT proto-

col for plaque imaging should be able to

identify the following atherosclerotic

plaque characteristics:

1) Stenosis and luminal surface con-

dition (plaque morphology and

ulceration).

2) Type of plaque (fatty versus mixed

versus calcified).

3) Presence of plaque enhancement.

4) Plaque burden and distribution.

Minimum CT Protocol Requirements
for Identification of Essential Plaque
Features. Recommended minimum pa-

rameter requirements are the following:

● Resolution: isotropic voxel with

1-mm resolution

● Longitudinal coverage: from the aor-

tic arch to intracranial vessels

● CT generation: third with at least

16-detector-row.

Example Protocols. Four protocols are

presented (Tables 5– 8). No CT study of

carotid arteries must be performed

without the administration of contrast

material. The use of a biphasic approach

(unenhanced scan followed by a contrast

scan) allows the assessment of the carotid

plaque neovascularization. This is becom-

ing more important but is not considered

currently necessary. To reduce the radia-

tion dose delivered to the patients, the z-

length of the basal scan should cover

only the carotid artery plaque bifurca-

tion (4-cm coverage centered on the

bifurcation). The dual-energy CT tech-

nique143 allows a virtual unenhanced im-

age to assess plaque enhancement without

the need for a biphasic approach.

Discussion. Lumen. Quantifying lumi-

nal narrowing is a prerequisite. To cor-

rectly assess the degree of stenosis, by

avoiding the halo or edge blur, the cor-

rect window settings should be used.226

At the current level of technology, the
status of the FC cannot be adequately
explored by CT.

Type of Plaque. According to
Hounsfield unit attenuation, the carotid

plaque can be categorized as fatty (�60
HU), mixed (between 60 and 130 HU), and calcified (�130

HU). By applying these thresholds, it is possible to identify

those plaques with a LRNC from others. Applying the

Hounsfield unit classification, however, creates 2 problems

Table 5: Aquilion Visiona

Scanogram (AP–Lat) Basal Scan (Optional) Contrast Scan
Coverage Sternum to midhead Midneck to cover

the bifurcation
From aortic

arch to midhead
Scan mode Scanogram Helical Helical
Start time NA Bolus trackingb

Range 500 mm 8 cm Variable
Collimation NA 0.5 � 80 0.5 � 80
Pitch NA 1 1
kV 120 120 120
mA 50–200c 350 350
Rotation time NA 0.275 second 0.275 second
Direction NA Caudocraniald Caudocraniald

Slice thickness NA 1 mm 1 mm
Slice interval NA 0.5 mm 0.5 mm
FOV Wide 20 cm 20 cm
Filter NA Sharp (FL03) Sharp (FL03)
CTDI (mGy) – 15 15
DLP (mGy � cm) – 0.6 0.6
Amount of CM – – 40–50 mLe

IDR – – 1.4–1.5 g I/s
Concentrationf – – 370 mg I/mL
Flow ratef – – 4 mL/s

Note:—NA indicates not applicable; AP, anteroposterior; Lat, lateral; CTDI, CT dose index; DLP, dose-length product;
IDR, iodine delivery rate; CM, contrast medium.
a Toshiba Medical Systems, Tokyo, Japan.
b Position of bolus tracking: aortic arch, threshold 100 HU.
c 50 mA in AP and 200 in Lat.
d Craniocaudal is also possible.
e Variable according to the concentration.
f Concentration � flow rate � IDR. The parameter to be considered is IDR.

Table 6: Somatom Sensation 64a

Scanogram (AP–Lat) Basal Scan (Optional) Contrast Scan
Coverage Sternum to midhead Midneck to cover

the bifurcation
From aortic arch

to midhead
Scan mode Scanogram Helical Helical
Start time NA Bolus trackingb

Range 500 (mm) 8 cm Variable
Collimation NA 0.6 � 64 0.6 � 64
Pitch NA 0.55 0.55
kV 120 120 120
mA 50–200c 350 350
Rotation time NA 0.28 second 0.28 second
Direction NA Craniocaudald Craniocaudald

Slice thickness NA 1 mm 1 mm
Slice interval NA 0.5 mm 0.5 mm
FOV Wide 20 cm 20 cm
Filter NA Sharp (B30f) Sharp (B30f)
CTDI (mGy) – 18 18
DLP (mGy � cm) – 0.65 0.65
Amount of CM – – 40–50 mLe

IDR – – 1.4–1.5 g I/s
Concentrationf – – 370 mg I/mL
Flow ratef – – 4 mL/s

a Siemens, Malvern, Pennsylvania.
b Position of bolus tracking: aortic arch, threshold 100 HU.
c 50 mA in AP and 200 in Lat.
d Caudocranial is also possible with optimal results.
e Variable according to the concentration.
f Concentration � flow rate � IDR. The parameter to be considered is IDR.
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that have recently come to light: 1) The Hounsfield unit value of

the plaque is dependent on the level of energy applied, as demon-

strated by Saba et al132 using multienergy systems, and 2) the carotid

artery plaques may show contrast enhancement (by comparing the

attenuation values of the basal and postcontrast scans), suggesting

that the attenuation value of the plaque obtained after administration

of contrast material represents 2 different

parameters: the type of the plaque and the

degree of neovascularization of the tis-

sue.143,227 This is not a problem if pre- and

postcontrast scans or dual-energy is ap-

plied (capable of distinguishing plaque

from contrast enhancement), but this is

not usually done clinically secondary to an

increase in x-ray dose.

Carotid Plaque Enhancement. As-

sessment of plaque enhancement is lim-

ited in the case of single-phase CTA, and

multiphase CTA is rarely performed out-

side of research studies due to radiation

concerns. An unenhanced axial CT scan

obtained over 4 cm centered on the ca-

rotid bifurcation, followed by CTA, would

theoretically be ideal in assessing plaque

enhancement but carries a greater radia-

tion penalty. Alternatively, some authors

have employed dual-energy techniques

with the use of the virtual nonenhanced

image to assess plaque enhancement with

less radiation dose.143

Plaque Burden and Distribution.
Knowledge of the location and distribu-

tion of plaque assists in preprocedural

planning. Moreover, CT can calculate the

volume of the carotid artery plaque and

determine the volume of the subcompo-

nents, according to the Hounsfield unit

threshold.149

Future Improvements and Needs for
CT. Technical developments are ur-

gently needed in the following areas:

1) Improved contrast resolution for greater

discrimination of tissue types in plaque.

2) Improved techniques such as mul-

tienergy applications for identifying

the lipid-rich necrotic core, espe-

cially without the need for contrast

application.

3) Evidence-based guidelines that invoke

the need for carotid plaque imaging,

preferably using 1 simple universal

protocol that can meet all needs.

Currently, most of the research on ca-

rotid artery CT is focusing on methods

that 1) reduce the radiation dose delivered

to the patients, and 2) improve carotid ar-

tery plaque characterization using multienergy tools that promise

more accurate detection of plaque components.

CONCLUSIONS
In the last 20 years, there has been a paradigm shift in the imaging

of the atherosclerotic carotid artery, from the assessment of the

Table 7: ICT
Scanogram (AP–Lat) Basal Scan (Optional) Contrast Scan

Coverage Sternum to midhead Midneck to cover
the bifurcation

From aortic
arch to midhead

Scan mode Scanogram Helical Helical
Start time NA Bolus trackingb

Range 500 (mm) 8 cm Variable
Collimation NA 0.625 � 128 0.625 � 128
Pitch NA 0.933 0.933
kV 120 120 120
mA 50–200c 350 350
Rotation time NA 0.5 second 0.5 second
Direction NA Craniocaudald Craniocaudald

Slice thickness NA 1 mm 1 mm
Slice interval NA 0.5 mm 0.5 mm
FOV Wide 20 cm 20 cm
Filter NA Sharp (B) Sharp (B)
CTDI (mGy) – 15 16
DLP (mGy � cm) – 0.6 0.6
Amount of CM – – 40–50 mLe

IDR – – 1.4–1.5 g I/s
Concentrationf – – 370 mg I/mL
Flow ratef – – 4 mL/s

a Philips Healthcare.
b Position of bolus tracking: aortic arch, threshold 100 HU.
c 50 mA in AP and 200 in Lat.
d Caudocranial is also possible with optimal results.
e Variable according to the concentration.
f Concentration � flow rate � IDR. The parameter to be considered is IDR.

Table 8: LightSpeed VCTa

Scanogram (AP–Lat) Basal Scan (Optional) Contrast Scan
Coverage Sternum to midhead Midneck to cover

the bifurcation
From aortic

arch to midhead
Scan mode Scanogram Helical Helical
Start time NA Bolus trackingb

Range 500 (mm) 8 cm Variable
Collimation NA 0.625 � 64 0.625 � 64
Pitch NA 0.984 0.984
kV 120 120 120
mA 50–200c 350 350
Rotation time NA 0.5 second 0.5 second
Direction NA Craniocaudald Craniocaudald

Slice thickness NA 1 mm 1 mm
Slice interval NA 0.625 mm 0.625 mm
FOV Wide 20 cm 20 cm
Filter NA Sharp (B) Sharp (B)
CTDI (mGy) – 15 16
DLP (mGy � cm) – 0.6 0.6
Amount of CM – – 40–50 mLe

IDR – – 1.4–1.5 g I/s
Concentrationf – – 370 mg I/mL
Flow ratef – – 4 mL/s

a GE Healthcare.
b Position of bolus tracking: aortic arch, threshold 100 HU.
c 50 mA in AP and 200 in Lat.
d Caudocranial is also possible with optimal results.
e Variable according to the concentration.
f Concentration � flow rate � IDR. The parameter to be considered is IDR.
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degree of luminal stenosis to the characterization of plaque. Sev-

eral features have been identified that are potentially associated

with plaque rupture, and imaging has been used to identify these

features in vivo.

Researchers and clinicians now have several imaging modali-

ties that allow in-depth exploration of carotid artery plaque and

its components. Sonography should be considered as a first-line

examination, at least for screening, whereas CT and MR imaging

improve identification of several plaque features associated with

vulnerability.

Also promising are nuclear medicine and molecular imaging

techniques that can further explore assessment of plaque vulner-

ability, especially inflammation, but these approaches are still in-

vestigational and not part of the main diagnostic algorithm of

carotid atherosclerosis. In the future, larger prospective longitu-

dinal studies investigating these technologic advances may fully

exploit the clinical potential of vessel wall imaging.
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LETTERS

Multiparametric Imaging Improves Confidence in the
Diagnosis of Multinodular and Vacuolating Neuronal Tumor

of the Cerebrum

We read with much interest the article by Nunes et al1 in

the July 2017 issue of the American Journal of Neurora-

diology, in which they presented an impressive series of 33

confirmed or presumed multinodular and vacuolating neuro-

nal tumors (MVNT) of the cerebrum, an entity that has only

recently been categorized in the 2016 revision of the World

Health Organization Classification of Tumors of the Central

Nervous System.2-4 Only a few cases of MVNT have been re-

ported in the literature in the past 4 years with confirmed

pathologic correlations.1-3

The authors presented a detailed description of the entity,

which involves the deep cortical ribbon and the adjacent subcor-

tical white matter and is distributed into small coalescent nodules,

hyperintense on FLAIR and T2-weighted imaging and hypoin-

tense on T1WI. On our 3T MR imaging, we noticed that these

lesions were not homogeneous but had a central FLAIR hy-

posignal as well as central punctiform T1 hyperintensities

(white arrows, Fig 1), probably related to a high protein or

solid component within the vacuolated areas. This specific fea-

ture was present in all our patients but requires reasonably

high resolution to be seen. This simple sign can improve diag-

nostic confidence.

We believe that radiologists should always perform mul-

tiparametric imaging to characterize brain abnormalities con-

sistent with an MVNT with a high-field MR imaging whenever

possible. In our experience, diffusion-weighted imaging shows

no restricted diffusion inside the lesion, and susceptibility-

weighted imaging does not show an intratumoral susceptibility

signal or intralesional hemorrhaging. Perfusion sequences

such as dynamic-susceptibility contrast or arterial spin-label-

ing show no hyperperfusion, increasing neither cerebral blood

volume nor cerebral blood flow. MR spectroscopy may show a

mild decrease of NAA but no choline peak or lipid or lactate

peaks, which might suggest malignancy (Fig 2). Multivoxel MR

spectroscopy shows no abnormality in the surrounding brain

parenchyma. All these features improve diagnostic confidence

and support strong arguments in favor of this presumptive

diagnosis, thus avoiding a potentially risky surgical biopsy.

We think that this systematic approach best serves patients

because this entity is provisionally considered a brain tumor by

the World Health Organization and should be best understood

using state-of-the-art MR imaging characterization. This man-

agement allows clinicians to reassure their patients who are

often frightened by the term “tumor” and sometimes request

surgical removal. In our experience, which is further echoed in

the article, long-term follow-up MR imaging performed �10

years after the first discovery of a presumed MVNT shows

perfect stability of brain abnormalities with rare or absent clin-

ical symptoms.

We entirely agree with the authors’ conclusion suggesting that

MVNT is more likely a malformative lesion as opposed to a neo-

plasm. Clinical and histologic analysis have not yet provided clear

evidence for a neoplastic process. Molecular investigations in few

cases have so far failed to reveal IDH1/2, BRAF V600E, EGFR,

ERBB2, KRAS, BRAF, NRAS, PIK3CA, and AKT1 mutations or

obvious DNA copy number abnormalities. A point mutation in-

volving MEK1 (MAP2K1) p. Q56P (c.167A�C) in non-small-cell

lung cancers has been found in 1 case.

Thus, we believe that the name of this entity should be changed

to remove the term “tumor” and replaced by the term “hamar-http://dx.doi.org/10.3174/ajnr.A5425

FIG 1. Axial T1 (left) and FLAIR (right) weighted imaging showing a right
parietal lesion involving the deep cortical ribbon and the adjacent
subcortical white matter distributed into small coalescent nodules,
hyperintense on FLAIR, hypointense with punctiform hyperintensities
on T1WI, and central hypointensities on FLAIR (arrow), characteristics
of MVNT.
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toma,” “dysplasia,” or “malformation.” We also believe that

larger series are needed to determine at what point the entity will

be considered malignant.
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FIG 2. MR spectroscopy shows a mild decrease of N-acetylaspartate but no choline or lipids peaks.
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REPLY:

We appreciate the comments from Lecler et al regarding

our publication “Multinodular and Vacuolating Neuronal

Tumor of the Cerebrum: A New ‘Leave Me Alone’ Lesion with a

Characteristic Imaging Pattern.”1 Several valid points have been

raised about improving the confidence of making the presump-

tive diagnosis of multinodular and vacuolating neuronal tumor

(MVNT) using advanced MR imaging techniques. Most of the

MVNTs in our series showed virtually a pathognomonic imaging

appearance, and presumptive diagnoses were made solely on the

basis of conventional MR imaging sequences acquired on either a

1.5T or 3T scanner. From our study, we had established several

key neuroimaging features to assist in the presumptive diagnosis

of MVNT, which include the following: 1) clusters of discrete or

coalescent nodular lesions located within the deep cortical ribbon

and superficial subcortical white matter with an otherwise nor-

mal-appearing cortex, 2) absent or minimal contrast enhance-

ment, and 3) stability on imaging follow-up.1,2

We do agree with Lecler et al that higher field strength and

spatial resolution increase the conspicuity of the MVNT nodules,

which range from 1 to 5 mm in diameter.1 From our experience

with the higher resolution 3D MR imaging sequences, either the

FLAIR or steady-state sequences (CISS and FIESTA) offer the best

contrast resolution to show the MVNT nodules, which appear

hyperintense on both T2-weighted and FLAIR sequences.1 In our

experience, MVNT nodules can coalesce to form a larger domi-

nant lesion. The largest MVNT encountered in our case series

measured 57 mm in maximum diameter.1 Although larger size

MVNTs have the potential to mimic diffuse gliomas, there are

usually imaging clues, such as the presence of satellite nodules and

the absent or minimal mass effect.1,2

Perhaps, in this rare category of MVNT, advanced neuroim-

aging techniques such as MR spectroscopy, MR perfusion, or

[18F]FDG PET/MR imaging may have a role in excluding worri-

some parameters such as hypervascularity, increased Cho/NAA

and Cho/Cr ratios, and FDG hypermetabolism. It is also logical

that the smaller-sized MVNT with discrete nodules may not have

sufficient imaging resolution for accurate assessment with ad-

vanced neuroimaging techniques.

In summary, we agree that the presumptive diagnosis of classic

MVNT would benefit from improved spatial resolution.1,2 Ad-

vanced neuroimaging techniques may have a role for lesions not

fulfilling our proposed criteria for MVNT or for the evaluation of

symptomatic MVNTs for the consideration of surgical options.

Ultimately, the neuroimaging appearance of MVNT is sufficiently

pathognomonic, and recognition of these features is the key to

clinching the diagnosis.
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LETTERS

The Anesthesiologist, Rather Than the Anesthesia, May
Influence the Outcomes following Stroke Thrombectomy

It is more than likely that systemic hypotension resulting from

anesthesia, regardless of the technique used, can have deleteri-

ous effects in patients with ongoing acute ischemic stroke. Cere-

bral autoregulation is often impaired in these neurocritical pa-

tients, rendering cerebral blood flow entirely dependent on

cerebral perfusion pressure. Hence, maintaining an optimal mean

arterial blood pressure may be vital to improving survival out-

comes. On the other hand, cerebral vasoreactivity to CO2 is one of

the most effective mechanisms to regulate the diameter of the

cerebral arterioles. According to the Hagen-Poiseuille equation,

the laminar flow rate is directly related to the differential pressure

of the cerebral arterioles and the fourth power of the radius of

these vessels. Consequently, optimizing arterial blood pressure

while maintaining normocarbia should be one of the main goals

when anesthetizing patients undergoing stroke thrombectomy to

improve collateral circulation.

Not unexpectedly, Schönenberger et al1 have recently reported

that in the Sedation versus Intubation for Endovascular Stroke

Treatment (SIESTA) trial, which involved a cohort of 104 patients

with acute ischemic stroke in the anterior circulation randomized

to undergo either conscious sedation or general anesthesia, there

was no significant difference in the neurologic improvement at 24

hours after the admission, measured by the National Institutes of

Health Stroke Scale score. Furthermore, the same research group

conducted a post hoc analysis of the data and reported in a recent

issue of AJNR that the collateral status, which was strongly related

to the thrombectomy success in the SIESTA trial, was not signif-

icantly influenced by the anesthetic technique used.2

There is ongoing debate as to whether patients undergoing

stroke thrombectomy would benefit from conscious sedation or

general anesthesia. In the SIESTA trial, the systolic blood pressure

and end-tidal carbon dioxide were closely monitored and main-

tained in the range of 120 –180 and 35– 45 mm Hg, respectively. A

tight control of these variables, however, decreases the external

validity of the results, as maintaining blood pressure and arterial

partial pressure of carbon (PaCO2) within physiologic ranges

largely depends on the anesthesiologist’s skills. Consequently, the

potential advantages of general anesthesia may also be obscured

by poor control of these crucial variables. Further clinical trials

evaluating the variation of mean arterial blood pressure and CO2

between anesthetic techniques, are needed to elucidate the role of

these critical aspects in the neurological and functional outcomes

of patients undergoing stroke thrombectomy.

While general anesthesia can be associated with cardiovascular

instability in neurocritical patients, anesthesiologists play a very

important role in preventing a substantial drop in blood pressure

following the induction in most cases, while maintaining normo-

carbia. Induction techniques have also evolved to provide high-

quality anesthesia in a quick and safe manner in the emergency

environment, thus saving precious time for the neuroradiologist

to perform a successful thrombectomy. On the other hand, pa-

tients undergoing thrombectomy under conscious sedation

should be carefully selected because those with poor neurologic

status are unlikely to cooperate and those having potentially dif-

ficult airways cannot always be safely sedated, especially consid-

ering that in this scenario, the airway access may be challenging.
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LETTERS

Economic Considerations in MR Imaging of Patients with
Cardiac Devices

Several recent high-profile publications have generated interest

in MR imaging in patients with implantable cardiac devices,

some of which were traditionally considered an absolute contra-

indication. In particular, an analysis published in the New Eng-

land Journal of Medicine documented an overall safe experience

performing 1500 nonthoracic, 1.5T MRIs in patients with non-

conditional devices (1000 pacemakers and 500 implantable car-

dioverter-defibrillator studies) as part of a prospective registry

(The MagnaSafe Registry; http://magnasafe.org/).1 Given the

wide dissemination of this article, coupled with the estimated 1.8

million patients with similar devices in the United States alone,2

practical guidance for radiologists, who are on the front line of

this decision-making process, is desperately needed.

In this setting, we wish to express our gratitude to Korutz et al3

for their recent article, “Pacemakers in MRI for the Neuroradiolo-

gist.” Their article includes a thorough assessment of safety con-

siderations in performing MR imaging in patients with implant-

able cardiac devices. In addition to a detailed review of the recent

literature, the authors provide their own multidisciplinary proto-

col as a helpful reference for radiologists who have instituted (or

are considering implementing) MR imaging in this patient pop-

ulation. Furthermore, their own experience imaging 121 patients

with nonconditional implants adds to the growing evidence that

MR imaging can be performed in appropriately screened and

carefully monitored patients.

One additional consideration, separate from any safety issue,

must be noted. At present, the Centers for Medicare and Medicaid

does not permit coverage for routine clinical MR imaging in pa-

tients with cardiac devices that are classified by the FDA as non-

conditional. In fact, reimbursement is only permitted when im-

aging is performed within the narrow scope of a prospective

registry assessing safety.4 Thus, for most of these patients, the cost

of clinically indicated MRIs will not be covered. In our experience,

many providers are unaware of this crucial issue. When informed,

they appreciate the opportunity to discuss the implications with

their patients and, when appropriate, may reconsider using a cov-

ered alternate technique. For radiologists, accurate reporting of

the specific device and FDA category is essential to ensure remu-

neration for covered MRI-conditional devices and to avoid fraud-

ulent billing for noncovered services.

Some institutions have elected to perform these studies re-

gardless of the patient’s ability to pay an out-of-pocket expense.

However, this may not be feasible or desirable for other facilities,

given the time-intensive and resource-consuming processes

needed to screen these patients and coordinate their imaging. If a

self-payment is expected, this should be clearly communicated

and prospectively discussed with the patient, who may need to

complete an Advance Beneficiary Notice. In certain situations,

meeting with a hospital financial representative might help to

minimize the impact of a large and unexpected bill following the

patient’s study.

While the financial considerations entail additional logistic

considerations in an already complex process, a proactive ap-

proach can ensure financial informed consent and may refine

decisions regarding clinical work-up.
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REPLY:

We would like to thank Dr Antonucci and his colleagues for

their recent letter regarding our publication, “Pacemakers

in MRI for the Neuroradiologist.” We agree with their assessment

that there are factors beyond safety that must be considered before

implementing a program for imaging patients with non-MR im-

aging– conditional cardiac implantable electronic devices. Specif-

ically, the Centers for Medicare and Medicaid Services (CMS)

currently does not cover MR imaging in patients with these de-

vices. However, we hope that the recent data published through

The MagnaSafe Registry (http://magnasafe.org/), a framework

that has been recently proposed for securing coverage for these

studies by CMS and private insurers, and studies such as ours

demonstrating that these imaging studies can be performed safely

will provide the necessary momentum to get these much-needed

services covered in the near future.1,2

Nevertheless, we wish to point out that ultimately, the number

of patients with implantable devices who are imaged after going

through the comprehensive screening protocol that we use is very

low. Currently, we perform approximately 100 pacemaker studies

per year of the nearly 50,000 MR neuroimaging examinations that

are performed yearly at our hospital. As part of our screening

protocol, a radiologist reviews the details of the case and discusses

the need for the examination with the ordering physician, includ-

ing whether an alternative imaging technique could provide a

satisfactory answer to the clinical question. This step helps to filter

out examinations that may be unnecessary.

Furthermore, while the reimbursement considerations re-

garding imaging patients with non-MR imaging– conditional de-

vices are important and problematic, it is our belief that there are

other factors, including certain intangible benefits, that ought to

be considered when deciding whether to develop a protocol to

image these patients. We have found that providing this service

results in frequent positive feedback from our ordering clinicians

(emergency medicine, neurology, neurosurgery, and primary

care) because it aids their clinical decision-making by giving them

access to information often not available using other imaging

strategies. Offering access to these studies has increased referrals

to our institution, which may compensate, to some degree, for the

lack of reimbursement for the MR imaging examination itself. For

instance, the physicians in our Brain Tumor Institute are now

receiving referrals of patients with pacemakers from surrounding

areas who require MR imaging and who often also go on to use a

wide array of other medical services that our institution can pro-

vide as well.

Finally, it is best practice, regardless of cost issues, to provide

our patients with the most effective diagnostic examinations

needed for their care. It is our hope that our article, “Pacemakers

in MRI for the Neuroradiologist” and ensuing discussions on this

topic will help provide radiology departments with a framework

for developing their own pacemaker imaging programs. The mo-

mentum that is building on this topic in the medical community

will hopefully lead to reimbursement for these valuable studies in

the near future.
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