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

NEW 
Indication for 
Trevo® Retrievers 
A New Standard of Care in Stroke

 Retrievers 
A New Standard of Care in Stroke

1st
FIRST 
mechanical thrombectomy device 
indicated to reduce disability in stroke.*

FIRST
new treatment indication for 
stroke in 20 years.
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Welcome and greetings
Please join us in Vancouver, CANADA for the 56th Annual 
Meeting of the American Society of Neuroradiology on  
June 2–7, 2018 at the Vancouver Convention Centre East. 
Surrounded by the coastal mountains and located on the 
waterfront, you can enjoy these spectacular views in the heart 
of downtown Vancouver. With its undeniable charm and friendly 
atmosphere, Vancouver is known around the world as both a 
popular tourist attraction and one of the best places to live.

ASNR enthusiastically presents Neuroradiology: Adding Value 
and Improving Healthcare at the Symposium of the Foundation 
of the ASNR, as well as the common thread throughout the 
Annual Meeting. Implementing a value-based strategy in 
imaging has grasped the attention of nearly every healthcare 
provider; in particular with Radiologists understanding that the 
future will demand their imaging practices deliver better value. 
Value in healthcare is typically defined as those imaging 
strategies that yield improved outcomes, lower costs, or both. 
As payment transitions from a fee-for-service to a value-based 
system, thus creating a fundamentally different marketplace 
dynamic, measuring good outcomes are at the center of this 
changeover. At this time of uncertainty what little remains clear 
is that without a well-defined knowledge of their outcomes, no 
medical specialty will be able to succeed in the future value-
based system. The Symposium will feature how Neuroradiology, 
in its many subspecialty areas, adds value to clinical care 
pathways by directing healthcare practice towards better 
outcomes. The annual meeting programming will continue on 
this theme emphasizing imaging that improves health 
outcomes, while considering costs, thus adding value. Our 
discussions will incorporate many innovative approaches to 
how neuroimaging currently does and will continue to improve 
overall healthcare performance.

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

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

ASNR 56th Annual Meeting
c/o American Society of Neuroradiology
800 Enterprise Drive, Suite 205 + Oak Brook, Illinois 60523-4216
Phone: 630-574-0220 + Fax: 630 574-0661 + 2018.asnr.org
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© 2013 Vancouver Convention Centre
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© Copyright 2017 FRHI

Pan Pacific Hotel  
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John D. Barr, MD
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Mahesh Jayaraman, MD
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Robert M. Barr, MD, FACR
ASNR Computer Sciences & Informatics (CSI) Committee
John L. Go, MD, FACR
ASNR Research Scientist Programming Committee
Dikoma C. Shungu, PhD, Timothy P.L. Roberts, PhD
The International Hydrocephalus Imaging Working Group 
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William G. Bradley, Jr., MD, PhD, FACR, Harold L. Rekate, MD 
and Bryn A. Martin, PhD



Trevo® XP ProVue Retrievers 

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

INDICATIONS FOR USE
1. The Trevo Retriever is indicated for use to restore blood flow in the 

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

2. The Trevo Retriever is intended to restore blood flow in the neurovasculature 
by removing thrombus in patients experiencing ischemic stroke within 8 
hours of symptom onset. Patients who are ineligible for intravenous tissue 
plasminogen activator (IV t-PA) or who fail IV t-PA therapy are candidates 
for treatment.

COMPLICATIONS
Procedures requiring percutaneous catheter introduction should not be 
attempted by physicians unfamiliar with possible complications which may 
occur during or after the procedure. Possible complications include, but are not 
limited to, the following: air embolism; hematoma or hemorrhage at puncture 
site; infection; distal embolization; pain/headache; vessel spasm, thrombosis, 
dissection, or perforation; emboli; acute occlusion; ischemia; intracranial 
hemorrhage; false aneurysm formation; neurological deficits including stroke; 
and death.

COMPATIBILITY
3x20mm retrievers are compatible with Trevo® Pro 14 Microcatheters (REF 
90231) and Trevo® Pro 18 Microcatheters (REF 90238). 4x20mm retrievers are 
compatible with Trevo® Pro 18 Microcatheters (REF 90238). 4x30mm retrievers 
are compatible with Excelsior® XT-27® Microcatheters (150cm x 6cm straight 
REF 275081) and Trevo® Pro 18 Microcatheters (REF 90238). 6x25mm Retrievers 
are compatible with Excelsior® XT-27® Microcatheters (150cm x 6cm straight 
REF 275081). Compatibility of the Retriever with other microcatheters has not 
been established. Performance of the Retriever device may be impacted if a 
different microcatheter is used.

Balloon Guide Catheters (such as Merci® Balloon Guide Catheter and FlowGate® 
Balloon Guide Catheter) are recommended for use during thrombus removal 
procedures.

Retrievers are compatible with the Abbott Vascular DOC® Guide Wire Extension 
(REF 22260).

Retrievers are compatible with Boston Scientific RHV (Ref 421242).

SPECIFIC WARNINGS FOR INDICATION 1
• The safety and effectiveness of the Trevo Retrievers in reducing disability 

has not been established in patients with large core infarcts (i.e., ASPECTS 
≤ 7). There may be increased risks, such as intracerebral hemorrhage, in 
these patients. 

• The safety and effectiveness of the Trevo Retrievers in reducing disability has 
not been established or evaluated in patients with occlusions in the posterior 
circulation (e.g., basilar or vertebral arteries) or for more distal occlusions in 
the anterior circulation. 

WARNINGS APPLIED TO BOTH INDICATIONS
• Administration of IV t-PA should be within the FDA-approved window (within 

3 hours of stroke symptom onset). 
• Contents supplied STERILE, using an ethylene oxide (EO) process. 

Nonpyrogenic.
• To reduce risk of vessel damage, adhere to the following recommendations:

 – Take care to appropriately size Retriever to vessel diameter at intended 
site of deployment. 

 – Do not perform more than six (6) retrieval attempts in same vessel using 
Retriever devices.

 – Maintain Retriever position in vessel when removing or exchanging 
Microcatheter.

• To reduce risk of kinking/fracture, adhere to the following recommendations:
 – Immediately after unsheathing Retriever, position Microcatheter tip 

marker just proximal to shaped section. Maintain Microcatheter tip marker 
just proximal to shaped section of Retriever during manipulation and 
withdrawal.

 – Do not rotate or torque Retriever.
 – Use caution when passing Retriever through stented arteries.

• Do not resterilize and reuse. Structural integrity and/or function may be 
impaired by reuse or cleaning.

• The Retriever is a delicate instrument and should be handled carefully. Before 
use and when possible during procedure, inspect device carefully for damage. 
Do not use a device that shows signs of damage. Damage may prevent 
device from functioning and may cause complications.

• Do not advance or withdraw Retriever against resistance or significant 
vasospasm. Moving or torquing device against resistance or significant 
vasospasm may result in damage to vessel or device. Assess cause of 
resistance using fluoroscopy and if needed resheath the device to withdraw.

• If Retriever is difficult to withdraw from the vessel, do not torque Retriever. 
Advance Microcatheter distally, gently pull Retriever back into Microcatheter, 
and remove Retriever and Microcatheter as a unit. If undue resistance is met 
when withdrawing the Retriever into the Microcatheter, consider extending 
the Retriever using the Abbott Vascular DOC guidewire extension (REF 22260) 
so that the Microcatheter can be exchanged for a larger diameter catheter 
such as a DAC® catheter. Gently withdraw the Retriever into the larger 
diameter catheter.

• Administer anti-coagulation and anti-platelet medications per standard 
institutional guidelines.

PRECAUTIONS
• Prescription only – device restricted to use by or on order of a physician.
• Store in cool, dry, dark place.
• Do not use open or damaged packages.
• Use by “Use By” date.
• Exposure to temperatures above 54°C (130°F) may damage device and 

accessories. Do not autoclave.
• Do not expose Retriever to solvents.
• Use Retriever in conjunction with fluoroscopic visualization and proper 

anti-coagulation agents.
• To prevent thrombus formation and contrast media crystal formation, 

maintain a constant infusion of appropriate flush solution between guide 
catheter and Microcatheter and between Microcatheter and Retriever or 
guidewire.

• Do not attach a torque device to the shaped proximal end of DOC® 
Compatible Retriever. Damage may occur, preventing ability to attach DOC® 
Guide Wire Extension.

Concentric Medical
301 East Evelyn Avenue
Mountain View, CA 94041

Stryker Neurovascular
47900 Bayside Parkway
Fremont, CA 94538

strykerneurovascular.com
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Target® Detachable Coil  

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

INTENDED USE / INDICATIONS FOR USE
Target Detachable Coils are intended to endovascularly 
obstruct or occlude blood flow in vascular abnormalities of the 
neurovascular and peripheral vessels.

Target Detachable Coils are indicated for endovascular 
embolization of:

• Intracranial aneurysms
• Other neurovascular abnormalities such as arteriovenous 

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

vasculature

CONTRAINDICATIONS
None known.

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

WARNINGS
• Contents supplied STERILE using an ethylene oxide (EO) 

process. Do not use if sterile barrier is damaged. If damage 
is found, call your Stryker Neurovascular representative.

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

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

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

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

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

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

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

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

• Do not use the product after the “Use By” date specified 
on the package.

• Reuse of the flush port/dispenser coil or use with any coil 
other than the original coil may result in contamination of, 
or damage to, the coil.

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

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

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

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

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

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

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

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

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

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

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

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

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

order of a physician.
• Besides the number of InZone Detachment System units 

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

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

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

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

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

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

• Increased detachment times may occur when:
 – Other embolic agents are present.
 – Delivery wire and microcatheter markers are not 

properly aligned.
 – Thrombus is present on the coil detachment zone.

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

• Increased detachment times may occur when delivery wire 
and microcatheter markers are not properly aligned.

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

Stryker Neurovascular
47900 Bayside Parkway
Fremont, CA 94538

strykerneurovascular.com

Date of Release: MAR/2016
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Target Detachable Coils deliver consistently smooth deployment 
and exceptional microcatheter stability. Designed to work 
seamlessly together for framing, fi lling and fi nishing. 
Target Coils deliver the high performance you demand.
 
For more information, please visit www.strykerneurovascular.com/Target 
or contact your local Stryker Neurovascular sales representative.

Smooth and stable.



THE PROVEN LEADER
The STAR™ Tumor Ablation System is the proven leader in  

spine RF ablation with thousands of patients treated.

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

Steerable and 
navigational RF 
ablation instrument

SpineSTAR® delivers 
RF energy directly  
to the tumor

Tumor is 
debulked

Dual thermocouples 
for active temperature 
monitoring on a single 
instrument

lDual therm
for activ
mon
in

D l th

Merit.com/star 

Indications for Use: The STAR™ Tumor Ablation System is indicated for palliative treatment in spinal procedures by ablation of metastatic malignant lesions in a vertebral 
body. As with most surgical procedures, there are risks associated with the STAR procedure, including serious complications. For complete information regarding risks, 
contraindications, warnings, precautions, and adverse events please review the System’s Instructions for Use. 

References  
1 Pain Physician 2014 Jul-Aug; 17(4):317-27   2 Radiology 2014 Oct; 273 (1): 261-7   3 J. Vasc Interv Radiol 2015; 18: 573-581   4 Pain Physician 2015; 18: 573-581 
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AJNR Am J Neuroradiol 38:663 Apr 2017 www.ajnr.org 663



REVIEW ARTICLE

Imaging Carotid Atherosclerosis Plaque Ulceration:
Comparison of Advanced Imaging Modalities and Recent

Developments
X J. Yuan, X A. Usman, X T. Das, X A.J. Patterson, X J.H. Gillard, and X M.J. Graves

ABSTRACT
SUMMARY: Atherosclerosis remains the leading cause of long-term mortality and morbidity worldwide, despite remarkable advance-
ment in its management. Vulnerable atherosclerotic plaques are principally responsible for thromboembolic events in various arterial
territories such as carotid, coronary, and lower limb vessels. Carotid plaque ulceration is one of the key features associated with plaque
vulnerability and is considered a notable indicator of previous plaque rupture and possible future cerebrovascular events. Multiple imaging
modalities have been used to assess the degree of carotid plaque ulceration for diagnostic and research purposes. Early diagnosis and
management of carotid artery disease could prevent further cerebrovascular events. In this review, we highlight the merits and limitations
of various imaging techniques for identifying plaque ulceration.

ABBREVIATIONS: CE-MRA � contrast-enhanced MRA; CDUS � color Doppler ultrasound; CEUS � contrast-enhanced ultrasound; US � ultrasound; XRA � x-ray
contrast angiography

Stroke is considered the leading cause of death and long-term

disability worldwide.1 Carotid atherosclerosis is one of the

major causes of ischemic stroke.2 Morphologic features such as

plaque ulceration are strongly correlated with ischemic stroke and

coronary events, with hazard ratio ranges from 1.2 to 7.7,3-8 as

summarized in Table 1. The hazard ratio is comparable with other

high-risk factors such as large lipid core (hazard ratio � 1.75) and

intraplaque hemorrhage (hazard ratio � 5.85).9

Carotid plaque ulceration or surface irregularity is character-

ized as an indentation, fissure, or erosion on the luminal surface

of a plaque, exposing a portion of the inner plaque to direct con-

tact with the circulating blood.10 Various factors are involved in

the pathogenesis of ulceration, including the accumulation of in-

flammatory cells, proteolytic enzymes released by macrophages,

and local hemodynamic factors.11 These factors weaken the fi-

brotic cap, leading to plaque rupture and leaving behind the ul-

ceration. These ulcerations act as a thromboembolic source, al-

lowing plaque components to be released into the blood.

Ulcerated plaques are considered the main foci of cerebral

microemboli.12

Plaque ulceration can be visualized grossly following carotid

endarterectomy and later by histologic analysis of the specimen.

Figure 1 shows histologic images of an ulcerated plaque.13 Early

detection of plaque ulceration before an operation is essential

because it may assist in preventing further thromboembolic

events; therefore, there has been substantial research to evaluate

different radiographic techniques in the early identification of

plaque ulceration.

Various imaging modalities are used to assess plaque ulceration

for diagnostic and research purposes (Table 2 and On-line Table).

These include x-ray contrast angiography (XRA), B-mode and

Doppler sonography, CTA, and MRA. The purpose of this article was

to compare the different clinical imaging modalities in observing

carotid ulceration from existing literature and evaluate the diagnostic

value of each method.

X-Ray Contrast Angiography
X-ray contrast angiography, including conventional carotid an-

giography or DSA, is an established method of assessing carotid

artery disease. Conventional angiography involves the acquisition

of digital fluoroscopic images in combination with the adminis-

tration of an iodinated contrast medium. DSA produces the an-

giography by subtracting the postcontrast images from precon-

trast images to achieve better visualization of the blood vessels.

Previously, XRA was considered a criterion standard for the as-

sessment of carotid artery disease because of its high spatial (50
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�m) and temporal resolution (10 ms). It has the ability to de-

pict the stenotic lumen and various plaque characteristics such

as surface irregularities or large ulcerations. It has the advan-

tage of visualizing a long segment of the artery at a single time

point.

XRA has been widely used in large, randomized clinical

trials, such as the North American Symptomatic Carotid End-

arterectomy Trial (NASCET),14 the European Carotid Surgery

Trial (ECST),15 and the Asymptomatic Carotid Atherosclerosis

Study (ACAS).16 A study comparing angiographic surface

morphology with detailed histology has concluded that ulcer-

ation detected by XRA was associated with plaque rupture,

intraplaque hemorrhage, and overall plaque instability.17 An

example of plaque ulceration on XRA is shown in Fig 2.

However, there are several limitations to the extensive use of

XRA, especially in the carotid territory. XRA involves ionizing

radiation. It is a high-cost and time-consuming procedure and

requires adequate bed rest after the investigation. The invasive

nature of this procedure increases the risk of creating emboli,

resulting in subsequent cerebrovascular events.16,18,19 In an arti-

cle based on ACAS, there was a 1.2% risk of persisting neurologic

deficits or death following XRA, while the surgical risk was only

1.5%.16 Another article based on NASCET showed that a 0.7%

risk of persistent neurologic deficits or death was associated with

the angiography.19 XRA is not safe in patients with coagulopathies

and bleeding disorders. The accuracy of XRA in detecting ulcer-

ation also depends on the degree of stenosis.20 Finally, the rates of

false-positives and false-negatives of XRA were high in identifying

ulcerations.21 Two possible reasons for its low accuracy in detect-

ing ulceration are that it is operator-dependent and DSA generally

acquires only a limited number of projections. These issues result

in failures to detect ulceration21,22 and a tendency to underesti-

mate stenosis.23

Based on the above-mentioned rea-

sons, there has been a trend to replace

XRA with alternative cost-effective, safe,

and less time-consuming carotid imag-

ing modalities, which are discussed

below.

Sonography
Sonography was introduced as the first

platform to visualize the in vivo hu-

man vessel and atherosclerosis.24 It

helps to classify the plaque texture as

either homogeneous (uniform consis-

tency) or heterogeneous (nonuniform consistency).25 Homo-

geneous plaques present with a uniform echo intensity and

show a regular, smooth surface, while heterogeneous plaques

show a nonuniform pattern with mixed echo intensities and

usually have an irregular/ulcerated surface.25 The plaque sur-

face can be defined as smooth and regular, mildly irregular, or

ulcerated in the case of a variation in height between 0.4 and 2

mm on the contour of the plaque.26 An example of ulceration

in Doppler sonography is shown in Fig 3A. However, it is dif-

ficult to detect plaque ulceration by sonography due to various

limitations. First, the overall accuracy of using B-mode sonog-

raphy against criterion standard techniques (DSA or histopa-

thology) is not high (sensitivity and specificity ranges from

39% to 89% and 72% to 87%, respectively).27-29 Several studies

have noted that its accuracy decreases with the increasing de-

gree of stenosis,30,31 and it has even failed to detect ulceration

in high-grade stenosis.29 The application of color-flow Dop-

pler-assisted duplex imaging, which combines the B-mode and

blood-flow velocity information,32 also shows limitations in

providing adequate information to identify plaque ulcer-

ations.31,33 Second, the intrareader reproducibility of both B-

mode and Doppler sonography is low (� ranges from 0.11 to

0.8931,34-36), which is not sufficient for reliable diagnosis.

Third, the criteria for carotid ulceration diagnosis are very

subjective and may vary from reader to reader or center to

center; this variation makes its use difficult for multicenter

trials.37

These limitations are mostly due to the native imaging prin-

ciple. 2D sonography can only obtain a 2D cut plane of the

carotid area; this could introduce operator error when the

sonography probe is not parallel to the vessel axis or the ori-

entation of the ulceration.38 Also, the presence of calcifica-

FIG 1. Histologic section of an ulcerated plaque by using a hematoxylin-eosin stain showing the
ulceration (left). The CD68 stain shows macrophages (middle), and the smooth-muscle actin
stain shows a lack of smooth-muscle cells (right). Reprinted with permission from Gillard et al.13

Copyright Cambridge University Press 2007.

Table 1: Summary of the hazard ratios of carotid ulceration for future events risk in different studies

Studies
Study

Population Cardiovascular Events Hazard Ratios (95% CI) P Value
Eliasziw et al, 19943 659 Ipsilateral stroke at 24 mo 24 (0.61–52); 43 (49–7.88) –
Handa et al, 19954 214 Stroke events, average duration of 16 mo 7.68 (15–27.40) .002
Rothwell et al, 20005 3007 Previous myocardial infarction 82 (23–64) �.001
Rothwell et al, 20005 3007 Nonstroke vascular death 67 (15–44) .007
Rothwell et al, 20006 3007 Strokes occurring after 2 years 75 (30–80) .01
Rothwell et al, 20006 3007 Ipsilateral ischemic stroke 80 (14–83) .01
Rothwell et al, 20058 1130 5-Year risk of ipsilateral ischemic stroke 03 (31–14) .002
Prabhakaran et al, 20067 1939 Ischemic strokes during a mean follow-up of 6.2 yr 1 (1–8.5) –

Note:— – indicates not reported.
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tion reflects the acoustic wave, which can obscure ulceration.38

An example of artifacts due to calcification is shown in

Fig 3B.39

The use of microbubble contrast agents has been shown to

improve accuracy. A direct comparison of contrast-enhanced

ultrasound (CEUS) and color Doppler ultrasound (CDUS) ob-

served that CEUS has superior sensitivity and diagnostic accu-

racy over CDUS in detecting ulceration.40 Within the same

study, CEUS detected more ulceration than CTA, especially

small ulcerations, attributed to the higher spatial and temporal

resolution achieved in CEUS.40 Further CEUS studies will be

required to verify the improved accuracy of this technique. The

safety of using CEUS should also be considered, including tox-

icity, microembolism, and inertial cavitation caused by the

microbubbles.41

The recent development of 3D sonography has demon-

strated superior ability in detecting ulceration compared with

conventional 2D sonography (Fig 4).36,42 3D sonographic im-

ages can be obtained by using dedicated 3D probes or by using

2D sonographic probes with the help of positioning sensors

and postreconstruction algorithms to combine 2D sections

into a 3D volume.43,44 This process improves image quality,

provides more information about plaque morphology and

echomorphology, and has been used to noninvasively quantify

plaque stenosis45 and volume46,47 and examine the regression

and progression of plaque ulceration.42 By comparing 3D and

2D sonography in 142 patients, Heliopoulos et al36 showed

that 3D methods depicted more ulcerations than the 2D meth-

ods (15% versus 8% of plaques) and also had higher interob-

server reproducibility (� � 0.973, standard error � 0.027, ver-

sus � � 0.885, standard error � 0.055). However, this

methodology is still under development and requires further

FIG 2. DSA image of 2 large ulcerations (arrows) of a right internal
carotid artery. Reprinted with permission from Gillard et al.13 Copy-
right Cambridge University Press 2007.

Table 2: Summary of details in each imaging modality
Imaging Modality/

Subtype Spatial Resolution Advantages Disadvantages
XRA �0.5 mm High spatial and temporal resolution Expensive

Traditionally criterion standard Postprocedural cerebrovascular events
Low accuracy in high-stenosis plaque
High false-positive/-negative rates
Limited number of projections
Depends on operator

US
2D US In-plane: �1 mm Low cost, fast, and safe B-mode and Doppler: low intrareader reproducibility
3D US
Doppler US
CEUS

Through-plane: �2 mm Doppler US could quantify the flow
velocity in the ulcer

2D methods depend on operator
B-mode: low-accuracy for high-stenosis plaque
Doppler: limited accuracy
Artifacts due to calcification

CTA
Single-source In-plane: �1 mm Fast Single-source: limited accuracy due to calcification
Dual-source Through-plane: 1–2 mm Good sensitivity and specificity Ionizing radiation

Contrast agents not suitable for patients with poor
renal function

MRI
NCE-MRI
CE-MRI
BB MRI

0.6–2 mm NEC-MRI and BB MRI: no need for
contrast agents

No artifacts from calcification
BB MRI allows plaque component

identification

Expensive
Motion artifacts due to long scan times
TOF: low accuracy due to imaging principle
Not suitable for patients with contraindications
CE-MRA not suitable for patients with severe renal

impairment

Note:—NCE-MRI indicates non-contrast-enhanced MRI; BB MRI, black-blood MRI.
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validation against accepted criterion standard techniques such

as DSA and histopathology.

CTA
Studies with CTA have demonstrated that plaque ulceration is

closely associated with increased lipid volume,48,49 an increased

degree of stenosis,38 plaque volume, and decreased calcification

proportions.49 Surgical observations

have shown good correlation, with CTA

having a high sensitivity (94%) and

specificity (99%) to detect plaque ulcer-

ation.50 Compared with sonography,

CTA showed higher sensitivity and speci-

ficity to detect ulceration.38

In comparison with DSA, CTA has

fewer associated complications,38 while

its accuracy in the determination of ul-

ceration still needs more research for

validation. One major limitation of CTA

in detecting ulceration is the appearance

of plaque calcification.51

The recent development of dual-

source CT, which uses 2 x-ray energies

simultaneously to separate high-density

calcification and the contrast-enhanced

lumen, has shown advantages for evalu-

ating densely calcified carotid stenosis

and could be more accurate.52,53 Figure

5 shows that the morphology of ulcer-

ations cannot be visualized clearly by

conventional CTA due to calcification,

while dual-source CTA software could

remove the calcification from the image,

making the ulcer clearer.

Like XRA, a drawback of CTA is the

use of ionizing radiation. In imaging the

neck vessels, the radiation dose of CTA is

equivalent to or higher compared with that in DSA.54,55 Also, the

use of contrast media may be contraindicated in some patients

with poor renal function.56

MR Imaging

Noncontrast-Enhanced MRA. The most common method for

MRA is time-of-flight, which relies on the high MR imaging signal

from the moving blood within the vessel lumen to create vascular

contrast.57 Both 2D (ie, multi-slice58) and 3D (ie, volumetric57,59)

TOF have been used for carotid artery imaging. One of the biggest

advantages of MRA over DSA and US is that the images can be

reformatted into any orientation after the acquisition.

However, one of the well-known limitations of TOF-MRA is

that signal saturation and dephasing of the signal could lead to a

signal loss from focal areas of complex flow.60 The stenosis mea-

surement accuracy of TOF is dependent on the wash-in efficiency

of unsaturated spins within the imaging section/slab. For large

ulcerations, the hemodynamic patterns of blood flow are com-

plicated.61 Ulceration detection could therefore be limited if

the saturated spins are not replaced by fresh unsaturated blood

flow. Also, the orientation of the imaging section/slab is im-

portant. TOF techniques are limited to the flow orthogonal or

at a certain angle to the imaging sections/slabs. The signal from

flowing blood parallel to the imaging sections/slabs can be-

come saturated.59 In addition, the ulceration orientation, lo-

cation, and shape could also influence the accuracy of mea-

surements with TOF-MRA.61 Spatial resolution would be

FIG 3. A, Doppler sonography shows an internal carotid artery plaque ulceration (white arrow)
The asterisk shows weakly echogenic plaque material, presumably lipid. Reprinted with permis-
sion from Gillard et al.13 Copyright Cambridge University Press 2007. B, The calcification in the
anterior vessel wall (white arrow) shadows the color Doppler signal and opposite wall structures
(yellow arrow). JV indicates jugular vein; CCA, common carotid artery. Adapted from Steinke
et al.39

FIG 4. A, 2D sonography depicts a smooth plaque, arrow shows the stenosis. B, 3D sonography
shows an ulceration of the same plaque in another plane, arrow shows an ulcer at site of shear
stress. The figure is adapted with permission from Heliopoulos et al.36

FIG 5. A, An ulceration (yellow arrow) in a heavily calcified (white
arrows) plaque. B, The ulcer is clearer with the calcification removed
by dual-energy CTA.
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another limitation of TOF-MRA, especially for very small ul-

cers.59 In addition, patient motion during relatively long ac-

quisition times is another limitation.59

In recent years, other non-contrast-enhanced MRA tech-

niques have emerged claiming to overcome some of the limi-

tations of TOF-MRA. Arterial spin-labeling– based methods

subtract images where fresh flowing blood has been magneti-

cally “labeled” from images without labeling. Such methods

have demonstrated the ability to image arteries of the head and

neck without signal from static background.62,63 In particular,

a hybrid of pseudocontinuous and pulsed arterial spin-labeling

with a fast low-angle shot readout has shown similar results in

detecting carotid luminal irregularity with contrast-enhanced

MRA (CE-MRA) and overcomes some of the limitations of

TOF-MRA (Fig 6).63 The inversion recovery– based methods64

and the quiescent interval low-angle shot method65 use in-

plane saturation pulses to suppress the background signal, al-

lowing only the nonsaturated inflowing blood to be imaged.

Blood-suppression– based methods use the subtraction of im-

ages with and without blood-suppression preparation pulses

and have also shown good images of arteries and veins.66 Be-

cause these methods have only recently been developed, more

studies are necessary to validate their accuracy in detecting

plaque ulceration.

Contrast-Enhanced MRA. CE-MRA is an MR imaging technique

for vascular imaging that exploits the use of an intravenously ad-

ministered paramagnetic contrast agent (ie, a chelate of gadolin-

ium) to shorten the T1 relaxation time of the blood, providing

excellent contrast with the background tissues. Because the im-

ages are no longer dependent on the inflow of the blood, CE-MRA

produces high-quality images in a short

timeframe and may reduce some of the

drawbacks associated with TOF-MRA.

In 1 study, the prevalence of plaque ul-

ceration was 86% in a symptomatic pa-

tient cohort compared with 36% in an

asymptomatic patient group, indicating

that CE-MRA could be used for detect-

ing ulceration.67 CE-MRA has also been

shown to detect more ulcers than TOF-

MRA.61 Figure 7A shows an internal ca-

rotid artery with several ulcerations

demonstrated by CE-MRA; however, all

were missed by TOF-MRA (Fig 7B). In

addition, CE-MRA has the advantage of

depicting ulceration in calcified plaques,

which is one of the limitations of stan-

dard CTA (Fig 7C). The images were

processed by using a dedicated worksta-

tion (Advantage Windows 4.6; GE

Healthcare, Milwaukee, Wisconsin).

Although CE-MRA shows high accu-

racy in detecting plaque ulceration, it is

FIG 6. Luminal irregularity in the internal carotid artery is demonstrated on both a nonen-
hanced hybrid of pseudocontinuous and pulsed arterial spin-labeling (arrow, A) and CE-MRA (C)
images, but it is not seen on the 3D TOF image (dashed arrow, B). hASL indicates hybrid of
pseudocontinuous and pulsed ASL. The figure is reproduced with permission from Koktzoglou
et al.63

FIG 7. High-resolution MR imaging, CTA, and sonography of the left carotid artery of a 77-year-old man. Ulcerations (yellow arrow) are shown
clearly on CE-MRA (A) and pre- and postcontrast black-blood T1-weighted (D and E) images; however, they were missed on TOF-MRA (B).
The calcification on CTA (white arrow, C) causes difficulty when observing the ulceration. Doppler sonography (F) shows no ulceration in
the internal carotid artery.
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still a relatively expensive examination. MR imaging is not suit-

able for patients with contraindications such as implanted de-

vices. In addition, the use of gadolinium-based contrast agents

may be contraindicated in patients with severe renal impairment

(eg, glomerular filtration rate � 30), which may limit its wider

application.

Blood-Suppressed MR Morphologic Imaging. High-resolution

standard MR images are widely used for carotid morphologic im-

aging; however, the signal from flowing blood in the lumen makes

it difficult to identify the vessel wall. Blood suppression is usually

achieved through a signal-preparation scheme applied before the

imaging sequence. The most commonly used schemes include

double or quadruple inversion recovery,68,69 motion-sensitive

driven equilibrium,70 and delay alternating with nutation for tai-

lored excitation (DANTE).71 Multicontrast cross-sectional MR

imaging with blood could also be used for ulceration detec-

tion.72,73 Figure 7D, -E shows an example of carotid ulceration in

DANTE-prepared pre- and postcontrast T1-weighted images.

DISCUSSION
Carotid ulceration is now considered a major hallmark in deter-

mining the vulnerability of atherosclerotic plaque because it indi-

cates a previous plaque rupture and is a strong predictor of sub-

sequent events. The identification of plaque ulceration may assist

in the appropriate management of patients at risk of future isch-

emic events. We have reviewed the literature regarding the vari-

ous radiologic techniques used to demonstrate plaque ulceration.

A direct comparison of the sensitivity and specificity of differ-

ent imaging modalities is difficult because the definition of plaque

ulceration varies in different studies. Pathologically, ulceration is

defined as an erosion of the single cell–layer intima by micro-

scopic examination74-76 or surface defects more than a certain

value (such as 560 �m or 1 mm in diameter and depth) in gross

photography.12,28,29,77 In some studies with DSA,17 CTA,49,78 and

MRA,67,79 a general definition “the extended lumen into plaque”

has been used. In some of the CTA studies, a more specific defi-

nition has been described, such as the intimal defect must be

larger than 1 mm in width38,48,50 or 2 mm in depth.80

Sonography is limited by its accuracy and reproducibility, es-

pecially when the lesion is calcified. The recent development of 3D

US and the use of CEUS may help improve the detection of ca-

rotid ulceration.

CTA is relatively safe compared with XRA and much faster and

cheaper than MR imaging. However, as with XRA, ionization

must be considered when using CTA. Optimization of the scan-

ning protocol and the use of new reconstruction techniques81 can

help reduce the radiation dose. The application of dual-source

CTA may also help to improve the sensitivity and accuracy in

detecting ulceration within calcified plaques.

The advantage of MR imaging is that morphologic and func-

tional features of carotid plaque can be obtained within a single

examination. These features could help provide a comprehensive

assessment of plaque vulnerability. Non-contrast-enhanced MRA

techniques have shown comparable efficiency with CE-MRA for

detecting ulceration and could be used in patients with contrain-

dications to contrast agents. By improving the resolution and op-

timizing the acquisition sequence, non-contrast-enhanced MRA

techniques may identify smaller ulcerations missed by current

MR imaging methods.
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ORIGINAL RESEARCH
PATIENT SAFETY

Low-Dose CT for Craniosynostosis: Preserving Diagnostic
Benefit with Substantial Radiation Dose Reduction

X J.C. Montoya, X L.J. Eckel, X D.R. DeLone, X A.L. Kotsenas, X F.E. Diehn, X L. Yu, X A.C. Bartley, X R.E. Carter, X C.H. McCollough,
and X J.G. Fletcher

ABSTRACT

BACKGROUND AND PURPOSE: Given the positive impact of early intervention for craniosynostosis, CT is often performed for evalua-
tion but radiation dosage remains a concern. We evaluated the potential for substantial radiation dose reduction in pediatric patients with
suspected craniosynostosis.

MATERIALS AND METHODS: CT projection data from pediatric patients undergoing head CT for suspected craniosynostosis were
archived. Simulated lower-dose CT images corresponding to 25%, 10%, and 2% of the applied dose were created using a validated method.
Three neuroradiologists independently interpreted images in a blinded, randomized fashion. All sutures were evaluated by using 3D
volume-rendered images alone, and subsequently with 2D and 3D images together. Reference standards were defined by reader agree-
ment by using routine dose and 2D and 3D images. Performance figures of merit were calculated based on reader response and confidence.

RESULTS: Of 33 pediatric patients, 21 had craniosynostosis (39 positive sutures and 225 negative sutures). The mean volume CT dose index
was 15.5 � 2.3 mGy (range, 9.69 –19.38 mGy) for the routine dose examination. Average figures of merit for multireader analysis ranged from
0.92 (95% CI, 0.90 – 0.95) at routine pediatric dose to 0.86 (95% CI, 0.79 – 0.94) at 2% dose using 3D images alone. Similarly, pooled reader
figures of merit ranged from 0.91 (95% CI, 0.89 – 0.95) at routine pediatric dose to 0.85 (95% CI, 0.76 – 0.95) at 2% dose using 2D and 3D
images together. At 25% and 10% dose, 95% CI of the difference in figures of merit from routine dose included 0, suggesting similar or
noninferior performance.

CONCLUSIONS: For pediatric head CT for evaluation of craniosynostosis, dose reductions of 75%–90% were possible without compro-
mising observer performance.

ABBREVIATIONS: CTDIvol � volume CT dose index; FOM � figure of merit

Deformities of the skull in infants and young children pose a

diagnostic challenge to the examining medical provider. The

challenges of differentiating benign deformational plagiocephaly

from craniosynostosis often require imaging.1 Because untreated

craniosynostosis can inhibit brain development and raise intra-

cranial pressure, because the skulls do not expand enough to

make room for the growing brain, a thorough evaluation should

be performed on all children with suspected craniosynostosis. In

mild cases of craniosynostosis, no treatment may be required, or a

specially molded helmet may be used to reshape the baby’s head

and allow room for normal brain growth.2

Although a complete evaluation includes a detailed preg-

nancy, birth, and sleeping position history, as well as a thorough

physical examination, imaging is often needed to confirm the di-

agnosis. CT is the preferred imaging technique for accurate and

complete assessment.1 However, because CT uses ionizing radia-

tion in the acquisition of images, some have recommended defer-

ral of CT when the diagnosis is less than certain clinically,3 even

though the risk associated with the radiation doses used in CT is

too low to be convincingly demonstrated.4 Still, some physicians

and parents are concerned about the radiation dose used in CT.

Therefore, given the positive impact of early intervention, it is

important to minimize radiation dose and confirm the diagnostic

performance of low-dose examinations5 to minimize the con-

cerns of parents and some medical professionals about radiation

dose, which may result in deferral of CT and, thereby, diagnostic
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delay. Because osseous tissue is the primary anatomy of interest in

imaging for craniosynostosis and evaluation of osseous structures

is a high-contrast diagnostic task, assessment of craniosynostosis

does not require the same level of image quality as a routine head

CT examination, which must also evaluate soft tissue structures.

Therefore, radiation dose reduction should be achievable. Itera-

tive reconstruction is a promising approach to reducing CT radi-

ation dose while not hampering diagnostic performance for high-

contrast tasks.6

The purpose of this study was to determine the minimum

radiation dose required to produce clinically acceptable perfor-

mance for the diagnostic evaluation of craniosynostosis. As part

of this evaluation, we used iterative reconstruction to facilitate

radiation dose reduction and examined whether the use of 3D

volume-rendered images could improve confidence in interpre-

tation without compromising diagnostic performance.

MATERIALS AND METHODS
This HIPAA-compliant study was approved by our institu-

tional review board. Selection of cases for inclusion in this

study was consistent with Minnesota Research Authorization

(Minnesota Statute 144.295). The requirement for written in-

formed consent was waived for this retrospective study. All

examinations in this study were performed using our clinical

standard of care.

Patient Population
Thirty-three pediatric patients who underwent unenhanced CT

of the head with an indication for craniosynostosis between May

2013 and December 2014 were included in the study. Inclusion

criteria included 1) patients �18 years of age, 2) who underwent

unenhanced CT of the head, 3) by using a 128-section CT system,

4) with an indication for craniosynostosis, and 5) only patients

with archived CT projection data were considered. Five cases in

our study cohort were scanned after surgery for a question of

recurrent or residual craniosynostosis. Figure 1 illustrates our study

schema.

Image Acquisition
Patients were scanned according to our institution’s routine

pediatric head CT protocol by using a 128-section CT system

(Somatom Definition Flash; Siemens, Erlangen, Germany). All

examinations were acquired with detector collimation of 64 �

0.6 � 2 mm by using the z-flying focal spot technique,7 gantry

rotation time of 1 second, helical pitch of 0.6, and tube poten-

tial of 120 kV. Automatic exposure control was used (CARE

Dose4D; Siemens) with a quality reference tube current–time

product equal to 220 mAs. The volume CT dose index (CTDIvol) for

a standard-size patient when using this protocol is 34 mGy; however,

because automatic exposure control was used, the effective tube

current–time product and, therefore, the CTDIvol were much lower

in the smaller pediatric head, as shown in Fig 2.

Simulated Dose and Image Reconstruction
Lower radiation dose CT datasets were simulated by using a vali-

dated method for inserting noise into the existing CT projection

data acquired with routine parameters. The method incorporates

the effect of the scanner bow-tie filter, automatic exposure control

settings, and detector electronic noise.8 For each case, projection

data with 3 simulated lower radiation dose levels were created,

corresponding to 25%, 10%, and 2% of the routine radiation dose

(75%, 90%, and 98% radiation dose reduction). Axial and coronal

images at routine and lower radiation doses were reconstructed by

using 2.0-mm image thickness, 1.0-mm interval, 250-mm FOV,

and routine head reconstruction kernel (J70), as shown in Fig 3.

3D volume-rendered images were created from axial images (im-

age thickness, 0.75 mm; interval, 0.70 mm; FOV, 250 mm; J30

kernel) by using 2 different shading methods (3D bone and 3D

shining bone; Syngo VIA Version VA30 [Siemens]), as shown in

Fig 4. All images were reconstructed using iterative reconstruction

(SAFIRE; Siemens) with a strength parameter adapted to the ra-

diation dose level (strengths 2, 3, 4, and 4 for routine, 25%, 10%,

and 2% radiation-dose levels, respectively).

FIG 1. Study schema.

FIG 2. Automatic exposure control in the head of a pediatric patient.
The quality reference tube current–time product for this study is
equal to 220 mAs, corresponding to a CTDIvol equal to 34 mGy. How-
ever, because automatic exposure control was used, the mean effec-
tive tube current–time product was 90 mAs, corresponding to a
CTDIvol of 13.77 mGy.
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Image Evaluation
Cases were anonymized, randomized, and divided into 4 reading

sessions so that examinations from the same patient at each dif-

ferent radiation dose were reviewed in separate sessions, with a

required minimum of 7 days between each session. Three neuro-

radiologists (D.R.D., A.L.K., F.E.D.), each with more than 7 years

of experience, blinded to patient history and radiation dose level,

evaluated images on a computer workstation (Advantage Win-

dows Workstation; GE Healthcare, Milwaukee, Wisconsin) so

that each patient at each radiation dose level was evaluated a single

time by each reader. Each suture (sagittal, metopic, left coronal,

right coronal, left lambdoid, right lambdoid, left squamosal, and

right squamosal) was evaluated for craniosynostosis (positive,

partial, or negative) by using 3D volume-rendered images. The

3D shading technique preference (3D bone, 3D shining bone, or

no preference) and rationale for preference (image quality im-

provement versus difference in diagnosis) were noted for every

case. Subsequently, readers evaluated 2D images (bone window,

axial, and coronal) and 3D volume-rendered images together. For

each suture evaluation, a diagnostic reader confidence score was

determined by a 5-point scale (1, negative without doubt; 3, in-

determinate; and 5, positive without doubt). After 2D and 3D

images were evaluated together, an overall image quality score was

recorded for every case at each radiation dose (1, nondiagnostic

because of noise/artifacts; 2, diagnosis questionable because of

noise/artifacts; 3, diagnostic with moderate but acceptable noise/

artifacts; 4, mild noise, no change in diagnostic confidence; and 5,

routine diagnostic quality).

Reference Standard
The reference standard for craniosynostosis in each suture was

defined by using reader agreement rules when 2D and 3D im-

ages were evaluated together at routine radiation dose. A su-

ture was categorized as negative or positive if at least 2 of the 3

readers identified the suture as open versus fused/partially

fused, respectively.

Statistical Analysis
Continuous variables were expressed as mean � SD or median

and range. Categoric variables were expressed as frequencies

and percentages. For every reader interpretation, the reference

standard was compared with reader confidence score for each

suture at each radiation dose. To account for multiple sutures per

patient, we used a clustered receiver operating curve analysis with

an ROI paradigm.9,10 A figure of merit (FOM), equal to the prob-

ability that the confidence of a randomly selected positive suture is

greater than a randomly selected negative suture, was calculated

for each reader at each radiation dose. For multireader analysis,

readers were treated as fixed effects, and the average FOM was

calculated across readers for each radiation dose. The difference

between FOM and routine radiation dose was calculated and

standard errors were estimated using the deformation-based

morphometry method.11 Large-sample 95% CIs, which are sym-

metrical about the point estimate, were estimated from the model-

based standard errors. Descriptive analyses and graphics were

conducted by using SAS version 9.4 (SAS Institute, Cary, North

Carolina). The RJafroc package (version 0.1.1) on R version 3.1

(http://www.r-project.org) was used for estimation of the FOM

and associated CIs.

RESULTS
Study Population
Thirty-three pediatric patients who underwent unenhanced CT

of the head with an indication for craniosynostosis were included

in the study. Five patients were scanned after surgery for question

of recurrent or residual craniosynostosis. Patient ages ranged

from neonate to 4 years old (median age, 8 months). The mean

CTDIvol for the routine examination was 15.5 � 2.3 mGy (range,

9.69 –19.38 mGy), and the mean of the estimated effective dose

when using age-corrected conversion factors12 was 1.96 � 0.48

mSv (range, 1.09 –3.2 mSv).

Reference Standard
According to reader agreement when 2D and 3D images were

evaluated together at routine radiation dose, 21 patients had cra-

niosynostosis for a total of 39 positive sutures and 225 negative

sutures. Fifteen patients had single-suture craniosynostosis (7

sagittal, 5 metopic, 2 left coronal, and 1 right coronal), 1 patient

had bilateral coronal craniosynostosis, and 5 patients had 3 or

more closed sutures.

FIG 3. Axial and coronal images at routine dose and simulated lower
radiation dose of a patient with left coronal craniosynostosis (A) and
sagittal craniosynostosis (B).

FIG 4. 3D volume-rendered images of a patient with sagittal cranio-
synostosis at routine dose and 2% routine dose, created from axial
images (image thickness, 0.75 mm; interval, 0.70 mm; FOV, 250 mm; J30
kernel) by using 2 different shading methods (3D bone and 3D shining
bone).
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Image Evaluation
FOMs for reader-specific evaluation of craniosynostosis when us-

ing 3D images only and 2D and 3D images together are shown in

the Table and Fig 5. Across all readers, performance estimates

between 3D images and 2D and 3D images together were similar.

For evaluation of 3D images only, pooled FOM for multireader

analysis ranged from 0.92 (95% CI, 0.90 – 0.95) at routine dose to

0.86 (95% CI, 0.79 – 0.94) at 2% dose (Fig 6). Performance was

similar when evaluating 2D and 3D images together, with pooled

FOM ranging from 0.91 (95% CI, 0.89 – 0.95) at routine dose to

0.85 (95% CI, 0.76 – 0.95) at 2% dose, as shown in the Table and

Fig 6.

The estimated differences in FOM for the evaluation of cra-

niosynostosis between the routine dose and the lower-dose con-

figurations is shown in Fig 7. Minimum difference in FOM

(�0.01; 95% CI, �0.05 to 0.04) was achieved in the evaluation by

using 3D images only at 25% radiation dose. At 2% radiation

dose, performance in the evaluation was degraded, with a FOM

difference between routine and 2% dose of �0.06 (95% CI, �0.12

to �0.01) for both 3D only and 2D and 3D images together, so

this lower-dose configuration is considered inferior.

3D Volume-Rendering Preference and Image Quality
For all readers and radiation doses, 3D shining bone was preferred

in 270 of 396 evaluations (68%). There was no preference in 117

evaluations (30%), and the 3D bone setting was preferred in only

7 (2%) of the evaluated conditions. Rationale for 3D volume-

rendered preference was improved image quality in 222 of 270

(82%) evaluations when 3D shining bone was preferred and, sim-

ilarly, in 5 of 7 (71%) evaluations when 3D bone was preferred.

Better visualization of sutures with impact in diagnosis was cho-

sen as rationale for preference in 48 of 270 (18%) evaluations

when 3D shining bone was preferred and 2 of 7 (29%) evaluations

when 3D bone was preferred.

Image quality scores for each reader and radiation dose are

summarized in Fig 8. For all readers and radiation doses, the per-

centage of cases rated as having diagnostic image quality (score

�3) were 100%, 98%, 96%, and 78% for routine, 25%, 10%, and

2% radiation dose levels, respectively.

DISCUSSION
Pediatric patients with suspected craniosynostosis often need CT

for diagnosis and planning of management. These scans are per-

formed to evaluate the status of sutures to determine whether a

head deformity is caused by positional plagiocephaly or prema-

ture sutural closure, known as craniosynostosis.13 For most pa-

tients, however, surgery is the primary treatment.1 To help con-

firm diagnosis and guide surgical treatment, imaging is frequently

obtained, usually in the form of CT.

Using a validated method to simulate lower radiation dose CT

examinations, reduced dose scans were compared with images

acquired using our clinical standard of care. Our study demon-

Figures of merit and 95% CI for reader-specific and multireader evaluation of craniosynostosis using 3D images only and 2D images
together with 3D imagesa

Routine 25% 10% 2%

3D Only 2D + 3D 3D Only 2D + 3D 3D Only 2D + 3D 3D Only 2D + 3D
Reader 1 0.89 (0.83–0.96) 0.86 (0.78–0.94) 0.94 (0.88–1.00) 0.92 (0.87–0.98) 0.91 (0.85–0.97) 0.87 (0.75–0.98) 0.90 (0.82–0.97) 0.88 (0.80–0.96)
Reader 2 0.93 (0.88–0.98) 0.94 (0.90–0.99) 0.92 (0.87–0.97) 0.88 (0.82–0.94) 0.86 (0.77–0.95) 0.88 (0.80–0.97) 0.85 (0.76–0.94) 0.85 (0.75–0.94)
Reader 3 0.95 (0.92–0.99) 0.95 (0.92–0.98) 0.90 (0.84–0.97) 0.89 (0.82–0.95) 0.92 (0.87–0.98) 0.93 (0.88–0.98) 0.85 (0.69–1.00) 0.84 (0.68–1.00)
Average 0.92 (0.90–0.95) 0.91 (0.89–0.95) 0.92 (0.88–0.97) 0.89 (0.86–0.94) 0.89 (0.84–0.95) 0.89 (0.83–0.96) 0.86 (0.79–0.94) 0.85 (0.76–0.95)

a Data presented as FOM (95% CI).

FIG 5. FOM and 95% CI for reader-specific evaluation of craniosyn-
ostosis by using 3D images only and 3D together with 2D images.

FIG 6. Average FOM and 95% CI from all readers for all radiation dose
levels in 3D and 3D together with 2D evaluation.

FIG 7. Difference in FOM (with 95% CI) between each radiation dose
level and reference standard in 3D and 3D together with 2D
evaluation.
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strated that a 75%–90% reduction in dose relative to a routine

head CT examination was clinically acceptable for the evaluation

of craniosynostosis. In this blinded study, neuroradiologists were

able to accurately detect craniosynostosis across all dose levels

(25%, 10%, and 2% of the routine radiation dose) without com-

promising diagnostic performance. As expected, the overall image

quality decreased at lower doses; however, this did not compro-

mise the diagnostic accuracy for this specific indication when the

reference CTDIvol was reduced from 34 mGy to a simulated value

of 3.8 mGy (approximately 10% of routine radiation dose). Even

at the 2% dose, moderate noise or artifacts were noted, but images

were still acceptable for diagnosis in more than 80% of the cases.

In all cases, 3D volume-rendered images were used with both 3D

bone and 3D shining bone techniques. When using 3D images

compared with 2D and 3D images together, reader performance

was similar.

Others have investigated ways to reduce radiation exposure

in patients with suspected craniosynostosis, and our work is com-

plementary and adds to their efforts. In 2015, Kaasalainen et al14

published data concluding that dose reductions over 80% were

possible for CT evaluation of craniosynostosis. However, their

analysis was performed on phantoms with simplified cranial anat-

omy. Our study has shown that similar dose reductions are pos-

sible in actual patients with various anatomic appearances. In

addition, Ernst et al15 reported in 2016 that a dedicated sub-0.1

mSv cranial 3D CT protocol can be used without loss in image

quality, but this study did not report radiologist performance,

only image quality. In their study, patients were scanned with

either routine or low-dose CT protocols, so only image quality

was assessed, and there was no radiologist assessment of suture

closure or comparison with a reference standard. Our compari-

son of matched cases across a range of CT doses permitted paired

comparisons of radiology diagnoses across radiation doses. Fi-

nally, Morton et al16 described their successful institutional expe-

rience using low-dose head CT in various pediatric conditions,

though their study was not limited to craniosynostosis, and low-

dose images were not directly compared with full-dose images

from the same patient at the same time. Alternatively, some au-

thors have proposed ultrasonographic evaluation of cranial su-

tures in children with suspected craniosynostosis, but that ap-

proach has not yet gained widespread acceptance, perhaps in part

because children with positive findings at sonography are still

recommended to undergo CT for preoperative evaluation, and

falling doses used in CT evaluation of craniosynostosis diminishes

the need for a zero-dose technique that has not yet demonstrated

superiority to CT.17

There were several limitations to our study. This was a pilot

retrospective study intended to provide an initial estimate of how

dose reduction and reconstruction approaches could be used syn-

ergistically to maintain diagnostic performance. There was a rel-

atively small number of cases, evaluated by 3 readers. Reader

agreement rules were applied to the interpretation of routine-

dose CT images for determination of the reference standard. We

decided to use the actual reader interpretations rather than design

a separate consensus interpretation to better illustrate that small

disagreements in the evaluation did not substantially affect the

diagnostic conclusion that dose reductions are possible regardless

of the individual reader. Moreover, in the context of this study, we

believe this approach actually inflates the observer performance at

routine dose while potentially increasing the difference in FOMs

relative to the reduced-dose images. Although this was not con-

sidered ideal from a pure efficacy approach, it was selected as a

pragmatic approach to this pilot study. Because of mild differ-

ences in technique, blinded readers were likely able to distinguish

the original-dose studies from the reconstructed lower-dose stud-

FIG 8. Stacked percent bar plot of image quality scores for each
reader and radiation dose.
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ies at 10% and 2% of the original dose. This could have resulted in

bias during subjective image quality evaluation, despite the read-

ers being blinded to technical data. In addition, the design of our

questionnaire may have prompted the blinded radiologists to

look more closely for craniosynostosis than they would have with-

out prompting, and associated intracranial abnormalities were

not evaluated. Finally, implementation of 10%- and 25%-dose

scanning for craniosynostosis can result in high accuracy, but

does not adequately evaluate underlying brain structures; MR or

routine-dose CT must be used if this additional diagnostic task is

necessary.

Despite these limitations, our study demonstrates sufficient

diagnostic performance and image quality of low-dose CT for the

task of evaluating craniosynostosis.

CONCLUSIONS
The accuracy of detecting craniosynostosis was maintained across

all dose levels by using appropriate strengths of iterative recon-

struction. As expected, image quality mildly to moderately de-

creased at lower-dose levels, but without compromise in diagnos-

tic performance down to dose reductions on the order of 90%.

Tailored low-dose CT examinations for the evaluation of cranio-

synostosis are a reasonable method to decrease the radiation as-

sociated with CT while minimizing risk and addressing concerns

that might result in detrimental deferral of diagnostic imaging.
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ORIGINAL RESEARCH
ADULT BRAIN

Genetically Defined Oligodendroglioma Is Characterized by
Indistinct Tumor Borders at MRI

X D.R. Johnson, X F.E. Diehn, X C. Giannini, X R.B. Jenkins, X S.M. Jenkins, X I.F. Parney, and X T.J. Kaufmann

ABSTRACT

BACKGROUND AND PURPOSE: In 2016, the World Health Organization revised the brain tumor classification, making IDH mutation and
1p/19q codeletion the defining features of oligodendroglioma. To determine whether imaging characteristics previously associated with
oligodendroglial tumors are still applicable, we evaluated the MR imaging features of genetically defined oligodendrogliomas.

MATERIALS AND METHODS: One hundred forty-eight adult patients with untreated World Health Organization grade II and III infiltrating
gliomas with histologic oligodendroglial morphology, known 1p/19q status, and at least 1 preoperative MR imaging were retrospectively
identified. The association of 1p/19q codeletion with tumor imaging characteristics and ADC values was evaluated.

RESULTS: Ninety of 148 (61%) patients had 1p/19q codeleted tumors, corresponding to genetically defined oligodendroglioma, and 58/148
(39%) did not show 1p/19q codeletion, corresponding to astrocytic tumors. Eighty-three of 90 (92%) genetically defined oligodendroglio-
mas had noncircumscribed borders, compared with 26/58 (45%) non-1p/19q codeleted tumors with at least partial histologic oligoden-
droglial morphology (P � .0001). Eighty-nine of 90 (99%) oligodendrogliomas were heterogeneous on T1- and/or T2-weighted imaging. In
patients with available ADC values, a lower mean ADC value predicted 1p/19q codeletion (P � .0005).

CONCLUSIONS: Imaging characteristics of World Health Organization 2016 genetically defined oligodendrogliomas differ from the
previously considered characteristics of morphologically defined oligodendrogliomas. We found that genetically defined oligodendro-
gliomas were commonly poorly circumscribed and were almost always heterogeneous in signal intensity.

ABBREVIATIONS: IDH � isocitrate dehydrogenase; WHO � World Health Organization

The classification and treatment of brain tumors, particularly

oligodendroglial tumors, is rapidly evolving due to increasing

awareness of the role of molecular factors. Several large clinical

trials have demonstrated that overall survival is dramatically

increased when patients with World Health Organization

(WHO) grade II and III oligodendroglial tumors receive che-

motherapy in addition to radiation therapy, particularly in pa-

tients with tumors having simultaneous whole arm deletions of

1p and 19q.1-3 This 1p/19q codeletion had been previously

recognized as a prognostic factor for better survival,4 but these

studies provided proof that it was also predictive of response to

therapy.5

In 2016, the WHO released updated guidelines for brain tumor

classification that made isocitrate dehydrogenase (IDH) mutation and

1p/19q codeletion the defining features of oligodendroglioma (oli-

godendroglioma IDH-mutant and 1p/19q codeleted and anaplastic

oligodendroglioma IDH-mutant and 1p/19q codeleted).6 Whole

arm 1p/19q codeletion typical of oligodendroglioma occurs ex-

clusively in isocitrate dehydrogenase gene mutation and telomerase

reverse transcriptase (TERT) mutation.7 Grade II and III infiltrat-

ing gliomas without 1p/19q codeletion are classified as astrocyto-

mas and divided among IDH-mutant (most) and IDH-wild type

(10%–20%). The designation “oligoastrocytoma not otherwise spec-

ified” is strongly discouraged, to be used primarily when molecular

testing is not available.

A number of imaging features have long been considered char-

acteristic, though not specific, to oligodendrogliomas: relatively
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sharply delineated margins, calcification, and internal cysts.8

These features must be re-evaluated following the WHO 2016

brain tumor update because those tumors previously classified as

oligodendrogliomas or oligoastrocytomas but lacking 1p/19q

codeletion are now considered astrocytomas, and those tumors

previously called oligoastrocytomas containing the IDH mutation

and 1p/19q codeletion are now classified as oligodendrogliomas.

Thus, it is not clear whether the features previously considered

typical of oligodendroglioma are able to characterize genetically

defined WHO 2016 oligodendrogliomas and distinguish them

from astrocytomas.

We evaluated a large series of patients with morphologically

defined oligodendroglial tumors (oligodendroglioma and oli-

goastrocytoma by WHO 2007 criteria) to determine whether MR

imaging features could identify those patients with true geneti-

cally defined oligodendrogliomas (ie, those tumors with IDH mu-

tation and 1p/19q codeletion). Because most patients with glioma

undergo their initial imaging studies and often their initial surgi-

cal intervention in the community setting, we focused on MR

imaging sequences that are routinely obtained as part of standard

diagnostic MR imaging.

MATERIALS AND METHODS
Patient Identification and Study Design
Institutional review board approval with waived consent was ob-

tained for this Health Insurance Portability and Accountability

Act– compliant retrospective research study. Our institutional

neuropathology data base was used to identify patients 18 years of

age and older with WHO grade II or III infiltrating gliomas orig-

inally diagnosed as oligodendrogliomas and oligoastrocytomas

whose tumors had undergone 1p/19q fluorescent in situ hybrid-

ization testing to assess codeletion. This testing was performed on

tumors that contained oligodendroglial

elements at microscopy based on the

2007 WHO brain tumor classification

system.9 Patients were excluded if the

tumor was classified as an astrocytoma

or a morphologic tumor subtype could

not be assigned; if they did not have at

least 1 MR imaging study containing

both T1- and T2-weighted images ob-

tained before surgical intervention; or if

they had received any chemo- or radia-

tion therapy. Two board-certified neu-

roradiologists blinded to patient 1p/19q

status and histopathology evaluated

preoperative MR images at a digital
workstation (Advantage Workstation

4.3; GE Healthcare, Milwaukee, Wis-
consin) and performed image analysis

in consensus. The MR imaging exam-
inations were performed at our insti-

tution and at outside institutions that
had referred patients to us. Pulse se-

quences generally included pre- and

postgadolinium T1- and T2-weighted

imaging and T2-weighted FLAIR im-

aging. Other sequences, DWI, gradient-

echo T2*-weighted, and DSC perfusion imaging, were not con-

sistently available.

Tumor location was assessed by the primary lobe of involve-

ment and by whether the tumor burden was unilateral or bilateral

(by crossing the midline or by multifocal disease). The following

classifications were noted to reflect the predominant nature of

each tumor: tumor margins completely circumscribed, partially

circumscribed, or noncircumscribed (Fig 1); borders predomi-

nantly sharply interfaced with normal brain or indistinct (T1- and

T2-weighted sequences) (Fig 2); contour predominantly smooth

or irregular (Fig 2); and internal homogeneity versus nonhomo-

geneity (T1- and T2-weighted sequences). Circumscription of tu-

mor margins was judged as a summary marker from all pulse

sequences and was considered complete if �75% of the tumor

circumference was geographically marginated, as if one could

trace a pencil line around the tumor. Partial circumscription was

present if 50%–75% of the tumor circumference was circum-

scribed, and lack of circumscription was present if �50% of the

tumor circumference was circumscribed. The judgment of sharp-

versus-indistinct tumor borders was considered potentially re-

lated to circumscription and overlapping with it but more specif-

ically looking at whether tumor interfaces with brain were sharp

or blurred individually on both T1- and T2-weighted pulse se-

quences. Sharp-versus-indistinct border was chosen to reflect the

strong predominance of the character of a given tumor.

The judgment of tumor contour as smooth or irregular was

also considered potentially related to circumscription and tumor

border sharpness but was specifically focused on whether tumor

margins were convex outward as a predominant characteristic of

a given tumor on T2-weighted images versus a mix of tumor mar-

gins convex outward and concave inward. Necrosis or cystic

FIG 1. Examples of circumscribed (A and D), partially circumscribed (B and E), and noncircumscribed (C
and F) tumor borders on axial T1-weighted (upper row) and T2-weighted (lower row) MR images.
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change and the presence or absence of contrast enhancement were

also determined. Paramagnetic susceptibility effect (or loss of sig-

nal, which might indicate hemorrhage or calcification) was eval-

uated with T2*-weighted imaging when available; otherwise, we

assessed focal T1 shortening and/or focal signal loss on T2-

weighted images. When available, mean and median overall ADC

was measured for each tumor from 2D ROIs. Given frequent glial

tumor heterogeneity, we also sampled the highest and lowest

ADC areas within each tumor by placing four 15- to 22-mm2

ROIs in areas of visually low and high tumoral ADC, and the

means of these low and high ADC ROIs were calculated, followed

by measures of central tendency of those mean values across

patients.

Pathologic Correlation
Tumor histopathologic diagnoses were obtained from pathology

reports in the electronic medical record. Diagnoses were deter-

mined by board-certified neuropathologists by using the WHO

2007 update criteria.9 The 1p/19q codeletion status, as deter-

mined by fluorescence in situ hybridization, was obtained from

clinical records. IDH1- and IDH2- mutation analysis was avail-

able in a subset of cases; sequencing methods have been previously

described.10 For this evaluation, the term “genetically defined oli-

godendroglioma” is used for pathologically proved WHO grade II

and III infiltrating gliomas, which contain 1p/19q codeletion by

fluorescence in situ hybridization; and the term “astrocytoma” is

used in the absence of 1p/19q codeletion. From a technical stand-

point, knowledge of IDH mutation is necessary for complete clas-

sification, and this was only available in a subset of patients. How-

ever, IDH mutation is always present in patients with 1p/19q

codeleted oligodendroglioma and is likely present in at least 80%

of the noncodeleted tumors in this study, because the association

between oligodendroglial morphology at microscopy and IDH

mutation is well-established.

Statistical Analyses
The associations of 1p/19q codeletion status with the recorded

imaging features, tumor type, and tumor grade were assessed.

Data were compared between groups with �2 tests or Fisher exact

tests (when appropriate) for nominal variables and with the

Kruskal-Wallis test for continuous or ordinal variables. Multi-

variable logistic regression models were used to assess the associ-

ation of 1p/19q codeletion (genetic oligodendroglioma classifica-

tion) with imaging characteristics, and results were summarized

with odds ratios, 95% confidence intervals, and C statistics. All

analyses were performed by using SAS, Version 9 (SAS Institute,

Cary, North Carolina). P values � .05 were considered statistically

significant.

RESULTS
Study Population
One hundred eighty-five patients with previously untreated

WHO grade II or III infiltrating gliomas who underwent tumor

1p/19q codeletion testing at the time of the first operation were

identified. We excluded patients with the following: morpholog-

ically pure astrocytic tumors (n � 26), age younger than 18 years

at the time of diagnosis (n � 5), either T1- or T2-weighted MR

imaging sequences unavailable (n � 2), research authorization

declined (n � 2), tumor that could not be assigned a morphologic

subtype (n � 1), and prior craniotomy at another institution (n �

1). One hundred forty-eight patients with infiltrating gliomas

with histologic oligodendroglial morphology met the criteria for

inclusion. Of these, 90 of 148 (61%) demonstrated 1p/19q code-

letion and 58 of 148 (39%) did not. Patient demographic charac-

teristics are shown in Table 1. MR images were predominantly 2D

rather than 3D volumetric, and most scans were performed at

1.5T.

Tumor Histology and IDH-Mutation Status
Histologic tumor characteristics and IDH-mutation statuses are

shown in Table 2. Thirty-six of 42 (86%) tumors previously char-

acterized as oligodendrogliomas were 1p/19q codeleted, and 6 of

42 (14%) were not. Of the 106 tumors previously classified as

oligoastrocytomas by the 2007 criteria, 54 (51%) were 1p/19q

codeleted and 52 were not, corresponding to astrocytoma, IDH-

FIG 2. Examples of tumor classifications are as follows: circum-
scribed, with sharp smooth borders (A); circumscribed, with sharp
borders, but not smooth due to the extent of concave inward bor-
ders (B); circumscribed with sharp borders on T2-weighted image (C)
but not on T1-weighted image (D); partially circumscribed, with indis-
tinct borders, but not smooth due to the extent of concave inward
borders (E); and circumscribed, with predominantly sharp borders, but
not smooth due to the extent of concave inward borders (F). All
images are T2-weighted, except D as indicated.
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mutant, or IDH-wild type. As expected, 39 of 39 (100%) codeleted

tumors in which IDH-mutation sequencing was available had

mutations of either IDH1 or IDH2, making them oligodendro-

gliomas by the WHO 2016 classification system. Among the tu-

mors without 1p/19q codeletion, of those 21 in which IDH status

was known, 19 (90%) demonstrated mutation.

Tumor Location
The proportion of tumors that crossed the midline or displayed

bilateral multifocal involvement was approximately 20% for both

genetically defined oligodendrogliomas and astrocytomas. Oligo-

dendrogliomas were most commonly centered in the frontal lobe

(66/90, 73%), followed by the parietal (15/90, 17%) and temporal

(5/90, 6%) lobes. Noncodeleted tumors were most commonly

centered in the frontal lobe (35/58, 60%), followed by the tempo-

ral lobe (9/58, 16%), insula (7/58, 12%), and parietal lobe (5/58;

9%). A statistically significant difference in the anatomic distribu-

tion of the tumors was noted (P � .02); tumors of the frontal and

parietal lobes were more likely to be 1p/19q codeleted oligoden-

drogliomas, which represented 66/101 (65%) and 15/20 (75%)

tumors in these locations, respectively. Insular and temporal tu-

mors were more likely to be noncodeleted.

Tumor Imaging Features
Imaging characteristics of the tumors are shown in the On-line

Table. Genetically defined oligodendrogliomas were character-

ized by poorly circumscribed borders (83/90, 92%). Of all tumors

in this series with poorly circumscribed borders, most (83/109,

76%) were genetically defined oligodendrogliomas. Oligoden-

drogliomas generally lacked sharp borders on both T1- and T2-

weighted images (87/90, 97% for each) and lacked a smooth con-

tour on T2-weighted images (86/90, 96%). The association

between indistinct borders and oligodendroglioma was highly

significant for each marker of border

sharpness evaluated, compared with

astrocytic tumors with some oligoden-

droglial morphology (P � .0001 for

each). The small cohort of internally

homogeneous tumors was very un-

likely to be codeleted (P � .003 and

0.01 for T1- and T2-weighted images,

respectively). Paramagnetic suscepti-

bility, necrosis or cystic change, and

contrast enhancement were relatively

common in both oligodendrogliomas

and astrocytomas, with no significant

difference in prevalence. Figure 3 demon-

strates prototypical genetically defined

oligodendrogliomas and astrocytomas.

In the multivariable analysis (Table

3), tumor location (P values calculated,

excluding 2 patients with cerebellar or

deep gray location), lack of tumor cir-

cumscription (P � .0001), and older age

at diagnosis (P � .002) were indepen-

dently significant predictors of 1p/19q

codeleted oligodendroglioma. The odds

of oligodendroglioma increased with

age (OR, 1.06 for each year; 95% CI, 1.02–1.10) and were strongly

predicted by a lack of circumscribed borders (OR, 16.35; 95% CI,

6.08 –50.63) relative to tumors with completely or partially cir-

cumscribed margins. Although tumor location was not statisti-

cally significant overall after adjusting for age and circumscrip-

tion (P � .06), frontal location tumors were most likely to be

codeleted, and the pair-wise comparison between frontal versus

temporal was significant (OR, 7.82; 95% CI, 1.66 – 41.67; P � .01).

ADC Values
ADC sequences were available in 65 patients (On-line Table).

Tumors with lower mean ADC values were more likely to be 1p/

19q codeleted oligodendrogliomas (P � .0005). Receiver operat-

ing characteristic analysis identified a mean ADC value of 1.41

mm2/s as the optimal cutoff point, with an area under the curve of

0.76. A mean ADC value of �1.41 mm2/s was 73.7% sensitive and

74.1% specific for 1p/19q codeleted oligodendroglioma (Fig 4). In

the multivariable analysis, both ADC and tumor circumscription

remained statistically significant predictors of oligodendrogli-

oma, while neither patient age nor tumor location remained

significant. The odds of oligodendroglioma increased mark-

edly in low-ADC lesions (OR, 5.66 for a half-unit decrease in

overall mean ADC; 95% CI, 1.53–27.49; P � .02) and in non-

circumscribed tumors (OR, 5.24; 95% CI, 1.27–24.42; P � .02)

(Table 4).

DISCUSSION
This large retrospective study characterizes findings from com-

monly obtained MR imaging sequences in genetically defined oli-

godendrogliomas. These analyses are essential following the

WHO 2016 update on CNS tumors, which has led to the reclassi-

fication of many infiltrating gliomas. Oligodendrogliomas, now

Table 1: Patient demographics

Total
(N = 148)

WHO 2016

P Value

Oligodendroglioma
(1p/19q codeleted)

(n = 90)

Astrocytoma
(non-1p/19q codeleted)

(n = 58)
Male sex (No.) 86 (58.1%) 49 (54.4%) 37 (63.8%) .26a

Age, mean (SD), y 42.2 (12.7) 45.0 (12.0) 37.8 (12.6) .0002b

a �2 test.
b Kruskal-Wallis test.

Table 2: Cross-tabulation of tumor histopathology by WHO 2007 criteria and grade with
WHO 2016 criteria for oligodendroglioma (1p/19q codeletion)

Total
(N = 148)

WHO 2016

Oligodendroglioma
(1p/19q codeleted)

(n = 90)

Astrocytoma
(non-1p/19q codeleted)

(n = 58)
WHO 2007 classification

Oligodendroglioma 42 (28.4%) 36 (40.0%) 6 (10.3%)
Oligoastrocytoma 106 (71.6%) 54 (60.0%) 52 (89.7%)

Tumor grade
WHO II 98 (66.2%) 58 (64.4%) 40 (69.0%)
WHO III 50 (33.8%) 32 (35.6%) 18 (31.0%)

IDH mutation status
No. 60 39 21
IDH-mutant 58 (96.7%) 39 (100%) 19 (90.5%)
IDH-wild type 2 (3.3%) 0 (0%) 2 (9.5%)
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defined by IDH mutation and 1p/19q codeletion, are likely to

demonstrate poorly defined tumor borders, internal heterogeneity,

and a lower ADC value compared with astrocytomas with some oli-

godendroglial morphology. In contrast, noncodeleted infiltrating

gliomas demonstrating oligodendroglial morphology, a subset of ge-

netically defined astrocytomas, are more likely to be well-defined and

internally homogeneous. Genetically defined oligodendrogliomas

have a predilection for the frontal and parietal lobes.

Our results represent a shift from imaging findings previously

associated with oligodendroglial tumors as defined by the prior

histology-based WHO criteria. Circumscribed margins on MR

imaging8 had been considered a classic appearance of oligoden-

droglioma, but only 3%– 8% of genetically defined oligodendro-

gliomas in our series demonstrated well-

circumscribed margins, depending on

the evaluation criteria used. Other

markers previously considered charac-

teristic of oligodendrogliomas, includ-

ing paramagnetic susceptibility artifacts,

cystic change, and bilateral tumor bur-

den,11 were likewise not able to distin-

guish genetically defined oligodendro-

glioma from the subset of astrocytomas

with oligodendroglial morphology.

Preoperative knowledge of glioma

subtype is valuable for patients and cli-

nicians. Standard surgical treatment for

glioma is maximum safe resection when

possible and biopsy if resection is con-

traindicated, providing definitive tissue

confirmation of tumor type, grade, and

genetic markers such as 1p/19q deletion

status and IDH mutation. For patients

with tumors located where complete re-

section may result in permanent neuro-

logic deficits, knowledge of whether a

tumor is likely to respond well to radia-

tion and/or chemotherapy greatly im-

pacts the risk/benefit analysis of surgery.

Because 1p/19q codeletion is both prog-

nostic of survival and predictive of re-

sponse to radiochemotherapeutic treat-

ment, it significantly informs initial

patient counseling and treatment planning.1-3

Efforts to correlate 1p/19q codeletion with imaging features

began before the discovery of the IDH mutation and the current

WHO revision.12-17 Previous smaller retrospective studies found

that 1p/19q codeletion was associated with an indistinct border

on T1 and heterogeneity on T1 and T2 images,13 and lack of

1p/19q codeletion was associated with tumor homogeneity and

sharp/smooth borders.15 Regarding location, 1p deleted or 1p/

19q codeleted oligodendroglial tumors tend to be found in the

frontal lobes and not in the temporal lobes.11,12,18,19

In the near future, it may be possible for radiologists to classify

most infiltrating gliomas before an operation with a high degree

of confidence. In 2016, WHO grade II and III infiltrating gliomas

are each broken into 3 categories based on molecular characteris-

tics: astrocytoma IDH-mutant, astrocytoma IDH-wild type, and

oligodendroglioma IDH-mutant 1p/19q codeleted tumors. Tu-

mors with mutations in IDH may be identified radiographically

by a number of different methods. Mutations in IDH lead to ele-

vated levels of 2-hydroxyglutarate within tumors, which can be

identified by MR spectroscopy.20,21 This technique is advancing

rapidly and is now in clinical use at some centers.22 Alternatively,

methods such as MR perfusion and diffusion tensor imaging have

been shown to correlate with IDH-mutation status.23-25 Provided

that these techniques, particularly spectroscopy, continue to ad-

vance at their present rate, radiographic identification of 1p/19q

status could be all that is necessary to categorize WHO grade II

and III infiltrating gliomas by imaging.

FIG 3. MR images of a prototypical genetically defined (1p/19q codeleted) oligodendroglioma
(upper row) and of an astrocytoma with microscopic oligodendroglial features but no 1p/19q
codeletion (lower row). Axial T2-weighted (A and D), T1-weighted postcontrast (B and E), and ADC
(C and F) images. Genetic oligodendrogliomas tend to be located in the frontal or parietal lobe
and lack circumscription, are heterogeneous, and have lower ADC values. The mean ADC value of
the tumor in C is 1.26 mm2/s. Astrocytomas in this cohort with microscopic oligodendroglial
features tend to be located in the temporal or insular lobes, are frequently well circumscribed,
and have higher ADC values. The mean ADC value of the tumor shown in F is 1.92 mm2/s.

Table 3: Multivariate model including all standard anatomic
imaging elements significantly associated with tumor
classification as molecular oligodendroglioma in univariate
analysisa

Odds Ratio 95% CI
P

Value
Overall
P Value

Location
Frontal Reference
Insular 0.36 0.07–1.69 .20 .06
Parietal 0.71 0.21–2.65 .59
Temporal 0.13 0.02–0.60 .01

Circumscribed border
Partial/yes Reference
No 16.35 6.08–50.63 �.0001

Age, 1-yr increase 1.06 1.02–1.10 .002
a C statistic � 0.84.
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Relatively little has been published on the use of advanced

imaging techniques to identify 1p/19q codeletion. While all

1p/19q codeleted oligodendrogliomas are also IDH-mutant,

1p/19q codeletion itself does not have any characteristic find-
ings on MR spectroscopy. Recent publications have evaluated

the associations between codeletion and methods such as MR

diffusion, MR perfusion, and [18]F-fluoroethyl-L-tyrosine
PET.18,26-29 Our finding of an association between lower ADC
values with 1p/19q codeletion has previously been described in
small studies.16,30 Further investigation will be necessary to
define the optimal way of measuring ADC and to determine

the physiologic correlate of ADC values in genetically defined

oligodendroglioma.30

While a strength of this current study is its large number of

subjects relative to previous publications, it has limitations

that should be understood when applying the findings. First,

the analysis cohort comprised solely infiltrating gliomas with

oligodendroglial features by microscopy. As a result, while the

subgroup of 1p/19q codeleted tumors should be representative of

most genetically defined oligodendrogliomas, the tumors lacking

1p/19q codeletion represent a subset of astrocytomas with distinct

imaging and pathologic features, about which further study is

warranted. Furthermore, the rare tumors that are purely astro-

cytic by morphology but are nonetheless IDH-mutant and 1p/19q

codeleted and thus oligodendrogliomas by the 2016 criteria might

exhibit different MR imaging characteristics, and further study

will be needed to evaluate this question. An additional limitation

is that the pretreatment images were performed at a variety of

institutions during a number of years. Thus, we were unable to

assess the utility of many advanced MR imaging techniques and

were only able to preliminarily evaluate the association of ADC

values and 1p/19q codeletion. Also, because many of these pa-

tients did not have preoperative CT, our evaluation for the previ-

ous classic oligodendroglial finding of tumoral calcification was

limited.

Because our evaluation of imaging features was through

consensus, the interobserver variability with regard to these

features remains undetermined. There was substantial and ex-

pected overlap in our judgments of tumor circumscription and

border sharpness and contour, and the best of these measures

to use may be the one with least intra- and interobserver vari-

ability, which could be evaluated in a future study. Last, fluo-

rescence in situ hybridization has been and continues to be

widely used to assess 1p/19q codeletion, but it may occasion-

ally result in false-positives in tumors with segmental deletions

of 1p and 19q rather than the whole arm deletion. In the future,

routine use of copy number array testing may allow more precise

identification of 1p/19q codeletion and thus oligodendroglioma.

CONCLUSIONS
Recent advances in the understanding of glioma pathogenesis,

behavior, and treatment underscore the importance of molecular

and genetic factors. As tumors become defined by their genetic

makeup, as with the WHO 2016 tumor update, it is critical that

imaging features that predict genetics are appreciated. Radiol-

ogists need to recognize the information already available in

routine MR imaging until advanced imaging methods for the

confident identification of 1p/19q codeletion are routinely

available. On the basis of this study, genetically defined (IDH-

mutant and 1p/19q codeleted) oligodendroglioma is much

more commonly poorly defined and infiltrative than circum-

scribed and is almost always heteroge-

neous in signal intensity. While loca-

tion within the brain was not as

strongly associated with tumor type,

genetically defined oligodendroglio-

mas in this series occurred more fre-

quently in the frontal and parietal

lobes than astrocytomas.
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FIG 4. Boxplot demonstrating the distribution of mean ADC values
by the WHO 2016 classification as oligodendroglioma or astrocytoma.

Table 4: Multivariable models of molecular oligodendroglioma status based on tumor
circumscription and ADC valuea

Odds Ratio 95% CI P Value
Model A

Circumscribed
Partial/yes Reference
No 5.24 1.27–24.42 .02

Overall mean ADC, 0.5 decrease 5.66 1.53–27.49 .02
Model B

Circumscribed
Partial/yes Reference
No 5.55 1.40–24.99 .02

Mean min ADC, 0.5 decrease 2.75 0.78–11.36 .13
Model C

Circumscribed
Partial/yes Reference
No 7.09 1.81–33.83 .007

Mean max ADC, 0.5 decrease 3.89 1.45–12.58 .01
a Model A indicates mean ADC (C statistic � 0.80); Model B, minimum ADC (C statistic � 0.74); and Model C, maximum
ADC (C statistic � 0.81).
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ORIGINAL RESEARCH
ADULT BRAIN

Combining Diffusion Tensor Metrics and DSC Perfusion
Imaging: Can It Improve the Diagnostic Accuracy in

Differentiating Tumefactive Demyelination from
High-Grade Glioma?

X S.B. Hiremath, X A. Muraleedharan, X S. Kumar, X C. Nagesh, X C. Kesavadas, X M. Abraham, X T.R. Kapilamoorthy, and
X B. Thomas

ABSTRACT

BACKGROUND AND PURPOSE: Tumefactive demyelinating lesions with atypical features can mimic high-grade gliomas on conventional
imaging sequences. The aim of this study was to assess the role of conventional imaging, DTI metrics (p:q tensor decomposition), and DSC
perfusion in differentiating tumefactive demyelinating lesions and high-grade gliomas.

MATERIALS AND METHODS: Fourteen patients with tumefactive demyelinating lesions and 21 patients with high-grade gliomas under-
went brain MR imaging with conventional, DTI, and DSC perfusion imaging. Imaging sequences were assessed for differentiation of the
lesions. DTI metrics in the enhancing areas and perilesional hyperintensity were obtained by ROI analysis, and the relative CBV values in
enhancing areas were calculated on DSC perfusion imaging.

RESULTS: Conventional imaging sequences had a sensitivity of 80.9% and specificity of 57.1% in differentiating high-grade gliomas (P �

.049) from tumefactive demyelinating lesions. DTI metrics (p:q tensor decomposition) and DSC perfusion demonstrated a statistically
significant difference in the mean values of ADC, the isotropic component of the diffusion tensor, the anisotropic component of the
diffusion tensor, the total magnitude of the diffusion tensor, and rCBV among enhancing portions in tumefactive demyelinating lesions
and high-grade gliomas (P � .02), with the highest specificity for ADC, the anisotropic component of the diffusion tensor, and relative CBV
(92.9%). Mean fractional anisotropy values showed no significant statistical difference between tumefactive demyelinating lesions and
high-grade gliomas. The combination of DTI and DSC parameters improved the diagnostic accuracy (area under the curve � 0.901).
Addition of a heterogeneous enhancement pattern to DTI and DSC parameters improved it further (area under the curve � 0.966). The
sensitivity increased from 71.4% to 85.7% after the addition of the enhancement pattern.

CONCLUSIONS: DTI and DSC perfusion add profoundly to conventional imaging in differentiating tumefactive demyelinating lesions and
high-grade gliomas. The combination of DTI metrics and DSC perfusion markedly improved diagnostic accuracy.

ABBREVIATIONS: AUC � area under curve; FA � fractional anisotropy; HGG � high-grade glioma; L � total magnitude of diffusion tensor; NAWM � normal-
appearing white matter; p � isotropic component of diffusion tensor; q � anisotropic component of diffusion tensor; rCBV � relative cerebral blood volume; ROC�
receiver operating characteristic; SI � signal intensity; TDL � tumefactive demyelinating lesion

Tumefactive demyelinating lesions (TDLs) are demyelinating

lesions of �2 cm and can mimic high-grade gliomas (HGGs)

on conventional MR imaging.1 Classic conventional and ad-

vanced imaging findings may not be present in all cases.2-4 Be-

cause TDLs can be mistaken for gliomas on histopathology, dem-

onstration of the intact axonal process and myelin breakdown

products within macrophages is confirmative of demyelina-

tion.5-7 This diagnostic dilemma might lead to a biopsy, an inad-

vertent operation, and even radiation therapy, which eventually

can exacerbate demyelination.

Diffusion tensor imaging is a noninvasive method for analyz-

ing the architectural integrity and orientation of axons in white

matter. The eigenvalues can be used to calculate various scalar

measures of DTI metrics such as ADC, fractional anisotropy (FA),

the isotropic component of the diffusion tensor (p), the anisotro-

pic component of the diffusion tensor (q), and the total magni-

tude of the diffusion tensor (L).8-10 The most commonly used

DTI parameters include ADC (ie, the magnitude of diffusion in-

dependent of tissue orientation) and FA (ie, anisotropic diffusion

against the total magnitude of diffusion). Less often used mea-
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sures include total magnitude of diffusion tensor (L) and its iso-

tropic (p) and anisotropic (q) components.

The use of FA as a sole measure of anisotropic diffusion can be

fallacious because it varies with changes in the anisotropic com-

ponent and the total magnitude of diffusion.9,10 The utility of DTI

parameters (ie, FA, p, q, and L) has been evaluated in the differ-

entiation of various brain tumors.11-13 Toh et al14 evaluated the

role of FA in differentiating TDL from HGG by using DTI. How-

ever, to the best of our knowledge, there are no studies available

evaluating the role of p, q, and L in differentiating TDL and HGG.

Dynamic-susceptibility contrast perfusion imaging allows

evaluation of relative cerebral blood volume (rCBV), a marker of

neoangiogenesis, and aids in the differentiation of low- and high-

grade gliomas.15,16 TDLs usually have decreased rCBV values due

to the absence of neovascular proliferation, which allows differ-

entiation of TDL from HGG.17 However, TDL can also present

with elevated rCBV values and mimic HGG on DSC perfusion,

making differentiation difficult.4

The purpose of this study was to evaluate the efficacy of con-

ventional imaging, diffusion tensor metrics (ADC, FA, p, q, and

L), and DSC perfusion (rCBV) in differentiating TDL and HGG.

We also assessed the effect of combining imaging parameters—

DTI and DSC perfusion imaging— on diagnostic accuracy.

MATERIALS AND METHODS
Study Participants
The institutional ethics committee of Sree Chitra Tirunal Institute

for Medical Sciences and Technology, Trivandrum, India, ap-

proved this retrospective study. The study group included 14 con-

secutive patients with TDL and 21 consecutive patients with bi-

opsy-proved HGG (ie, World Health Organization grade III and

IV tumors) with contrast-enhancing lesions, from January 2011

to December 2015. The diagnosis of TDL was confirmed by either

histopathology, CSF analysis, and/or resolution on posttherapy

follow-up, as detailed in On-line Table 1. The patients with non-

enhancing lesions, those without prior imaging/suboptimal qual-

ity or nonavailability of DTI/DSC perfusion data, and those

started on therapy or having undergone a previous brain biopsy at

the time of the index clinical MR imaging were excluded.

Image Acquisition
All subjects underwent MR imaging (ie, DTI and DSC perfusion)

with conventional sequences (T1, T2, FLAIR, and postcontrast

T1-weighted images) on a 1.5T scanner (Avanto Tim; Siemens,

Erlangen, Germany). The clinical imaging protocol of DTI and

DSC perfusion imaging is described in On-line Table 2.

Image Analysis

Conventional Imaging. Two blinded neuroradiologists (B.T. and

C.K. with �15 years’ experience) evaluated the conventional im-

aging sequences. The images were assessed for various imaging

characteristics: size range (2–5 cm, �5 cm); T1 signal intensity

(SI) as isointense, hypointense, or heterogeneous in relation to

normal white matter; T2 sequences for intralesional hyper-/het-

erogeneous SI; the presence or absence of a hypointense rim;

perilesional hyperintensity (mild, 1 cm; moderate, 1–3 cm; and

severe, �3 cm); postcontrast enhancement (solid, uniform en-

hancement; ringlike, open/complete/incomplete enhancement of

the rim; and heterogeneous, diffuse/patchy, or punctate areas);

and mass effect (mild sulcal effacement; moderate, uncal/falcine

herniation of �1 cm; and severe herniation of �1 cm). By imag-

ing features, patients were then grouped into TDL and HGG cat-

egories. Interrater differences were resolved through consensus.

DTI Analysis. Data of patients were postprocessed with the Neuro

3D application on a syngo workstation (Siemens). The DTI maps

were reviewed alongside FLAIR and contrast-enhanced T1-

weighted images. Multiple ROIs (3–5) of 4 –10 mm2 were then

placed on the hyperintense zone on trace images corresponding to

enhancing areas on contrast-enhanced T1-weighted images to

obtain the mean eigenvalues (�1, �2, �3), as shown in On-line Fig

1. The ROIs were drawn manually in consensus by 2 senior resi-

dents (S.B.H. and A.M.). The central nonenhancing areas were

not evaluated in the study. The averages of the multiple eigenval-

ues were used to calculate the diffusion metrics (ie, ADC, FA, p, q,

and L) in the enhancing areas. The same procedure was repeated

in perilesional FLAIR hyperintense areas beyond enhancing mar-

gins and contralateral normal-appearing white matter (NAWM).

DSC Perfusion Imaging. T2* DSC perfusion imaging data were

postprocessed with motion correction by using the perfusion ap-

plication on the syngo workstation. Postprocessing algorithms

were not applied for leakage correction. Circular ROIs were

placed on areas of maximum CBV within the lesion and contralat-

eral NAWM as shown in On-line Fig 1. The normal vessels and

necrotic areas were avoided during placement of ROIs. The rCBV

values were calculated as the ratio of maximum CBV within the

lesion to the CBV in the contralateral NAWM.

Statistical Analysis
Statistical analysis of all datasets was performed with SPSS, Ver-

sion 22 (IBM, Armonk, New York). We used the Student t test and

�2 test, respectively, to compare age and sex distributions between

TDL and HGG. The �2 test was used to assess the significance of

imaging findings on conventional imaging. A 2 � 2 contingency

table was used to determine the sensitivity, specificity, and posi-

tive and negative predictive values of conventional imaging se-

quences to diagnose HGG. The Cohen � coefficient was used for

interrater agreement of various imaging findings.

Comparisons between diffusion metrics in enhancing, perile-

sional hyperintense areas and the rCBV between TDL and HGG

for statistical significance were performed by using 1-way ANOVA.

A P value � .05 indicated a statistically significant difference. When

the statistical difference was significant, receiver operating character-

istic (ROC) curves were used to estimate the area under the curve

(AUC) and to calculate the cutoff levels. The highest sum of sensitiv-

ity and specificity was considered to establish cutoff values in differ-

entiating TDL and HGG. Finally, combined ROCs were obtained

with DTI and DSC parameters and a combination of DTI, DSC pa-

rameters, and a heterogeneous enhancement pattern.

RESULTS
Age and Sex Distribution
The Student t test and �2 analysis were not significant for the differ-

ences in age groups (TDL versus HGG; mean age, 37.5 � 16.6 years

686 Hiremath Apr 2017 www.ajnr.org



versus 45.6 � 15.1 years; P � .508) and sex distribution (P � .342)

between TDL and HGG.

Conventional Imaging Sequences
The results of conventional imaging analysis and interrater reli-

ability are given in Table 1 and On-line Table 3. The lesion size,

intralesional T2 SI, mass effect, and perilesional hyperintensity

failed to show statistical significance. T1 SI, T2 hypointense rim,

and enhancement pattern showed statistical significance with P �

.05. Conventional imaging sequences had a sensitivity of 80.9% (95%

CI, 57.4%–93.7%), a specificity of 57.1% (95% CI, 29.6%–81.1%), a

positive predictive value of 73.9% (95% CI, 51.3%–88.9%), and a

negative predictive value of 66.6% (95% CI, 35.4%–88.7%) with P �

.049 in diagnosing HGG. The interrater reliability ranged from 0.68

for edema and T1 SI to 0.95 for lesion size.

Diffusion Metrics and Perfusion Analysis
The mean values of ADC, FA, p, q, L, and rCBV and results of

1-way ANOVA for the enhancing, perilesional hyperintense areas

and the contralateral NAWM of TDL and HGG are detailed in

Table 2. Examples of conventional imaging, DTI eigen maps, and

DSC perfusion of TDL and HGG used in the study are shown in

On-line Figs 2, 3, and 4. The mean values of p, L, and ADC of the

enhancing portions of both TDL and HGG were variably higher; q

was lower, compared with contralateral NAWM (Table 3 and Fig

1). The mean values of ADC, p, q, and L demonstrated a signifi-

cant statistical difference between enhancing portions in TDL and

HGG (P � .02).

The mean FA values were lower in both TDL and HGG com-

pared with NAWM and showed no statistically significant differ-

ence (P � .34) between enhancing portions in TDL (0.21 � 0.06)

and HGG (0.23 � 0.06).

All the mean values of DTI metrics except q were higher in

perilesional hyperintensity compared with NAWM and showed

no statistically significant difference between TDL and HGG. The

mean values of rCBV were higher in HGG compared with tume-

factive demyelination (P � .01).

Receiver Operating Characteristic Curve Analysis
The ROC curve analysis for ADC, p, q, L, and rCBV values be-

tween TDL and high-grade gliomas is shown in Fig 2. The sensi-

tivity, specificity, and area under the curve for the same are de-

tailed in Table 3. The AUC of ROC analysis was fair for ADC, p,

and L (0.70 – 0.80) and good for q (�0.80) in differentiating be-

tween them.18 The sensitivity was highest for L; the specificity was

highest for ADC, q, and rCBV, with diagnostic accuracy being

highest for q (AUC � 0.823). When the DTI measurements were

combined with rCBV, significant improvement was made in the

AUC (0.901) with the sum of sensitivity and specificity of 164.3%.

Addition of heterogeneous enhancement pattern to DTI and DSC

parameters improved diagnostic accuracy, AUC (0.966) and sen-

sitivity (85.7%).

Table 1: Analysis of conventional imaging sequences
Conventional

Analysis
High-Grade

Glioma
Not High-Grade

Glioma
Diagnosed positive 17 6
Diagnosed negative 4 8

Table 2: Summary of results, mean � SD
Enhancing

Areas
Perilesional

Hyperintensity NAWM Pa Pb 95% CI
ADCc

TDLs 0.83 � 0.15 1.56 � 0.11 0.76 � 0.06 .02d .81 0.74–0.92
High-grade gliomas 1.01 � 0.25 1.54 � 0.2 0.79 � 0.06 0.90–1.13

pc

TDLs 1.44 � 0.26 2.7 � 0.19 1.31 � 0.10 .02d .81 1.29–1.59
High-grade gliomas 1.76 � 0.44 2.67 � 0.34 1.37 � 0.11 1.56–1.96

qc

TDLs 0.25 � 0.07 0.36 � 0.05 0.55 � 0.06 .004d .55 0.21–0.30
High-grade gliomas 0.33 � 0.07 0.38 � 0.07 0.54 � 0.07 0.30–0.37

Lc

TDLs 1.46 � 0.26 2.7 � 0.18 1.43 � 0.11 .016d .83 1.31–1.62
High-grade gliomas 1.79 � 0.43 2.7 � 0.34 1.46 � 0.09 1.60–1.99

FA
TDLs 0.21 � 0.06 0.44 � 0.33 0.47 � 0.07 .341 .052 0.17–0.25
High-grade gliomas 0.23 � 0.06 0.51 � 0.09 0.45 � 0.06 0.20–0.27

rCBV
TDLs 2.11 � 1.12 – .003d 1.47–2.76
High-grade gliomas 3.77 � 1.65 – 3.02–4.52

a Difference in the mean values of enhancing areas of TDLs and high-grade gliomas.
b Difference in the mean values of perilesional hyperintensity of TDLs and high-grade gliomas.
c Values of ADC, p, q, and L are in units of 10�3 mm2/s.
d Significant.

Table 3: ROC curve results on sensitivity and specificity to
differentiate high-grade gliomas and TDLs

Parameter
Sensitivity

(%)
Specificity

(%) AUC
ADC valuea 52.4 92.9 0.738
p valuea 61.9 85.7 0.738
q valuea 71.4 92.9 0.823
L valuea 76.2 78.6 0.765
rCBV 52.4 92.9 0.796
DTI � DSC perfusion

(combined)
71.4 92.9 0.901

Heterogeneous enhancement
pattern � combined

85.7 92.9 0.966

a Values of ADC, p, q, and L are in the units of 10�3 mm2/s.
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DISCUSSION
The present study analyzes the role of conventional imaging, dif-

fusion metrics, and p:q tensor decomposition in differentiating

TDL and HGG, along with rCBV values.

Conventional Imaging
Among the imaging features, T1 SI, the presence of T2 hypoin-

tense rim, and enhancement pattern showed statistical signifi-

cance. TDLs were mostly hypointense (78.6%), and HGGs were

commonly hypointense (52.4%), followed by heterogeneous SI

(32.4%) on T1-weighted images. No similar studies are available

for comparison between T1 SI in TDL and HGG, to our knowl-

edge. The higher incidence of heterogeneous SI in HGG could be

attributed to intralesional hemorrhage. We report a higher inci-

dence of a T2 hypointense rim in TDLs than in HGGs. A hetero-

geneous enhancement was seen in almost all patients with HGG,

and ring enhancement, in 50% of patients with TDL, in line with

results of Lucchinetti et al.19 The conventional imaging sequences

showed high sensitivity with low specificity, which can be attrib-

uted to atypical findings in TDL, such as large size, nodular ring,

FIG 1. The boxplots for DTI metrics with statistical significance: p (A), q (B), L (C), and ADC (D) values of the enhancing areas and normal-appearing
white matter in TDL and HGG, respectively.

FIG 2. ROC curve for the diffusion tensor metrics: rCBV, combined
ROC of DTI metrics and DSC perfusion, and combined ROC of en-
hancement pattern with DTI metrics and DSC perfusion.
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or heterogeneous enhancement and significant mass effect with

edema.

DTI Metrics in Enhancing and Perilesional
Hyperintense Areas
This study shows an increase in mean ADC and p with a decrease

in q in both TDL and HGG compared with contralateral NAWM.

The magnitude of total diffusion is increased compared with con-

tralateral NAWM in TDL and HGG. Mabray et al20 reported a

significant reduction in minimum ADC values in HGG, attribut-

ing it to high tumor cellularity. However, the mean ADC values in

HGG were similar to those in our study.

The enhancing rim comprises cellular areas with interspersed

necrosis and microvascular proliferation. Hence, we used the av-

erage of mean DTI values, which are more representative of le-

sional heterogeneity because the minimum diffusion values de-

pict only the cellular areas of the lesion.

FA values showed no statistically significant difference be-

tween TDL and HGG in the present study. The variations in DTI

metrics in the nonenhancing center were not analyzed as in Saini

et al21; however, there was no statistical difference in mean diffu-

sivity of the enhancing areas (P � .21) and NAWM (P � .09) in

both the studies. The DTI metrics showed no statistically signifi-

cant difference in perilesional hyperintense areas between TDL

and HGG.

Pathologic Basis for Changes in DTI Metrics
On histopathology, the active TDL shows abundant inflamma-

tory infiltrates comprising lymphocytes, activated macrophages,

and some plasma cells, with near-total myelin loss and macro-

phages containing remnants of phagocytosed myelin and ax-

ons.6,22 The extent of axonal loss ranges from 20% to 80%, with

pronounced reduction in the active stage, with an average de-

crease of 30%.23,24 TDL also shows disruption of the blood-brain

barrier due to inflammatory infiltrates with postgadolinium en-

hancement. HGG is characterized by hyperchromatic nuclei, ir-

regularly distributed neoplastic astrocytes, atypical mitotic figures

with necrosis, and microvascular proliferation.7

The mean ADC values were higher due to an increase in inter-

stitial water in TDL and HGG compared with NAWM. However,

the ADC in enhancing areas was lower in TDL than in HGG.

Similar high ADC values in HGG were reported by Murakami et

al,25 which could be attributed to increased microvascular prolif-

eration and interspersed areas of necrosis in highly cellular heter-

ogeneously enhancing rim. Likewise, a reduction in ADC in TDL

could be due to accentuated inflammatory infiltrates and micro-

glial proliferation, contributing to the reduced free motion of wa-

ter. The mean values of p were more reduced in TDL than in HGG

as expected; this difference was attributable to changes in cellular-

ity. The mean value of q was also decreased in TDL compared with

HGG. The integrity of myelin is a major determinant of anisot-

ropy; hence, changes in q can be attributed to near-complete my-

elin loss, which usually occurs more often in TDL than in HGG.

Because L is the sum of isotropic and anisotropic components of

diffusion, a decrease in both p and q leads to a decrease in L within

the enhancing areas of the lesion. The results of our study show

that diffusion metrics (ie, ADC, p, q, and L) are reliable biomark-

ers for differentiating TDL and HGG, with q being the single best

marker.

Many studies reported decreased mean FA values in enhanc-

ing areas compared with NAWM in TDL and HGG, with signifi-

cant variability.11-14,26-28 The reduction in mean FA values is due

to axonal degeneration and reactive glial proliferation in TDL and

tissue destruction, infiltration, and displacement of adjacent

white matter by tumor cells in HGG. Hence, the mean values of

FA are determined by the balance between factors causing de-

creased anisotropy, such as tissue destruction and increased an-

isotropy, such as increased cellularity (ie, FA varies as a function

of the ratio of q and L, FA � �	3/2
q/L). Hence, we prefer p:q

tensor decomposition to ADC and FA measurements alone for

assessing microstructural alterations.

DSC Perfusion
In our study, the mean rCBV in TDL was 2.11 � 1.12, similar to

findings of Blasel et al,4 who reported high rCBV with a mean of

2.89 � 1.79 and maximum of 6.74 in TDL compared with previ-

ous studies with rCBV � 2.18,29 The high rCBV in TDL is possibly

due to angiogenesis and vasodilation in both acute and chronic

demyelinating plaques, which contribute to disease progres-

sion.6,30-33 The mean value of rCBV in HGG in our study was

3.77 � 1.65, which is similar to that in previous studies.34

ADC, q, and rCBV values showed the highest specificity

(92.9% each) in differentiating these lesions in the present study.

The combination of DTI and DSC parameters significantly im-

proved the AUC (0.901), with increased AUC (0.966) and sensi-

tivity (85.7%) after the addition of a heterogeneous enhance-

ment pattern to DTI and DSC parameters. Due to significant

variability in ADC and FA values, we prefer p:q tensor decom-

position and a combination of DTI metrics and DSC perfusion

because they might contribute significantly toward differentiat-

ing TDL and HGG.

The potential directions of future research could be toward

development of a clinical workstation– based application for

quantitative DTI analysis. A recent study has suggested the possi-

bility of predicting grades of meningiomas by ADC values derived

from a clinical workstation.35 Future studies could evaluate the fea-

sibility of automated segmentation of lesions and computer-aided

diagnosis by using DTI parameters and other variables included in

our study.

The present study has a few limitations. A relatively small

number of subjects with enhancing lesions were included in this

retrospective study, accounting for the possible inflation in pre-

dictive values. A prospective study with a larger population

should address the matter. Second, we did not have histopatho-

logic confirmation in all TDLs. Third, the absence of leakage cor-

rection in DSC perfusion could lead to spurious high rCBV val-

ues. However, rCBV values of TDL and HGG in our study were

similar to those in previous studies. Fourth, study results might be

biased due to manual placement of ROIs, which affects all such

ROI-based studies. Finally, further studies with minimum or maxi-

mum values of diffusion in the enhancing areas are needed to evalu-

ate their usefulness as indicators of pathologic changes in both of

these lesions.
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CONCLUSIONS
Diffusion tensor imaging is a noninvasive method of evaluating

myelin and axonal integrity. TDLs are large demyelinating lesions

that can mimic HGGs on conventional imaging and can show

higher rCBV values. Evaluation of ADC, p, q, and L may be helpful

in differentiating TDLs from HGG in such cases. The combina-

tion of diffusion tensor metrics and DSC perfusion can signifi-

cantly improve the diagnostic accuracy and might improve treat-

ment planning by avoiding the need for an invasive biopsy.
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ORIGINAL RESEARCH
ADULT BRAIN

Differences in Callosal and Forniceal Diffusion between
Patients with and without Postconcussive Migraine

X L.M. Alhilali, X J. Delic, and X S. Fakhran

ABSTRACT

BACKGROUND AND PURPOSE: Posttraumatic migraines are common after mild traumatic brain injury. The purpose of this study was to
determine if a specific axonal injury pattern underlies posttraumatic migraines after mild traumatic brain injury utilizing Tract-Based Spatial
Statistics analysis of diffusion tensor imaging.

MATERIALS AND METHODS: DTI was performed in 58 patients with mild traumatic brain injury with posttraumatic migraines. Controls
consisted of 17 patients with mild traumatic brain injury without posttraumatic migraines. Fractional anisotropy and diffusivity maps were
generated to measure white matter integrity and were evaluated by using Tract-Based Spatial Statistics regression analysis with a general
linear model. DTI findings were correlated with symptom severity, neurocognitive test scores, and time to recovery with the Pearson
correlation coefficient.

RESULTS: Patients with mild traumatic brain injury with posttraumatic migraines were not significantly different from controls in terms of
age, sex, type of injury, or neurocognitive test performance. Patients with posttraumatic migraines had higher initial symptom severity (P �

.01) than controls. Compared with controls, patients with mild traumatic brain injury with posttraumatic migraines had decreased fractional
anisotropy in the corpus callosum (P � .03) and fornix/septohippocampal circuit (P � .045). Injury to the fornix/septohippocampal circuit
correlated with decreased visual memory (r � 0.325, P � .01). Injury to corpus callosum trended toward inverse correlation with recovery
(r � �0.260, P � .05).

CONCLUSIONS: Injuries to the corpus callosum and fornix/septohippocampal circuit were seen in patients with mild traumatic brain injury with
posttraumatic migraines, with injuries in the fornix/septohippocampal circuit correlating with decreased performance on neurocognitive testing.

ABBREVIATIONS: CC � corpus callosum; FA � fractional anisotropy; FSHC � fornix/septohippocampal circuit; 5-HT � serotonin; mTBI � mild traumatic brain
injury; PTH � posttraumatic headache; PTM � posttraumatic migraine

Mild traumatic brain injury (mTBI), often referred to as

“concussion,” affects nearly 42 million individuals world-

wide, annually.1 Headaches are the most common, persistent, and

debilitating sequelae of mTBI, with estimates of up to 90% prev-

alence following mTBI.2 The costs associated with posttraumatic

headache (PTH) are high, with poorer performance on neurocog-

nitive testing, increased risk for compounded disability, and a

protracted recovery.2-4

PTH can be quite variable in clinical characteristics and symp-

tomatology, with patients presenting with tension-type, migraine

and clusterlike, cervicogenic, and mixed headaches.5 Despite the

different symptoms associated with the various types of PTH,

most studies evaluating PTH did not distinguish among the dif-

ferent PTH groups, focusing merely on the presence or absence of

PTH.5-7 However, there is mounting evidence that important dif-

ferences exist in the pathophysiology underlying posttraumatic

migraines (PTMs) and the remaining types of PTH.2,8 Disrupted

ionic homeostasis and altered electrophysiologic patterns are

unique to PTM.8 Furthermore, PTM alone demonstrates a strong

correlation with both decreased performance on neurocognitive

testing and a delayed recovery.2,3

The mechanism underlying PTM following mTBI is poorly

understood. At a molecular level, there are similarities between

the pathophysiologic changes after mTBI and those seen with

atraumatic migraines, including abnormalities of cellular sodium/

potassium homeostasis and increases in cellular markers of hyp-

oxia.9 At a macroscopic level, abnormalities in cerebral blood flow
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and subcortical connectivity2,10 after mTBI mirror changes seen

in patients with nontraumatic migraine. Structurally, similar re-

gions of gray matter volume loss have been found in the frontal

regions in patients with both nontraumatic migraines and

chronic PTM.7,11 However, no studies have yet evaluated the role

of white matter injury in the development of PTM, despite white

matter injuries being seen with nontraumatic migraine, especially

in the corpus callosum (CC).12,13

Given increasing awareness of white matter injuries underly-

ing nontraumatic migraine, we sought to determine whether

there was a relationship between white matter injury and PTM in

patients with mTBI. Previous studies have demonstrated that dis-

tinct white matter injuries after mTBI result in different and

unique postconcussion symptoms, including sleep-wake distur-

bances, vestibulopathy, and ocular convergence insufficiency.14,15

We therefore hypothesized that a unique axonal injury pattern also

underlies PTM, with a distinct injury pattern in patients with mTBI

with posttraumatic migraine symptoms. Thus, the purpose of this

study was to determine whether a central axonal injury underlies

PTM after mTBI by using a Tract-Based Spatial Statistics (TBSS;

http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/TBSS) analysis of diffusion ten-

sor imaging.

MATERIALS AND METHODS
Subjects
Our institutional review board approved this study, with a waiver

of informed consent. All studies included were performed as the

standard of care, and retrospectively reviewed.

We searched our electronic medical records to retrospectively

identify MR imaging studies performed with DTI for mTBI. Ra-

diology reports from March 1, 2006, to January 1, 2014, were

searched with the keywords “concussion” and “diffusion-tensor

imaging.” Inclusion criteria for patients and controls were the

following: 10 –50 years of age, witnessed closed head trauma, no

focal neurologic deficit, no loss of consciousness of �1 minute,

posttraumatic amnesia of �30 minutes, and English language

proficiency. Exclusion criteria for patients and controls were the

following: a history of a neuropsychiatric illness (2 patients) or

substance abuse (3 patients), abnormal CT or conventional MR

imaging findings (3 patients), lack of DTI (4 patients) or neuro-

cognitive assessment (6 patients), or the initial Total Symptom

Score being zero (3 patients).

Patients underwent neurocognitive testing with the Immedi-

ate Post-Concussion Assessment Cognitive Test, which also pro-

duces a Total Symptom Score by using a 7-point Likert survey

over 22 categories. Individuals were classified as patients if they

had migraine headaches based on the International Headache So-

ciety guidelines16 following a postconcussion clinical examina-

tion (Table 1). The remaining patients with mTBI were selected as

controls. Postconcussive headache was not an exclusion criterion

for controls as long as it did not meet the International Headache

Society guidelines for migraines. “Time to recovery” was defined

as the patient stating that he or she was asymptomatic or the Total

Symptom Score being zero (clinical examination performed by a

clinical neuropsychologist with 14 years of experience in treating

patients with concussion and chart review by 2 Certificate of

Added Qualification– certified neuroradiologists [L.M.A., S.F.]

with 5 years of experience).

DTI and Conventional MR Imaging Assessments
Conventional MR imaging and DTI were performed with a 1.5T

unit (Signa; GE Healthcare, Milwaukee, Wisconsin) and a stan-

dard head coil. Despite the relatively long span of this study, all

patients and controls included in this study underwent the same

imaging sequences on the same system as follows: sagittal and

axial T1-weighted (TR, 600 ms; TE, minimum; section thickness,

5 mm; NEX, 1), axial proton-density–weighted (TR, 2000 –2500

ms; TE, minimum; section thickness, 5 mm; NEX, 1), T2-

weighted (TR/TE, 2000 –2500/84 –102 ms; section thickness, 5

mm; NEX, 1), fluid-attenuated inversion recovery (TR/TE, 9000 –

10,000/149 ms; TI, 2200 ms), and diffusion-weighted (single-shot

echo-planar sequence; TR, 10,000 ms; TE, minimum; section

thickness, 5 mm; matrix, 128 � 128). T2*-weighted gradient re-

called-echo (TR/TE, 4400/21 ms; NEX, 1; flip angle, 90°; section

thickness, 3 mm) or susceptibility-weighted (TR/TE, 37/23 ms;

NEX, 1; flip angle, 15°; section thickness, 2.4 mm) sequences were

performed. FOV ranged from 200 to 240 mm.

DTI was performed with a single-shot echo-planar sequence

(TR/TE, 4000/80 ms; NEX, 2; section thickness, 5 mm; matrix,

128 � 128; FOV, 260 mm). Diffusion gradients were set in 25

noncollinear directions by using 2 b-values (b�0 and 1000

s/mm2).

TBSS Analysis
TBSS from FSL (http://www.fmrib.ox.ac.uk/fsl) was used to ana-

lyze DTI by using a skeleton-based approach to resolve alignment

inaccuracies.17 TBSS works well for studies that include both

adults and children, in which variability in head size or FOV may

hinder other voxelwise techniques. Accordingly, TBSS has been used

in studies of white matter development spanning pediatric and adult

populations18 and to evaluate pathologies in both children and

adults, such as mTBI.14,15 Analysis was performed as follows: frac-

Table 1: International Headache Society guidelines for
classification of migraines and definition of migraine aura18

Definition of migraine
At least 5 attacks fulfilling the following criteria:

1) Headache lasting 4–72 hr
2) Headache with at least 2 of the following characteristics:

Unilateral location
Pulsating quality
Moderate or severe pain intensity
Aggravation by or causing avoidance of routine physical

activity
3) During the headache, at least 1 of the following:

Nausea and/or vomiting
Photophobia or phonophobia

4) Not attributed to another disorder
Definition of aura

At least 1 of the following, but no motor weakness:
1) Fully reversible visual symptoms, including positive

features (eg, flickering lights) and/or negative features
(ie, loss of vision)

2) Fully reversible sensory symptoms, including positive
features (ie, pins and needles) and/or negative features
(ie, numbness)

3) Fully reversible dysphasic speech disturbance
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tional anisotropy (FA) or diffusivity images, including mean diffu-

sivity, axial diffusivity, and radial diffusivity, were aligned into a com-

mon space by using the FMRIB Nonlinear Registration Tool

(FNIRT; http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FNIRT), which uses a

B-spline representation of the registration warp field. A mean FA

image was then created and thinned to create a mean FA skeleton.

The FA skeleton was thresholded for FA � 0.2 to suppress areas of

extremely low FA or regions with considerable variability. Each

subject’s aligned FA data were then projected onto this skeleton,

and the resulting data were fed into voxelwise cross-subject

statistics.

A Monte Carlo permutation test (5000 permutations) was used

with a general linear model and threshold-free cluster enhancement

(significance at P � .05, family-wise error–corrected for multiple

comparisons). We used a general linear model to determine areas of

significantly different DTI metrics in patients with mTBI compared

with controls, adjusting for covariates of age, sex, and prior concus-

sion. Processing was performed by 2 Certificate of Added Qualifica-

tion–certified neuroradiologists with 5 years of neuroradiology ex-

perience (L.M.A., S.F.) and a physician with 3 years of image analysis

experience (J.D.).

ROI Data Analysis
ROI analysis was performed to quantify DTI values in regions of

significant difference localized with TBSS. ROI analysis was based on

the original TBSS mean skeleton overlaid with regions of significant

difference in DTI metrics between patients and control subjects (cor-

rected, voxelwise). The clusters with significant differences between

patients and controls were used as ROIs for further analyses. FA or

diffusivity values of patients and control subjects were then extracted

in an automated fashion from each of these ROIs. Data extraction

was limited to the voxels contributing to the TBSS skeleton to mini-

mize partial volume effects. Values between patients and controls

were compared with a 2-sample t test. Correlation of FA or diffusivity

values extracted from the ROI with continuous variables was per-

formed with the Pearson correlation coefficient. The Cohen d was

used to assess effect size. Analysis was performed by 2 Certificate of

Added Qualification–certified neuroradiologists with 4 years of ex-

perience in image analysis (L.M.A., S.F.).

Additional Statistical Analyses
Statistical analysis of proportions and

means in the demographic data was per-

formed with the Fisher exact test and the

unpaired 2-tailed t test, respectively. P �

.05 was considered a statistically signifi-

cant difference. Analysis was performed

by a physician with postgraduate statistics

training (L.M.A.).

RESULTS
Subjects
Seventy-four subjects with mTBI were in-

cluded (51 males, 23 females; mean age,18

years; range, 10 – 47 years). The median

time from injury to presentation was 20

days (range, 0 –506 days). Sports injury

was the most common mechanism of

trauma (43 patients, 57%), followed by

motor vehicle collision (9 patients, 12%). Of the 74 patients with

mTBI included, 58 had PTMs. Controls consisted of 17 patients

with mTBI without PTMs.

Patients with mTBI with migraines had a significantly higher

Total Symptom Score than those without migraines (P � .01).

Patients with PTMs trended toward poorer performance on tests

of processing speed (P � .05). Comparison of the demographic

and clinical characteristics between subjects with mTBI with and

without PTMs is summarized in Table 2.

DTI Assessment with TBSS
Voxelwise analysis in patients with mTBI with and without PTM

demonstrated that those with PTM had significantly lower FA in

the CC and fornix/septohippocampal circuit (FSHC) than those

without PTM (Fig 1). There was a trend toward increased mean

diffusivity (P � .10) in the CC of those with compared with those

without PTM. There were no regions where patients with mTBI

without PTM had lower FA or higher mean diffusivity than those

with mTBI with PTM. No significant differences were seen be-

tween the 2 groups in axial or radial diffusivity.

DTI Assessment with ROI Analysis
FA in regions of abnormality in the FSHC identified by TBSS

correlated with performance on neurocognitive tests of visual

memory (r � 0.325, P � .01). Comparison of FA in ROIs for

patients with mTBI with and without PTM are summarized in

Tables 3 and 4.

DISCUSSION
Using voxel-based analysis of DTI, we found injury to the CC and

FSHC in patients with mTBI with PTM compared with mTBI

without PTM. Injuries to the FSHC correlated with decreased

performance on neurocognitive testing in the realm of visual

memory.

Previous studies have used spectroscopy or volumetric analy-

sis of gray matter to evaluate changes associated with PTH. These

studies have found evidence of multifocal neuronal injury in the

frontal and parietal regions, with spectroscopy and gray matter

volume loss in the dorsolateral prefrontal cortex.7,19 However,

Table 2: Comparison of demographic and clinical characteristics of patients with mTBI
with and without PTMs

+ PTM − PTM P Valuea

Mean age (range) (yr) 17.6 (10–38) 19.7 (12–47) .26
No. of males 39 (67%) 12 (71%) 1.00
Median time to presentation (range) (day) 22 (2–506) 24 (1–261) .79
Prior concussion (No.) 24 (41%) 8 (47%) .56
Sports injury (No.) 34 (59%) 8 (47%) .42
Mean ImPACTb Total Symptom Score

(percentile) (range)
36.1 (1–97) 20.8 (1–74) .01

Mean Verbal Memory Score (percentile) (range) 30.2 (1–99) 37.5 (7–92) .20
Mean Visual Memory Score (percentile) (range) 28.1 (1–97) 36.5 (1–88) .13
Mean reaction time (percentile) (range) 34.6 (1–95) 43.1 (1–94) .18
Mean processing speed (percentile) (range) 33.5 (1–98) 47.7 (1–94) .05
Median time to recovery (range) (week) 51.9 (1–252) 39.4 (3–194) .50

a P values were 2-tailed and calculated with the use of an unpaired t test for continuous variables and a Fisher exact
test for categoric variables.
b ImPACT indicates Immediate Post-Concussion Assessment and Cognitive Test. Scores are percentiles determined
by normative data from baseline testing of �17,000 athletes as part of their presport participation with percentile
information accounting for both sex and age.
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these studies did not directly interrogate the microstructural in-

tegrity of the white matter, despite evidence that white matter

injury is a common feature of both mTBI and migraines.11,14,15

Our DTI-based evaluation of white matter microstructure in

PTM demonstrated common abnormalities in 2 major regions:

the CC and FSHC. Both of these regions have been implicated in

the pathogenesis of nontraumatic migraines. DTI abnormalities

in the CC are commonly seen in nontraumatic migraine, in which

they are associated with a more chronic disease course, greater

headache frequency, and comorbid neuropsychiatric condi-

tions.21 It is therefore not surprising that FA in the CC in our

study trended toward an inverse correlation with time to recov-

ery. The role of the FSHC in migraines is less clear, but it has been

implicated in cortical spreading depression, a propagating, tem-

porary loss of membrane potential in neurons thought to play a

part in the pathophysiology of migraines.20,22

The FSHC contains serotonergic pathways. Multiple studies

have documented the important role of central serotonergic sys-

tems in the neurobiology of migraine, with abnormalities seen in

serotonin (5-HT) reuptake/metabolism and 5-HT-related signal-

ing both during and between migraine episodes. In fact, inade-

quate signaling along important pain and limbic 5-HT pathways

is thought to be a primary component of the pathobiology of

migraine headache.23 The FSHC is part of the serotonin projec-

tions along the median raphé nucleus– dorsal hippocampal path-

way. Fibers of this tract that run through the FSHC are very thin,

with small varicosities, and are the most susceptible to injury.24

Treatment of migraine headaches in the nontraumatic setting

is based mainly on the assumption that abnormalities of serotonin

signaling result in an inflammatory process that can be inhibited

with serotonin receptor agonists. The discovery of sumatriptan, a

full agonist of the serotonin receptors (5-HT1b,1d,1f) revolution-

ized the treatment of migraines in the general population.23 Pilot

studies of sumatriptan use in PTM have demonstrated efficacy in

the mTBI population in the acute setting.25,26 The FSHC and CC

both express the 5-HT1a receptor,23,27-29 for which serotonin is a

partial agonist.

Although quantitative use of DTI metrics in the clinical setting

is currently limited by the lack of universally accepted normative

data, demonstrating injured regions associated with PTM is the

first step toward an individual diagnostic tool. Furthermore,

knowledge that injuries to these pathways result in migraines may

help radiologists recognize the relationship between macroscopic

lesions in these areas (eg, macroscopic trauma, multiple sclerosis)

and patient headache symptomatology.

Our study has limitations. Our evaluation was a retrospective,

single-institution study with a moderate sample size. Addition-

ally, the number of controls in our population was small, largely

because our controls were not healthy controls, but rather pa-

tients with mTBI without migraine symptoms. As a result of the

FIG 1. Regions of injury involving the corpus callosum and fornix/septohippocampal circuit among patients with posttraumatic migraine
headaches. Images derived from Tract-Based Spatial Statistics results and rendered on T1-weighted images from the Montreal Neurological
Institute atlas show common regions of injury involving the corpus callosum and fornix/septohippocampal circuit in patients with posttrau-
matic migraine headaches. ROIs involving the FSHC and CC corresponding to voxels of significant difference in FA (P � .05 corrected for multiple
comparisons) between controls (subjects with mTBI without PTM) and patients with mTBI with PTM in are shown overlaid on the white matter
skeleton (blue). ROIs corresponding to voxels of significantly decreased FA in patients with mTBI with PTM are shown in red in the axial (A),
coronal (B), and sagittal (C) planes.

Table 3: Comparison of FA in ROIs for patients with mTBI with
and without PTMs

Patients with
mTBI + PTMs

Patients with
mTBI − PTMs

P Valuea

(db)
Mean FA

value, CC
(95% CI)

0.688 (0.581–0.793) 0.721 (0.615–0.823) .028 (.680)

Mean FA
value, FSHC
(95% CI)

0.315 (0.284–0.344) 0.327 (0.298–0.356) .045 (.827)

a P values were 2-tailed and calculated with an unpaired t test.
b The value of the Cohen d.

Table 4: Correlation of FA with clinical findings for ROIs in
patients with mTBI and PTMs

Variable

Correlation
with Mean
FA Value
CC ROI

Correlation
with Mean
FA Value
FSHC ROI

Agea (P value)b 0.092 (.49) �0.141 (.29)
Verbal Memory Score (P value) �0.120 (.37) �0.167 (021)
Visual Memory Score (P value) �0.122 (.36) 0.325 (.01)
Processing-speed score (P value) �0.133 (.32) �0.143 (.28)
Reaction time score (P value) �0.072 (.59) �0.113 (.40)
Symptom Severity Score (P value) 0.156 (.24) �0.015 (.91)
Time to recovery (P value) �0.260 (.05) 0.099 (.46)

a Correlation was performed with the Pearson correlation coefficient.
b Two-tailed P value for the Pearson correlation coefficient.
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very high prevalence of posttraumatic migraines among patients

with mTBI,30 it is very difficult to obtain a large cohort of patients

with mTBI without posttraumatic migraines. Accordingly, the

findings should be corroborated with a multicenter, prospective

study. Furthermore, because most patients with mTBI do not

undergo imaging, there is a possible selection bias toward patients

with more severe injuries. However, these are also the more symp-

tomatic patients, in whom imaging biomarkers are most needed.

CONCLUSIONS
White matter injuries in patients with mTBI with PTM may indi-

cate that axonal injury can result in migraine symptomatology.

White matter injuries in patients with PTM were in regions im-

plicated in the pathophysiology of nontraumatic migraines,

which may help elucidate the biologic underpinning of disease

processes, direct treatment, and guide future research.
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ORIGINAL RESEARCH
ADULT BRAIN

Noninvasive Evaluation of CBF and Perfusion Delay of
Moyamoya Disease Using Arterial Spin-Labeling MRI with

Multiple Postlabeling Delays: Comparison with 15O-Gas PET
and DSC-MRI

X S. Hara, X Y. Tanaka, X Y. Ueda, X S. Hayashi, X M. Inaji, X K. Ishiwata, X K. Ishii, X T. Maehara, and X T. Nariai

ABSTRACT

BACKGROUND AND PURPOSE: Arterial spin-labeling MR imaging with multiple postlabeling delays has a potential to evaluate various
hemodynamic parameters. To clarify whether arterial spin-labeling MR imaging can identify CBF and perfusion delay in patients with
Moyamoya disease, we compared arterial spin-labeling, DSC, and 15O-gas PET in terms of their ability to identify these parameters.

MATERIALS AND METHODS: Eighteen patients with Moyamoya disease (5 men, 13 women; ages, 21–55 years) were retrospectively
analyzed. CBF values of pulsed continuous arterial spin-labeling using 2 postlabeling delays (short arterial spin-labeling, 1525 ms; delayed
arterial spin-labeling, 2525 ms) were compared with CBF values measured by 15O-gas PET. All plots were divided into 2 groups by the cutoff
of time-based parameters (the time of the maximum observed concentration, TTP, MTT, delay of MTT to cerebellum, and disease severity
[symptomatic or not]). The ratio of 2 arterial spin-labeling CBFs (delayed arterial spin-labeling CBF to short arterial spin-labeling CBF) was
compared with time-based parameters: time of the maximum observed concentration, TTP, and MTT.

RESULTS: The short arterial spin-labeling–CBF values were significantly correlated with the PET-CBF values (r � 0.63; P � .01). However, the
short arterial spin-labeling–CBF value dropped in the regions with severe perfusion delay. The delayed arterial spin-labeling CBF overes-
timated PET-CBF regardless of the degree of perfusion delay. Delayed arterial spin-labeling CBF/short arterial spin-labeling CBF was well
correlated with the time of the maximum observed concentration, TTP, and MTT (� � 0.71, 0.64, and 0.47, respectively).

CONCLUSIONS: Arterial spin-labeling using 2 postlabeling delays may detect PET-measured true CBF and perfusion delay in patients with
Moyamoya disease. Provided its theoretic basis and limitations are considered, noninvasive arterial spin-labeling could be a useful
alternative for evaluating the hemodynamics of Moyamoya disease.

ABBREVIATIONS: ASL � arterial spin-labeling; dASL � delayed arterial spin-labeling; MTT delay � delay of MTT to cerebellum; PLD � postlabeling delay; sASL �
short arterial spin-labeling; Tmax � time of the maximum observed concentration

Moyamoya disease is a slowly progressive cerebrovascular

disease with occlusion of the terminal portion of the in-

ternal carotid arteries.1-3 Perfusion studies are indispensable

for determining the most appropriate treatment strategy for

individual patients with this disease because the hemodynamic

conditions are highly variable among patients.4 Another char-

acteristic of Moyamoya disease is its prevalence among chil-

dren and adolescents, which underscores the need for truly

noninvasive studies.

To understand the hemodynamic status of patients with

Moyamoya disease, it is important to evaluate CBF and various

time-based parameters. 15O-gas PET provides quantitative CBF

values by using a diffusible tracer and calculations by the Kety–

Schmidt equation, and thus is considered a criterion standard

technique. However, the procedure is costly and not readily avail-

able at most institutes, and the radiation exposure makes it diffi-

cult to apply this technique repeatedly for young or juvenile pa-

tients. In contrast, DSC is free of ionized radiation, easily available

at most institutes, and can calculate time-based parameters such

as the time of the maximum observed concentration (Tmax),

TTP, and MTT, which have been reported to be important clinical
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biomarkers in Moyamoya disease.5-7 Nevertheless, DSC still re-

quires an injection of contrast media.

Arterial spin-labeling MR imaging (ASL) has emerged as a

noninvasive technique for evaluating cerebral hemodynamics8-11

because it uses magnetically labeled water as an endogenous

tracer. For the quantitation of CBF, ASL uses a mechanism similar

to that of PET. The main problem with the ASL technique is its

inferior SNR, but the recent spread of high-magnetic-field clinical

MR imaging systems has made this method applicable in many

clinical centers, providing high-quality CBF images. ASL has been

applied to various fields,12-14 and several studies have reported a

correlation between ASL-CBF and PET-CBF in healthy subjects,

patients with Alzheimer disease, patients with occlusive athero-

sclerotic cerebrovascular disease, and children with Moyamoya

disease.15-20 ASL with multiple postlabeling delays (PLDs) may

also be used to evaluate time-based parameters and angiographic

collateral flows, as suggested in some studies of symptomatic ath-

erosclerotic cerebrovascular disease.21-23

We considered that noninvasive ASL could be appropriate for

the clinical management of Moyamoya disease and that ASL

might detect CBF and perfusion delay of the patients. Numerous

ASL studies have been conducted in patients with Moyamoya

disease,20,24-31 but studies simultaneously comparing ASL with

both 15O-gas PET and time-based parameters of DSC are quite

rare. In the present study, to verify the proposed usefulness of

ASL, we compared ASL-CBF values obtained when using 2 PLDs

with the data obtained by DSC and 15O-gas PET in patients with

Moyamoya disease.

MATERIALS AND METHODS
Patients and Management Protocol
The protocol of this retrospective study was approved by the

ethics committee of Tokyo Medical and Dental University,

where this study was conducted. We reviewed medical records

from April 2011 to March 2013 and found 25 patients with

Moyamoya disease who were evaluated with ASL, DSC, and
15O-gas PET. All patients were diagnosed as having Moyamoya

disease by MR imaging and/or cerebral angiography according

to the diagnostic guidelines.3 Seven patients were excluded

from analysis: 1 patient with hemorrhagic onset, 1 patient who

developed new infarction between MR imaging and PET ex-

aminations, and 5 others with long MR imaging–PET interval

(�45 days). The remaining 18 patients were 5 men and 13

women, ranging in age from 21–55 years (mean age, 36 years).

Nine of 36 hemispheres were considered to be symptomatic, 8 were

postoperative (indirect bypass surgery �1 year before enrollment in

this analysis), and the others were regarded as asymptomatic. The

interval between MR imaging (ASL, DSC, and conventional MR im-

aging) and PET was 6–41 days (mean, 23.7 days). No intervention

was performed, and no new symptoms developed over this interval.

Patients were not controlled for caffeine intake or other activities

before the imaging studies. The details of the patient characteristics,

including MRA scores and stages,3,32 are listed in On-line Table 1.

MR Imaging Perfusion Protocols
We performed all MR imaging studies at our hospital with a 3T

MR scanner (Signa HDxt; GE Healthcare, Milwaukee, Wiscon-

sin) with an 8-channel head coil. In addition to routine imaging

sequences, including MRA and FLAIR, we acquired 3D pulsed

continuous ASL images using the following parameters: TR, 4521

ms; TE, 9.8 ms; FOV, 24 cm; 512 sampling points on 8 spirals

(matrix size of 512 � 8); spatial resolution, 5.0 mm; section thick-

ness, 4 mm; number of sections, 30; excitations, 3; bandwidth,

62.50 Hz; and labeling time, 1.5 seconds. We used 2 PLDs, 1525

ms and 2525 ms, which we designated the short ASL (sASL) and

delayed ASL (dASL), respectively.

We adopted the sequence of DSC used in a previous study:5

gradient recalled-echo single-shot multisection EPI with TR, 1000

ms; TE, 40 ms; FOV, 22 cm; and matrix, 128 � 128. A series of 7.5

mm–thick sections separated by 7.5-mm gaps was acquired after a

bolus injection of gadodiamide (0.2 mmol/kg body weight;

Omniscan 32% [GE Healthcare]) via an antecubital vein by using

a power injector (Nemoto Kyorindo, Tokyo, Japan) at the rate of

3 mL/s, followed by a 15-mL saline flush.

MR Imaging CBF Analysis
The quantitative ASL-CBF map was generated on an Advantage

Windows workstation (GE Healthcare) by using Functool soft-

ware provided by the scanner manufacturer based on a theory

described elsewhere.15

The DSC-MR imaging data were transferred to a personal

computer and analyzed with the commercial software package

Dr. View R2.5 (AJS, Tokyo, Japan). In preparation, we calculated

the transverse relaxation rate (�R2*) by the equation �R2*(t) �

�ln [S(t)/S0]/TE, where S(t) is the signal intensity at time t and S0

is the precontrast baseline signal intensity. We generated a map of

Tmax values by deconvolving the change in tissue concentration

over the first pass of the contrast agent with an arterial input

function by using singular value decomposition.33,34 The arterial

input function was automatically obtained from ROIs that were

manually placed on the internal carotid artery in each patient. A

relative TTP map and a relative MTT map were generated directly

from the time-�R2* curve.

PET Protocol
The PET study was carried out by using a SET 2400W scanner

(Shimadzu, Kyoto, Japan) in the PET center at the Tokyo Metropol-

itan Institute of Gerontology. CBF was measured by continuous and

consecutive 9-minute inhalations of C15O2 with continuous arterial

blood sampling, using a table-lookup technique.35,36 The regional

CBF value was obtained by calculating the values with lookup tables

created from the arterial whole blood and plasma radioactivity curves

and then correcting them for delay and dispersion.37

Analysis of ROIs
PET and MR images were spatially coregistered by using the im-

age registration function of Dr. View R2.5. 3D data of PET-CBF

and ASL-CBF were reconstructed into 7 sections matched to DSC.

The ROIs were manually drawn on the raw images of DSC over 10

cortical areas (the bilateral frontal, parietal, rolandic, temporal,

and occipital lobes) and the cerebellum in reference to the previ-

ous studies,5,16 as shown in Fig 1 and On-line Fig 1. Eight areas of

4 patients containing cortical infarction (see On-line Table 1 for

details) were excluded from analysis.
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Statistical Analysis
All statistical analysis was performed with the commercial soft-

ware package JMP version 11 (SAS Institute, Cary, North Caro-

lina). The distribution of each value was evaluated with the Sha-

piro-Wilk test for normality, and values of P � .05 were regarded

to be significant.

The ASL-CBF and DSC-CBF values were compared with PET-

CBF in all regions by using Bland-Altman plots, and Pearson cor-

relation coefficients (r) were calculated and tested for signifi-

cance. The difference of r values between the 2 groups was

assessed by Fisher z transformation, and values of z � 1.96 were

regarded to be significant. Next, to understand how the transit

delay affected ASL-CBF values, all ROIs were divided into 2

groups by the following cutoffs: Tmax, 6.0 seconds; TTP, 4.0 sec-

onds; MTT, 4.0 seconds; and delay of MTT to cerebellum (MTT

delay), 1.5 and 2.0 seconds. These MTT delay values were previ-

ously shown to divide elevated CBV and oxygen extraction frac-

tion.5 All plots were also divided into those with asymptomatic/

postoperative hemispheres and those with symptomatic sides to

assess the effect of disease severity on ASL-CBF measurement. A

paired t test was performed to reveal differences between the 2

groups, and values of P � .05 were regarded to be significant.

Finally, the ratio of 2 ASLs (dASL-CBF to sASL-CBF) was

compared with Tmax, TTP, and MTT to evaluate whether ASL

with 2 PLDs can provide accurate information on the perfusion

delay. Spearman correlation coefficients (�) were calculated and

tested for significance.

RESULTS
A representative case is shown in Fig 1. The ASL-CBF maps were

visually comparable with the PET-CBF maps, but showed gener-

ally higher values than those of PET. The areas with low ASL-CBF

values and the areas with a perfusion delay determined with

DSC parameters corresponded well. The

ASL-CBF maps of the 2 PLDs were visu-

ally different. Short ASL-CBF showed

lower values than dASL-CBF in the

more hemodynamically impaired hemi-

sphere with a longer delay in perfusion

time (indicated by the arrows in

Fig 1). Conversely, sASL-CBF showed

higher values than dASL-CBF (the ar-

rowheads in Fig 1) in the less-affected

hemisphere.

Correlation between ASL-CBF and
PET-CBF
The summary of CBF values of ASL and

PET is shown in On-line Table 2. The

CBF values of ASL and PET were nor-

mally distributed (P � .08 for sASL-

CBF; P � .27 for dASL-CBF; and P � .32

for PET-CBF). The sASL-CBF values

were better correlated with PET-CBF

(r � 0.63; P � .01 [Fig 2A1]) compared

with the dASL-CBF (r � 0.39; P � .0001

in Fig 2B1) and DSC-CBF values (r �

�0.15; P � .046 [On-line Fig 2]) with

statistical significance (z � 2.90 for sASL-CBF versus dASL-CBF

and z � 10.30 for sASL-CBF versus DSC-CBF). The value of

sASL-CBF minus PET-CBF was 1.72 mL/min/100 g (95% CI,

0.50 –2.94; dotted lines in Fig 2A2). When we divided all regions

into 2 groups by the degree of perfusion delay and the disease

severity, a significant correlation was seen between sASL-CBF and

PET-CBF in the areas with smaller values of time-based parame-

ters and in the less-affected hemispheres (r � 0.61; P � .0001 for

Tmax �6.0 seconds [Fig 3A1]; r � 0.58, P � .001 for TTP �4.0

seconds; r � 0.54, P � .001 for MTT �4.0 seconds; r � 0.57, P �

.001 for MTT delay �1.5 seconds [On-line Fig 3A1]; and r � 0.63,

P � .03 in asymptomatic/postoperative hemispheres [On-line Fig

4A1]). The difference between sASL-CBF and PET-CBF was sig-

nificantly smaller in regions with long Tmax and TTP than in the

others (2.82 mL/min/100 g in Tmax �6.0 seconds versus �2.02 in

Tmax �6.0 seconds, P � .002 [Fig 3A2, B2]; and 2.21 in TTP �4.0

seconds versus �4.31 in TTP �4.0 seconds, P � .01 [On-line

Table 3]). Taken together, these results showed that the sASL-CBF

value dropped in the regions with severe perfusion delay.

On the other hand, the correlation between dASL-CBF and

PET-CBF was moderate (r � 0.39, P � .0001 [Fig 2B1]), and the

difference between dASL-CBF and PET-CBF was 6.39 mL/min/

100 g (95% CI, 5.10 –7.67 [Fig 2B2]), which was higher than the

gap between sASL-CBF and PET-CBF (P � .0001). The CBF val-

ues of dASL were higher than those of PET regardless of the degree

of perfusion delay and the disease severity. The correlation of

dASL-CBF and PET-CBF was better in areas with delayed perfu-

sion (r � 0.56, 0.82, 0.70, and 0.65 in areas with Tmax �6.0

seconds [Fig 3D1], TTP �4.0 seconds, MTT �4.0 seconds, and

MTT delay �1.5 seconds, respectively; P � .002 for TTP �4.0

seconds and P � .0001 for all other groups) than regions with less

perfusion delay. The difference between dASL-CBF and PET-CBF

FIG 1. Images of a 21-year-old woman (patient 6 in On-line Table 1) with transient weakness of the
right hand. The MRA (A) shows occlusion of the bilateral terminal ICA (arrow), absence of the
bilateral MCA, and stenosis of the left posterior cerebral artery (arrowhead). T2WI reveals a small
ischemic change of the left hemisphere (B). C, Sample ROIs used for the quantification of param-
eters. Color maps of PET-CBF, sASL-CBF, dASL-CBF, DSC-Tmax, and DSC-TTP values are shown
from D–H, respectively. The ASL-CBF maps (E, F) were visually comparable with the PET-CBF map
(D), but showed generally higher values than those of PET. The sASL-CBF (E) shows lower values
than dASL-CBF (F) on the affected side (arrows). Conversely, sASL-CBF shows higher values than
dASL-CBF (arrowheads) on the less-affected side.
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was significantly higher in areas with long Tmax, MTT, and MTT

delay than in areas with short time-based parameters (5.48 in

Tmax �6.0 seconds versus 9.16 in Tmax �6.0 seconds, P � .01

[Fig 3C2, D2]; 5.56 in MTT �4.0 seconds versus 8.12 in MTT

�4.0 seconds, P � .04; 5.77 in MTT delay �1.5 seconds versus

10.04 in MTT delay �1.5 seconds, P � .02). Please see On-line

Table 4 for details of the results.

Correlations among dASL-CBF to sASL-CBF Ratio and
Tmax, MTT, and TTP
Because the ratio of dASL-CBF to sASL-CBF values was not nor-

mally distributed (P � .0001), Spearman correlation coefficients

(�) were calculated between the ratio of dASL-CBF to sASL-CBF

and DSC parameters. As shown in Fig 4, the ratio of dASL-CBF to

sASL-CBF was well correlated with all 3 DSC parameters, Tmax,

TTP, and MTT (� � 0.71, 0.64, and 0.47, respectively; P � .0001

for all).

DISCUSSION
Our findings demonstrated that sASL-CBF grossly reflected true

CBF as measured by the criterion standard method PET and that

CBF measurement by ASL was influenced by the regional delay of

perfusion time and the disease severity. Moreover, our study sug-

gested that ASL measurement with 2 PLDs could be used to eval-

uate the severity of perfusion delay.

Although ASL uses protons in blood as a diffusible tracer and

has an underlying mechanism similar to

that of PET, it is also affected by the ar-

terial transit time. Although many stud-

ies have reported a good correlation be-

tween the CBF values of ASL and

PET,15-20 Ye et al15 reported an under-

estimation of white matter CBF by ASL,

which may have been related to the lon-

ger arterial transit times of the white

matter regions compared with gray mat-

ter regions. Kimura et al16 revealed that

the arterial transit time affected the per-

fusion signal of ASL and noted that a

long transit time may lead to underesti-

mation of the affected side in occlusive

cerebrovascular disease. In our study,

the CBF values of ASL essentially over-

estimated the PET-measured true CBF

of Moyamoya disease and only in areas

with long transit time when using sASL

turned toward underestimation of true

CBF. We also found that sASL-CBF

showed a better correlation with PET-

CBF than dASL-CBF. This overestima-

tion was possibly related to our pulsed

continuous ASL method itself. For ex-

ample, the ASL-CBF values of normal

healthy volunteers in our institute ob-

tained by using the same cortical ROI

analysis were 64.4 mL/min/100 g on av-

erage for sASL and 60.4 mL/min/100 g

for dASL, whereas the 15O-gas PET–

measured CBFs of healthy subjects were reported to be 40.7– 42.8

mL/min/100 g.4 The difference between ASL-CBF and PET-CBF

in normal healthy adults was approximately 20 mL/min/100 g in

our institute. In our patients with Moyamoya disease, almost all

the brain regions had some degree of perfusion delay, and ASL-

CBF in these patients was lower than that in normal healthy vol-

unteers, but still higher than PET-CBF. Thus, the good correla-

tion between the CBF values of sASL and PET was attributed to

this offset effect of long transit time when PLD was short. In ad-

dition, the better SNR in short PLD would have contributed to the

good correlation. In theory, the ASL signal is small and requires

better SNR for accurate CBF measurement. Alsop et al14 pointed

out that there is a fundamental trade-off in this relation: a short

delay does not allow for complete delivery of the labeled blood

water to the tissue, whereas a long delay results in strong T1 decay

and, therefore, reduced SNR. In Moyamoya disease, the degree of

transit delay varies even within individual regions of a single pa-

tient. Therefore, it is possible both that short PLD may increase

the accuracy of CBF measurement because of the improved SNR

and that long PLD may increase the accuracy of CBF measure-

ment by allowing for greater delivery of labeled water to the tissue

in patients with Moyamoya disease. We speculated that the for-

mer effect by short PLD might overcome the latter effect by long

PLD, resulting in a greater increase in the correlation between

sASL-CBF and PET-CBF.

FIG 2. The relationship between regional CBF values of PET and ASL. A virtual straight line of
PET-CBF equal to sASL-CBF is drawn in A1 and B1. The sASL-CBF grossly reflects the true CBF,
whereas dASL-CBF grossly overestimates the true CBF.
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Recently, Goetti et al20 reported a similar comparison study

between ASL and PET in patients with Moyamoya disease, and

they mentioned that cerebellar normalization improved the cor-

relation between ASL and PET. We also tried the same method,

but we found that the trend of overestimation was worse than that

of the current method (On-line Fig 5). Our results showed that

the ASL-CBF of the cerebellum was lower than that of average

cortical regions, whereas PET-CBF was higher (ASL: average cor-

tical regions, 64.4; cerebellum, 60.4; PET: average cortical regions,

59.9; cerebellum, 56.0). Several factors probably play a role in

these different results, such as the difference in the patient popu-

lations, scanner settings, and measurement approaches for CBF

by PET, and the difference in labeling efficiency between the an-

terior circulation and posterior circulation. However, we are un-

sure of the reasons for these different results because, to our

knowledge, the normal values of cerebellar ASL-CBF have not

been reported. Further data collection will be needed to clarify

these differences.

Several groups have investigated the relationship between

ASL-CBF and time-based parameters in patients with Moyamoya

disease. Qiu et al26 assessed the relationship of CBF measured by

pulsed continuous ASL with multiple PLDs and CBF values of

Xe-CT. They reported that short PLDs (1.5–2 seconds) had the

strongest correlation with CBF values obtained by Xe-CT (r �

FIG 3. All plots between regional values of PET-CBF and those of sASL-CBF or dASL-CBF are divided by a Tmax cutoff of 6.0 seconds. A virtual
straight line of PET-CBF equal to sASL-CBF is drawn in panels A1, B1, C1, and D1. When the Tmax is �6.0 seconds, the sASL-CBF values tend to
overestimate the true CBF (A1, A2), whereas they underestimate the true CBF when Tmax is �6.0 seconds (B1, B2). On the other hand, dASL-CBF
tends to overestimate the true CBF regardless of the Tmax, but the correlation of ASL and PET is better in areas with Tmax �6.0 seconds (C1–C2,
D1–D2).

FIG 4. Correlations between the ratio of dASL-CBF to sASL-CBF and the DSC time-based parameters. Tmax, MTT, and TTP are well correlated
with the ratio of dASL-CBF to sASL-CBF.
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0.65), which overestimated the expected CBF in the short Tmax

regions (�4 seconds) and underestimated Xe-CT CBF in the long

Tmax areas (�4 seconds). Conversely, the ASL of long PLDs

(�2.5 seconds) was reported to underestimate Xe-CT CBF in the

short Tmax regions, and the overestimation occurred in the long

Tmax areas. Yun et al27 found that long TTP negatively affected

the correlation of CBF values of ASL and DSC and that TTP delay

(�10 seconds) had a positive effect on the difference between

ASL-CBF and DSC-CBF. In our study, the CBF values of sASL

were much higher than those of PET-CBF in the less-affected

regions, and the difference was small in the more-affected areas.

On the other hand, the differences between dASL (ie, ASL of

PLD � 2525 ms) and PET-CBF values were relatively constant in

all groups regardless of perfusion delay. Based on the past studies,

the principle of ASL,8-11 and our present results, most protons

tagged by spin labeling would saturate brain tissue at the time of

image acquisition with sASL in normally perfused areas, but they

would not transit into the image acquisition area when the arterial

transit time was long. Therefore, the sASL-CBF value dropped in

the area with long transit time, and dASL-CBF was relatively con-

stant. Taken together, these findings suggest that it would be dif-

ficult to obtain precise CBF values with the current ASL method in

Moyamoya disease, even if using multiple PLDs. Longer PLD

would be suitable for patients with longer transit time, but the

problems of low SNR because of T1 decay would be aggravated.14

However, acquisition of ASL with multiple PLDs would none-

theless contribute to our understanding of the hemodynamics of

Moyamoya disease. We observed an interesting method for turn-

ing the disadvantage of ASL (ie, the sensitivity of CBF values to

perfusion delay) into an advantage by estimating the time-based

parameters (Tmax, TTP, and MTT) based on the ratio of 2 ASLs

(dASL-CBF to sASL-CBF). Several studies have explored the util-

ity of time-based parameters calculated from ASL. Bokkers et al21

calculated the trailing-edge time of pulsed ASL at multiple delay

times and revealed that the trailing edge was longer in patients

with a carotid artery occlusion than in control patients and

shorter in patients with leptomeningeal collaterals than in those

without collaterals. Wolf et al22 used specific software to calculate

the bolus arrival time of patients with acute ischemic stroke and

found a significant correlation between ASL bolus arrival time

and DSC-MTT (r � 0.28 for all hemispheres, r � 0.42 in the

ischemic hemisphere). Our approach to the detection of perfu-

sion delay yielded a better correlation than these studies. Com-

pared with the respective PET-CBF estimations in areas with

short time-based parameters, sASL underestimated PET-CBF and

dASL-CBF overestimated PET-CBF in areas with long time-based

parameters. These different effects induced by perfusion delay

would result in the correlation of the ASL ratio and each of Tmax,

TTP, and MTT.

Because time-based parameters are important to evaluating

the degree of hemodynamic stress, noninvasive measurement of

the perfusion delay by ASL would benefit children and adoles-

cents with Moyamoya disease. Because MTT theoretically corre-

lates with the reciprocal of tissue perfusion pressure,38 it should

be a good indicator of profoundly decreased cerebral perfusion

pressure in Moyamoya disease.4 In fact, an MTT delay cutoff of 2

seconds has been reported to detect misery perfusion5 and cutoff

of 2.5 seconds has been reported to predict surgical revasculariza-

tion7 in patients with Moyamoya disease. Even if ASL is not suit-

able for the accurate measurement of CBF values in patients with

Moyamoya disease, evaluation of the perfusion delay by ASL with

multiple PLDs may be useful for evaluating the degree of hemo-

dynamic stress and may contribute to decisions regarding patient

treatment.

We analyzed only 18 cases with variable age and a mixture of

clinical subtypes, and the subgroups we used for analysis con-

tained smaller regions. Accordingly, some caution is necessary

when interpreting the results. As discussed above, PLDs of 1525

ms and 2525 ms must be shorter than the arterial transit time of

some patients, but we chose these PLDs in consideration of the

acquisition time and SNR. The problem of low ASL values in the

cerebellum compared with PET was still unresolved. Despite their

preliminary nature, our data suggest that ASL is a promising clin-

ical tool for evaluating patients with Moyamoya disease. Accumu-

lation of more cases and comparison of data with healthy control

patients and patients with atherosclerotic cerebrovascular disease

will be needed to further explore the uses and efficacy of ASL.

CONCLUSIONS
Noninvasively measured ASL-CBF values had acceptable correla-

tion with PET-measured absolute CBF, and a set of 2 ASLs using

different PLDs can detect perfusion delay in patients with Moya-

moya disease. Although we believe PET and DSC will continue to

play important roles for investigating surgical indications and

verifying clinical deterioration, ASL could be an alternative

method for the initial screening of patients and for timed fol-

low-up of both the operated and nonoperated cases, but only if we

bear in mind its theoretic basis and limitations.
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ORIGINAL RESEARCH
ADULT BRAIN

MR Imaging of Individual Perfusion Reorganization Using
Superselective Pseudocontinuous Arterial Spin-Labeling in

Patients with Complex Extracranial Steno-Occlusive Disease
X V. Richter, X M. Helle, X M.J.P. van Osch, X T. Lindner, X A.S. Gersing, X P. Tsantilas, X H.-H. Eckstein, X C. Preibisch, and

X C. Zimmer

ABSTRACT

BACKGROUND AND PURPOSE: Patients with multiple stenoses or occlusions of the extracranial arteries require an individualized diagnostic
approach. We evaluated the feasibility and clinical utility of a novel MR imaging technique for regional perfusion imaging in this patient group.

MATERIALS AND METHODS: Superselective pseudocontinuous arterial spin-labeling with a circular labeling spot enabling selective vessel
labeling was added to routine imaging in a prospective pilot study in 50 patients (10 women, 70.05 � 10.55 years of age) with extracranial
steno-occlusive disease. Thirty-three had infarct lesions. DSC-MR imaging was performed in 16/50 (32%), and cerebral DSA, in 12/50 patients
(24%). Vascular anatomy and the distribution of vessel stenoses and occlusions were defined on sonography and TOF-MRA. Stenoses were
classified according to the NASCET criteria. Infarct lesions and perfusion deficits were defined on FLAIR and DSC-MR imaging, respectively.
Individual perfusion patterns were defined on the superselective pseudocontinuous arterial spin-labeling maps and were correlated with
vascular anatomy and infarct lesion localization.

RESULTS: The superselective pseudocontinuous arterial spin-labeling imaging sequence could be readily applied by trained technicians,
and the additional scan time of 12.7 minutes was well-tolerated by patients. The detected vessel occlusions/stenoses and perfusion
patterns corresponded between cerebral DSA and superselective pseudocontinuous arterial spin-labeling maps in all cases. Perfusion
deficits on DSC-CBF maps significantly correlated with those on superselective pseudocontinuous arterial spin-labeling maps (Pearson r �

0.9593, P � .01). Individual collateral recruitment patterns were not predictable from the vascular anatomy in 71% of our patients.

CONCLUSIONS: Superselective pseudocontinuous arterial spin-labeling is a robust technique for regional brain perfusion imaging, suit-
able for the noninvasive diagnostics of individual perfusion patterns in patients with complex cerebrovascular disease.

ABBREVIATIONS: AcomA � anterior communicating artery; ASL � arterial spin-labeling; cDSA � cerebral DSA; ECA � external carotid artery; pCASL� pseudo-
continuous arterial spin-labeling; PcomA � posterior communicating artery; ss-pCASL� superselective pseudocontinuous arterial spin-labeling; VA � vertebral artery

In patients with complex steno-occlusive disease of the extracra-

nial brain-supplying arteries, it is often difficult to determine

the culprit source of an ischemic lesion. CT and MR angiography

provide morphologic information on the configuration of the cir-

cle of Willis. Clinically accepted methods to visualize brain perfu-

sion such as CT and MR imaging1 usually require contrast agent

injection and do not allow the assessment of collateral flow. How-

ever, collateral pathways, including the circle of Willis and lepto-

meningeal collaterals, are recruited in a highly individual pattern

to compensate for diminished blood flow, as demonstrated by

studies showing a wide variability in perfusion territories of brain

arteries in healthy individuals2-6 and even more so in those with

steno-occlusive disease.7-13 Imaging of individual perfusion ter-

ritories allows the visualization of this variability in individual

patients and thus permits conclusions concerning collateral flow

and subsequently reorganized perfusion patterns.10-14 It may pin-

point the source of the greatest hemodynamic impairment

and— by visualizing the localization of the infarct in relation to

the individual perfusion patterns—may aid in differentiating

thromboembolic stroke and ischemic lesions due to compro-

mised cerebral perfusion in watershed areas. This information is

essential for the prevention of recurrent stroke.15

The criterion standard of vessel-selective imaging is digital
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subtraction angiography, which enables imaging of macrovascu-

lar blood flow and reorganization of perfusion territories, allow-

ing only indirect assumptions about microvascular perfusion. Its

invasiveness and the associated risks16 as well as concerns about

radiation exposure advocate for the development of noninvasive

alternatives. The criterion standard of cerebral perfusion imaging

is positron-emission tomography,17 which provides information

about microvascular perfusion without correlation to macrovas-

cular blood flow, but again it is an invasive technique associated

with radiation exposure.

MR imaging– based methods for perfusion imaging with ves-

sel-selective arterial spin-labeling (ASL) have been developed to

provide a tool for noninvasive regional perfusion imaging.18-20

The first reports on territorial arterial spin-labeling were pre-

sented in 2003,21 and techniques for vessel-selective labeling have

since been improved with respect to vessel selectivity,22 usabil-

ity,23 and data analysis.24 Initial techniques for vessel-selective

labeling required positioning a thick labeling slab in a plane with

the aim of selectively labeling only 1 artery.12 More recently, in a

practically planning-free approach, the vessel-encoded pseudo-

continuous arterial spin-labeling (pCASL) 25 technique was pro-

posed, which uses phase cycling and additional gradients to

achieve a spatially varying labeling efficiency within the labeling

plane. This allows simultaneous acquisition of several perfusion

territories in �5 minutes. However, the required evaluation pro-

cedure is highly sophisticated and uses comparison with a full

perfusion map by iterative clustering methods.19

The variability of labeling approaches and evaluation proce-

dures is manifold and standardized recommendations—such as

those for conventional ASL26—are not yet available. These fea-

tures, along with lacking product sequences and established post-

processing procedures, limit the clinical use of vessel-selective

ASL, despite promising results.27-31

The superselective pseudocontinuous ASL (ss-pCASL) tech-

nique with a single circular labeling spot22,32 works by applying

rotating gradients with phase changes of the radiofrequency

pulses of the pCASL labeling train, in which the diameter of the

labeling focus is controlled by the gradient moments.22,32 The

major advantage of superselective pCASL is its flexibility in posi-

tioning: The labeling focus can be individually adapted to differ-

ent vessel geometries (eg, by tilting). This adaptation can be espe-

cially beneficial in patients with altered vasculatures such as

tortuous and elongated vessels. Planning the ss-pCASL is similar

to that in conventional pCASL; however, instead of a labeling

plane, a labeling focus needs to be located over the artery of inter-

est, which usually only takes a short amount of additional time for

trained MR imaging operators. Another advantage is the straight-

forward evaluation procedure: Relative perfusion maps are cre-

ated on the basis of simple correlation procedures and can be

easily visualized in real-time at the scanner console. To our

knowledge, no clinical case series has yet been examined with this

technique.

The aim of our study was 2-fold: 1) to determine the feasibility

of superselective pCASL in everyday clinical practice with regard

to scanning time, technician training, and patient tolerability; and

2) to demonstrate its accuracy by correlating the imaging of flow

territories with DSC-PWI or cerebral DSA (cDSA). In addition,

we demonstrate the high individual variability of perfusion pat-

terns in a patient population with complex chronic steno-occlu-

sive disease of the extracranial brain-supplying arteries.

In summary, we evaluated the feasibility and clinical utility of

a novel MR imaging technique for regional perfusion imaging in

this patient group.

MATERIALS AND METHODS
Patients
Fifty consecutive patients (10 women; mean age, 70.05 � 10.55

years) with stenosis and/or occlusion of �1 extracranial artery

were examined with ss-pCASL, in addition to clinical routine MR

imaging, between February 2012 and August 2014 in a prospec-

tive pilot study. Patients underwent neurologic work-ups due to

previous transient ischemic attacks or a nondisabling ischemic

stroke. Steno-occlusive disease had been diagnosed before referral

with duplex ultrasonography. All patients included in our

study had a sonographically detected high-grade internal ca-

rotid artery and/or vertebral artery (VA) stenosis (�70%

according to the North American Symptomatic Carotid End-

arterectomy [NASCET] grading) or a vessel occlusion. Thirty-

three of 50 (66%) patients had subacute (older than 1 week) or

chronic (older than 1 month) infarct lesions. After we excluded

MR imaging contraindications, all patients gave written informed

consent. Sixteen of 50 (32%) patients underwent contrast-en-

hanced MR perfusion imaging (DSC-PWI), and 12/50 patients

(24%) underwent cerebral DSA within 2 weeks of the ss-pCASL

study. Two of 50 patients were excluded due to motion artifacts

on the MR imaging.

MR Imaging
All planning steps were performed by a neuroradiology techni-

cian after an initial 30-minute training session about loading,

planning, and running the ss-pCASL sequence before actual clin-

ical imaging. MR imaging was performed on a 3T whole-body

system (Achieva; Philips Healthcare, Best, the Netherlands) with

the whole-body radiofrequency coil for transmission and a 16-

channel phased array head and neck coil for signal reception.

After a sensitivity encoding reference scan, a fast time-of-flight

angiography was performed with MIPs to display vascular anat-

omy ranging from the carotid bifurcation to the skull base (scan

parameters: FOV, 230 � 230 � 81 mm3; acquisition voxel size,

1.19 � 2.39 � 3 mm3 [reconstructed, 0.89 � 0.89 � 3 mm3]; flip

angle, 60°; 3D fast-field echo; TR/TE, 25/3.5 ms; acquisition time,

1 minute 40 seconds). This sequence was used for planning of the

labeling planes.

Anatomic sequences included FLAIR (FOV, 230 � 230 � 144

mm3; acquisition voxel size, 0.90 � 0.97 � 4 mm3 [reconstructed,

0.45 � 0.45 � 4 mm3]; flip angle, 90°; TSE factor, 38; TR/TE,

12,000/140 ms; inversion delay, 2850 ms; acquisition time, 3 min-

utes); DWI (spin-echo EPI; FOV, 224 � 224 � 146 mm3; acqui-

sition voxel size, 2 � 2 � 2 mm3 [reconstructed, 0.875 � 0.875 �

2 mm3]; flip angle, 90°; sensitivity encoding factor, 2; TR/TE,

7845/55 ms; b-factor, 1000; acquisition time, 2 minutes 37 sec-

onds); T2WI fast-field echo (FOV, 230 � 230 � 144 mm3; acqui-

sition voxel size, 0.89 � 1.12 � 4 mm3 [reconstructed, 0.45 �

0.45 � 4 mm3]; flip angle, 18°; TR/TE, 956/16 ms; acquisition
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time, 2 minutes 37 seconds); and an intracranial TOF angiogra-

phy (3D-fast-field echo; FOV, 200 � 200 � 84 mm3; acquisition

voxel size, 0.40 � 0.70 � 0.60 mm3 [reconstructed, 0.39 � 0.39 �

0.60 mm3]; 4 slabs; flip angle, 20°; TR/TE, 25/3.5 ms; sensitivity

encoding factor, 2; acquisition time, 6 minutes).

During these scans, labeling positions of the ss-pCASL se-

quences were planned on the fast TOF scans: The circular labeling

spot was positioned in the graphic user interface to cover the

target vessel in its craniocaudal extension. The diameter of the

circular label focus was set to 15 mm. The labeling plane was

positioned in the same angulation as the fast TOF (Fig 1). If pa-

tient movement was detected during the examination, the TOF

scan was repeated and labeling locations were updated directly

before performing the ss-pCASL sequence to minimize loss of

labeling efficiency due to motion.

The readout module of the ss-pCASL sequence was a single-

shot echo-planar imaging acquisition with the following param-

eters: flip angle, 90°; TE/TR, 12/3550 ms; FOV, 220 � 220 � 98.4

mm3; voxel size, 2.7 � 2.7 � 6 mm3. The labeling duration was

1650 ms, with a postlabeling delay of 1525 ms and background

suppression pulses at 1680 and 2830 ms after a saturation pulse

preceding the labeling.22,32 Intracranial perfusion measurements

comprised 15 sections covering most perfused brain tissue. Forty

averages of label and control images were acquired with an aver-

age scan time of 2 minutes 25 seconds per vessel. As a control for

the detection of a potential misplacement of labeling spots and

for comparison with the DSC-based CBF maps, nonselective

perfusion measurements were also performed with the same

parameters but without applying the selection gradients (un-

like vessel-encoded pCASL, superselective pCASL does not al-

low reconstruction of nonselective maps). In general, the ICA

and VA were labeled; the external carotid artery (ECA) was

only selectively labeled in cases with bilateral ICA occlusion.

Finally, DSC perfusion data were acquired during injection of

15 mL of Gd-DTPA by using single-shot EPI (flip angle, 75°; TE/

TR, 40/1573 ms; FOV, 224 � 224 � 110 mm3; acquisition voxel

size, 2.33 � 2.33 � 4 mm3 [reconstructed, 1.75 � 1.75 � 4 mm3];

40 dynamics).

Postprocessing
The acquired ss-pCASL data were postprocessed on the scanner

console by using the standard iViewBOLD package (Philips

Healthcare). A predefined protocol was applied to each measure-

ment to generate a correlation of the labeled and nonlabeled ASL

acquisitions according to an on-off paradigm; no manual thresh-

olding or postprocessing was required apart from creating these

pCASL maps, which corresponded to qualitative CBF maps. For

anatomic reference, the individual flow-territory maps were over-

laid on FLAIR images. These color overlay images were then

transferred to the PACS for diagnostic use.

DSC-PWI CBF maps were created by using the NeuroPerfu-

sion analysis tool (Philips Healthcare) on the Extended MR

Workspace (Philips Healthcare). The analysis was based on a vox-

elwise deconvolution between tissue time courses and an arterial

input function. The standard evaluation protocol uses weak spa-

tial and temporal smoothing and requires the manual selection of

3–5 arterial input function voxels, which is aided by a display of

temporal curves in a preselected ROI around arterial vessels from

which arterial input function–like curves showing early, steep and

narrow peaks are selected.

Data Analysis
Infarct lesions were identified on the FLAIR images by drawing a

3D-VOI by using the semiautomatic volume definition tool in

Brainlab (Brainlab, Munich, Germany) by 2 experienced neuro-

radiologists in consensus (V.R., 4 years of experience, and A.S.G.

3 years of experience).

Vascular anatomy (occlusions, stenoses, circle of Willis anat-

omy) was defined on the TOF-MIP images (by V.R. and A.S.G.).

cDSA examinations (n � 12, bilateral common carotid artery,

ICA, and VA injections unless catheterization was not possible)

were evaluated in the clinical routine with classification of vessel

occlusions and stenoses according to the NASCET criteria. The

sonographically diagnosed occlusions or �70% extracranial

ICA/VA stenoses or both were confirmed by cDSA in all patients.

Asymmetric perfusion patterns and collateral recruitment in

cDSA were determined by using a standardized angiographic

anatomy atlas.33 Vessel-by-vessel correlation of cDSA with ss-

pCASL was performed by V.R. and A.S.G. (both blinded to clini-

cal information): The angiographically detected vessel occlusions

were correlated with a completely absent perfusion signal in the

ss-pCASL and stenoses, with relevantly decreased sizes of vessel

perfusion territories compared with standardized perfusion terri-

tory atlases.34,35

For correlation with the DSC perfusion method, VOIs of the

CBF lesions were created on the DSC and the nonselective pCASL

CBF maps, with manual definition of the areas via the visual de-

tection of decreases in CBF (performed by V.R. and A.S.G. in

consensus) compared with surrounding and contralateral brain

tissue (similar to clinical routine). A 3D lesion volume was created

by the semiautomatic volume definition tool in Brainlab with

calculation of lesion volume in milliliters. A correlation analysis

was performed by comparing these volumes visually and by pair-

wise calculation of the Dice similarity coefficient to quantify the

degree of overlap according to the following equation36:

Dice Coefficient �

2 � Volume Overlap(DSC Lesion � pcASL Lesion)

Volume DSC Lesion � Volume pcASL Lesion
.

FIG 1. Planning steps of the superselective pCASL sequence. The la-
beling stack is positioned on a fast-TOF-MRA of the cervical vessels in
the axial plane (A) and on the MIP projection (B). C, The readout slab is
positioned covering the expected brain perfusion territory.
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All statistical analyses were performed with GraphPad Prism soft-

ware (Prism V.5 for Mac Os X; GraphPad Software, San Diego,

California).

Patients were grouped into 4 categories (On-line Table) ac-

cording to the presence of stenoses and occlusion: 1) unilateral

high-grade ICA stenosis, 2) bilateral high-grade ICA stenosis, 3)

unilateral ICA occlusion and contralateral high-grade ICA steno-

sis, and 4) bilateral ICA occlusion.

Perfusion territories were defined by comparing the ss-pCASL

maps with a standardized perfusion territory atlas.34,35 Individual

perfusion patterns were classified as follows: 1) normal pattern, 2)

perfusion from contralateral ICA, 3) perfusion from the con-

tralateral ICA and posterior circulation, and 4) perfusion only

from the posterior circulation. Predictability was defined accord-

ing to the following decision algorithm: 1) If either the anterior

communicating artery (AcomA) or both posterior communicat-

ing arteries (PcomAs) were atretic, the new perfusion pattern was

defined as “predictable” because there is only 1 remaining possi-

bility for collateralization through the circle of Willis (eg, in the

case of a unilateral ICA stenosis with a hypoplastic AcomA and

both PcomAs patent, collateralization from the posterior circula-

tion can be predicted from the vascular anatomy without regional

perfusion imaging); and 2) in all other cases with combinations of

patent AcomA and PcomA vessels, the new perfusion pattern was

defined as “not predictable” because there is �1 possible way for

collateralization through the circle of Willis.

The localization of infarct lesions was defined as follows: 1)

relative to standardized perfusion territory atlases34,35; and 2) rel-

ative to the perfusion territories as defined by the ss-pCASL maps.

An infarct lesion was considered “territorial” if �60% of its vol-

ume overlapped a particular perfusion territory and as “water-

shed” if 2 adjacent perfusion territories overlapped 40%– 60% of

the lesion volume, respectively. The infarct categorization accord-

ing to the standardized atlas versus the ss-pcASL method was

compared for all patients.

RESULTS
Feasibility and Accordance with cDSA and DSC-PWI
Technical performance of the superselective pCASL sequence was

robust, meaning that technicians were able to reliably perform the

measurement to yield territorial perfusion maps of diagnostic

quality. Each technician received a 30-minute training session

about loading, planning, and running the ss-pCASL sequence be-

fore actual clinical imaging. All of them performed the following

measurements without assistance, and no examination had to be

discarded because of flaws in planning. Postprocessing was per-

formed on the scanner console with immediate transfer of the

resulting flow territory maps to the PACS. Two of 50 patients had

to be excluded due to motion artifacts. A mean of 3.48 � 0.79

vessels were labeled per examination (hypoplastic or occluded

vessels were not labeled). Additional scan time due to the nonse-

lective and selective pCASL sequences was 12.7 minutes on aver-

age, depending on the number of vessels (2–5) labeled. Overall

imaging time was 26 minutes (range, 24 –31 minutes).

Correlation of pCASL and cDSA scores showed 100% cor-

respondence for the detection of vessel occlusions/stenoses

and for the presence of a nonsymmetric perfusion pattern,

with an asymmetric perfusion pattern in 8/12 patients between

both readers (therefore, we refrained from calculating an in-

terrater variability).

Mean CBF lesion volumes defined on the DSC (93.67 �

105.67 cm3) and the nonselective pCASL maps (82.43 � 98.42

cm3) correlated significantly (n � 16, Pearson r � 0.9593, P �

.01) (Fig 2). The degree of overlap (Dice coefficient) was 0.98 �

0.7.

FIG 2. Correlation between pCASL- (global labeling) and DSC-PWI–identified infarct lesion volumes.
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Individual Variability of Perfusion Territories
Twenty-one patients had a unilateral ICA stenosis, while 9 pa-

tients had bilateral ICA stenoses. Fifteen patients had a unilateral

ICA occlusion with a contralateral ICA stenosis, and 3 patients

had bilateral ICA occlusions. The individual perfusion territories

and the anatomic variants of the circle of Willis are detailed in the

On-line Table. Perfusion patterns were assessed as predictable

from the circle of Willis anatomy in 14/48 (29%) patients and as

not predictable in 34/48 (71%) patients.

The localization of the infarct lesions (watershed or territorial)

in the subgroups of patients with different combinations of ste-

noses and occlusions is shown in the Table. We found that in 33%

of our patients, ss-pcASL led to a different infarct categorization

than the standardized atlas method.

Representative patient studies are shown in Figs 3 and 4.

In 1 case (Fig 5), ss-pCASL was performed postoperatively

after carotid endarterectomy (alas, no preoperative pCASL was

performed). In postoperative follow-up, a normalized territorial

distribution was shown with a symmetric and comprehensive

perfusion signal after labeling both ICAs.10

DISCUSSION
In this study, we demonstrate the feasibility of ss-pCASL in a

clinical context. The labeling of individual arteries with a circular

No. of subacute or chronic infarcts in the patient subgroups (defined on FLAIR imaging), their categorization as watershed or territorial
infarcts, and the number of cases in which an infarct lesion was categorized differently after ss-pCASL imaging than with the
standardized perfusion atlas

Vessel Status

No. of Infarct
Lesions/No. of

Patients in Subgroup

No. of Watershed
Infarcts/No. of
Infarct Lesions

in Subgroup

No. of Territorial
Infarcts/No. of
Infarct Lesions

in Subgroup

No. of Infarct
Lesions Differently

Categorized by Using
the Standardized
Perfusion Atlas

vs ss-pCASL
Unilateral ICA stenosis 11/21 (52%) 5/11 (45%) 6/11 (55%) 4/11 (36%)
Bilateral ICA stenosis 4/9 (44%) 2/4 (50%) 2/4 (50%) 1/4 (25%)
Unilateral ICA occlusion and

contralateral ICA stenosis
15/15 (100%) 8/15 (54%) 7/15 (46%) 6/15 (40%)

Bilateral ICA occlusion 3/3 (100%) 3/3 (100%) – 0/3 (0%)
Sum 33/48 (69%) 18/33 (55%) 15/33 (45%) 11/33 (33%)

FIG 3. Illustration of individual perfusion patterns in 2 different patients with similar chronic high-grade (�70%) right bifurcation ICA stenosis.
The red arrows indicate the stenosis in patient 1 (a) and patient 2 (A). Both patients had patent AcomAs and bilateral PcomAs. Nonselective
labeling in b and B shows no significant perfusion deficits. These patients did not have any infarct lesions. Labeling was performed for the right
ICA, left ICA, and right VA in both patients (the left VA was hypoplastic in both cases). In patient 1 (upper row), the stenotic right ICA (c) continues
to provide perfusion to the right cerebral hemisphere; The left ICA (d) and right VA (e) do not collateralize. In patient 2 (bottom row), right ICA
perfusion is diminished (C) and supplies only the MCA territory; the anterior and posterior territories are perfused by recruitment of the left ICA
(D) and right VA (E). These cases illustrate situations in which the individual perfusion pattern is not predictable: Even though extracranial
stenoses and circle of Willis anatomies are similar, the perfusion patterns are different.
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labeling spot can easily be performed by trained technicians and

could also be applied in patients with complex vascular anatomy.

In our experience, selective labeling was easy, even in the case of

elongated vessels; we only labeled in the extracranial segment be-

cause there was more space for maneuvering. Qualitative perfu-

sion territory maps for diagnostic assessment can, by correlation

analysis, be produced in real-time at the
scanner console, which is a major ad-
vantage compared with vessel-encoded
pCASL, for which highly sophisticated
postprocessing is required.19,25 In a sub-
group of patients, the reliability of the
method could be demonstrated via
comparisons with DSC-based perfusion
or DSA. In accordance with previous
findings,11-13,19 we also demonstrated a
high individual variability of perfusion
patterns in our patient population with
complex steno-occlusive disease of the
extracranial brain-supplying arteries.

It had previously been demonstrated
that even in a healthy population, a rel-
evant variation in flow territories can be
found, mainly due to anatomic variants
of the circle of Willis.7,14,37 In chronic
steno-occlusive disease, while hypothe-
ses about perfusion territories may be
postulated by imaging vascular anat-

omy, proof of hemodynamics is often required.11-13 DSA pro-
vides detailed information about macrovascular flow dynamics;
however, it is an invasive procedure with an increased risk for
cerebral embolisms. Especially in patients with steno-occlusive
disease, plaque shear may result in cerebral embolism during the
procedure.16 Superselective pCASL measurements are noninva-

FIG 4. A 78-year-old male patient with extracranial left ICA occlusion and an extracranial high-grade right ICA stenosis (red arrow) and a left VA
stenosis in the V1 segment (white arrow, A). The AcomA and both PcomAs are patent. A perfusion deficit (white dotted line) is seen in the left
corona radiata in both the DSC-PWI (B) and the nonselective pCASL map (C). Selective labeling was performed for the left common carotid
artery (D), right ICA (E), right VA (F and G), and left VA (H). The intracranial perfusion signal is missing on labeling of the left common carotid artery
(D) as a proof of left ICA occlusion. Right ICA labeling (E) shows perfusion of the left anterior cerebral artery and MCA territory. Right VA labeling
(F and G) shows recruitment of the posterior circulation for the perfusion of the left MCA territory. The new watershed region with a perfusion
deficit and chronic infarcts is seen between the posterior circulation and the right ICA (E and G). A subacute infarct lesion in the left occipital
lobe is localized within the perfusion territory of the left VA (H) and can be categorized as a territorial infarct.

FIG 5. Initial cDSA shows high-grade (�70%) stenoses of both ICAs (A and B), with flow on the
right MCA and anterior cerebral artery from the left ICA (C). After carotid endarterectomy (D),
perfusion patterns of the right and left ICAs are normalized (E and F), demonstrating the utility of
this noninvasive method for the follow-up of therapy success. RICA indicates right ICA; LICA, left
ICA; CEA, carotid endarterectomy.
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sive and do not require contrast agent application. This feature is
important in patients with renal failure but is generally beneficial
regarding recent reports on gadolinium deposition in the brain.38

In our patients, with, at most, mild cognitive impairments, the
additional imaging time of approximately 10 –15 minutes was
well-tolerated; however, longer scan times may be a problem in
severely debilitated patients with major stroke.

Superselective pCASL enables perfusion readout throughout
the brain with accurate anatomic reference as an overlay. We
found high agreement between superselective pCASL– based per-
fusion territories and DSA findings, in accordance with previous
results.12 We also confirm previous findings that the circular fo-
cus labeling technique is especially useful for the exact labeling of
tortuous cervical arteries, eliminating signal contamination by
other arteries.39

The visualization of the parenchymal FLAIR and DWI lesions
in direct anatomic correlation with the regional perfusion territo-
ries enables determination of the etiology of infarct lesions with
higher certainty because it allows detection of individual perfu-
sion territories and watershed areas. According to current guide-
lines, patients with symptomatic carotid stenosis should be
treated by revascularization (endarterectomy or stent placement)
if the symptomatic stenosis is NASCET �70% as documented by
noninvasive imaging or NASCET �50% as documented by conven-
tional angiography.40-42 Therefore, precise imaging techniques are
required for the correct identification of the symptomatic perfusion
territories. Misidentification of perfusion territories43 may result in
either overtreatment or a failure to treat a symptomatic stenosis.
An example of such a complex case is shown in Fig 4, in which
beyond chronic watershed infarcts between the stenotic ICA and
the posterior perfusion territory, there was also evidence of an
acute infarct, which could be allocated to the posterior perfusion
territory by the use of ss-pCASL, demonstrating that the ICA ste-
nosis was not responsible for the acute stroke.

In our patient cohort, we found a considerable percentage of
patients with symmetric perfusion territories both in the group
with unilateral high-grade ICA stenosis and in the group with
bilateral ICA stenosis. It may be postulated that these patients,
who do not have collateral recruitment, may be at risk for hemo-
dynamic decompensation and future stroke events in the case of a
progressing steno-occlusive disease because a new perfusion bal-
ance has not yet been established. While a decrease of cerebrovas-
cular reactivity has been demonstrated in patients with an asym-
metric perfusion pattern,44 no data are available for patients with
unilateral stenosis and symmetric perfusion patterns. Identifying
these patients may change their disease course by stringent fol-
low-up and earlier intervention. Another potential application
for regional perfusion imaging methods such as ss-pCASL may be
the noninvasive follow-up of therapy success in this patient
group, such as imaging normalization of perfusion territories
after carotid endarterectomy or stent placement.

A limitation of this study is that only a small subset of patients
underwent imaging with DSC (16/50) or DSA (12/50), preventing
independent validation in most patients (22/50). A further limi-
tation of the presented method may be the constant labeling du-
ration and postlabeling delay, which were set to optimum values
as previously described.45 These are somewhat shorter than the
recommended values in the recently published consensus on ASL

imaging.26 However, the effective delay time in this study varied
between 1525 ms for the first (caudal) section to approximately
2000 ms for the last (cranial) section because a multisection EPI
readout module was used. A short delay may cause overestima-
tion of the CBF lesion; however, our results correlated well with
the standard of DSC-PWI. The constant delay may influence
readout quality in case of highly stenotic vessels, but perfusion
territories being still easily discernible and distinguishable under-
lines the robustness of the method.

In the presented technique, a measurement of labeling effi-
ciency was not performed for the sake of clinical feasibility. How-
ever, in applications concerned with evaluating pre- and postste-
notic flow or vessels with slower flow such as the ECA, adjusting
labeling duration and postlabeling delay may be crucial, even
though the current recommendation suggests the use of single
postlabeling-delay techniques for clinical applications.26 In our
study, we did not label the ECA except for the cases with bilateral
ICA occlusion; therefore, we did not assess ECA recruitment (re-
ported to vary between 36% and 89%8). While ECA recruitment,
along with leptomeningeal arteries, has an important role in acute
collateral perfusion,46 retrograde ophthalmic perfusion has been
reported to be regressive with time47; therefore, it may be less
relevant in the compensated hemodynamic status of our patients
with chronic stenoses.

Another potential limitation of the method includes its high
sensitivity to motion; however, with proper patient instruction
and positioning, this can be minimized. In addition, the planning
scan can be repeated at any time to verify the correct positioning
of the labeling focus, preventing missed labeling.

While the ss-pCASL sequence is currently only available for
selected clinical users, which may limit a widespread application
at this time, our data demonstrate its possible utility in the clinical
setting.

CONCLUSIONS
We demonstrate that the clinical application of the superselective

pCASL technique is feasible and that it facilitates the visualization

of individual collateralization patterns in patients with complex

extracranial steno-occlusive disease similar to cDSA. The regional

perfusion imaging with ss-pcASL identifies individual perfusion

patterns, which, in a relevant percentage of patients, cannot be

predicted from the location of the extracranial vessel stenosis and

the circle of Willis anatomy alone. It also improves the diagnosis

of infarct genesis (embolic versus hemodynamic) and the source

vessel. These findings have important implications for patient

management. However, further technical refinements and multi-

center studies are needed before a widespread clinical introduc-

tion of the method.
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ORIGINAL RESEARCH
ADULT BRAIN

Cerebral Temperature Dysregulation: MR Thermographic
Monitoring in a Nonhuman Primate Study of

Acute Ischemic Stroke
X S. Dehkharghani, X C.C. Fleischer, X D. Qiu, X M. Yepes, and X F. Tong

ABSTRACT

BACKGROUND AND PURPOSE: Cerebral thermoregulation remains poorly understood. Temperature dysregulation is deeply implicated
in the potentiation of cerebrovascular ischemia. We present a multiphasic, MR thermographic study in a nonhuman primate model of MCA
infarction, hypothesizing detectable brain temperature disturbances and brain-systemic temperature decoupling.

MATERIALS AND METHODS: Three Rhesus Macaque nonhuman primates were sourced for 3-phase MR imaging: 1) baseline MR imaging,
2) 7-hour continuous MR imaging following minimally invasive, endovascular MCA stroke induction, and 3) poststroke day 1 MR imaging
follow-up. MR thermometry was achieved by multivoxel spectroscopy (semi-localization by adiabatic selective refocusing) by using the
proton resonance frequency chemical shift. The relationship of brain and systemic temperatures with time and infarction volumes was
characterized by using a mixed-effects model.

RESULTS: Following MCA infarction, progressive cerebral hyperthermia was observed in all 3 subjects, significantly outpacing systemic
temperature fluctuations. Highly significant associations were observed for systemic, hemispheric, and global brain temperatures (F-
statistic, P � .0005 for all regressions) relative to the time from stroke induction. Significant differences in the relationship between
temperature and time following stroke onset were detected when comparing systemic temperatures with ipsilateral (P � .007), contralat-
eral (P � .004), and infarction core (P � .003) temperatures following multiple-comparisons correction. Significant associations were
observed between infarction volumes and both systemic (P � .01) and ipsilateral (P � .04) brain temperatures, but not contralateral brain
temperature (P � .08).

CONCLUSIONS: Successful physiologic and continuous postischemic cerebral MR thermography was conducted and prescribed in a
nonhuman primate infarction model to facilitate translatability. The results confirm hypothesized temperature disturbance and decou-
pling of physiologic brain-systemic temperature gradients. These findings inform a developing paradigm of brain thermoregulation and the
applicability of brain temperature as a neuroimaging biomarker in CNS injury.

ABBREVIATIONS: MRSI � MR spectroscopic imaging; NHP � nonhuman primate; sLASER � semi-localization by adiabatic selective refocusing; t0 � operative day
scanning session following endovascular stroke induction; t1 � postinfarction day 1; t�7 � baseline MR imaging

Brain thermoregulation remains an enigmatic process reflect-

ing the complex interplay of metabolism and cerebrovascular

perfusion.1-5 A delicate balance of heat-producing and heat-

dissipating mechanisms ensures a thermal homeostasis, the dis-

turbance of which, even when minor, may engender catastrophic

brain injury.1,2,6-8 Temperature dysregulation proves particularly

deleterious as a potentiator of CNS injury following various back-

ground insults such as cerebrovascular ischemia, with progressive

ischemic damage of neuronal substrates documented in human

and nonhuman brains following even modest temperature

elevation.9-16

Theoretic simulations and limited in vivo study of human and

other mammalian brains have suggested the presence of physio-

logic brain temperature gradients under partial but not immuta-
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ble systemic temperature influences. Specifically, during a sys-

temic febrile response, the normally higher brain temperatures at

rest may decouple from rising systemic temperatures in a remark-

able but controversial notion of selective brain cooling.3,5,17-24

This protective physiologic capacity may be notably lost in the

injured brain, with failure to preserve cerebral temperatures amid

rising systemic temperatures, weakening a critical adaptive mech-

anism leading to catastrophic brain hyperthermia.18

Efforts to develop a generalizable paradigm of brain tempera-

ture regulation have been challenged by: 1) brain systemic tem-

perature gradients, which may vary depending on the approach to

systemic thermometry (eg, tympanic, sublingual, intravesicular,

rectal, and so forth), and 2) the lack of practical techniques per-

mitting direct brain temperature monitoring during physiologic

and pathophysiologic conditions.3,17,18,25-29 While historical ap-

proaches have been limited to the use of costly, invasive, and

highly spatially limited implantable temperature probes, optimi-

zation of fully noninvasive MR thermometry was recently re-

ported, both in a cytosolic phantom and in nonhuman primates

(NHPs), leveraging temperature-sensitive nuclear magnetic reso-

nance phenomena.30,31 Recent advancements, including im-

proved magnetic field shimming and multivoxel acquisition strat-

egies, motivate study in an expanded experimental model to

better characterize the magnitude and time course of brain tem-

perature fluctuations in acute ischemic stroke. In this report, we

prescribed a multiphasic brain MR thermometry protocol, hy-

pothesizing the presence of predictable brain temperature

changes and brain systemic temperature decoupling in a mini-

mally invasive NHP ischemic stroke model.

MATERIALS AND METHODS
NHP Selection and Preparation
Three female Rhesus monkeys (Macaca mulatta), 16, 17, and 18

years of age, were sourced from the Yerkes National Primate Re-

search Center. Experimental protocols were designed specifically

to minimize subject discomfort and suffering, with full approval

of the Institutional Animal Care and Use Committee. Preproce-

dural animal care consisted of dedicated veterinary supervision

with standardized light-dark cycles and routine diet as elaborated

previously.32

All baseline imaging sessions, stroke-induction experiments,

and postischemic imaging protocols shared a common anesthetic

protocol, including 3–5 mg/kg of tiletamine/zolazepam (Telazol)

or 10 mg/kg of ketamine followed by induction of general anes-

thesia by using 1.0% isoflurane mixed with 100% O2. The pulse

rate, respiratory rate, pulse oximetry, end-tidal gas, and blood

pressure were monitored and maintained in the normal range.

The subject was immobilized within a head holder throughout the

scanning session, and attempts were made to preserve body tem-

perature at 37.5°C by using a circulating warm water blanket for

heating and withdrawal when supranormal or febrile tempera-

tures were present. A minimally invasive, irreversible endovascu-

lar approach developed internally was used, producing superse-

lective, right-sided M2/M3 branch MCA suture embolism,

achieved by manual injection and allowing highly controlled in-

farction induction.32

Imaging Protocol
All imaging experiments were performed on a 3T Tim Trio

whole-body system (Siemens, Erlangen, Germany). NHP brain

imaging was performed by using a custom, 8-channel phased ar-

ray transmit-receive coil optimized for NHP brain imaging (In-

vivo, Gainesville, Florida). All subjects underwent a common ex-

perimental protocol including the following: 1) approximately

2– 4 hours of baseline MR imaging, 1 week before stroke induc-

tion (t�7); 2) endovascular stroke induction and immediate, ap-

proximately 7-hour continuous MR imaging on the operative day

(t0); and 3) approximately 2- to 4-hour postoperative day (t1) MR

imaging to characterize delayed temperature changes and stroke

evolution. All 3 imaging sessions included noncontrast T1

MPRAGE for structural characterization and to facilitate post-

processing and spatial coregistration of imaging data (TR � 2400

ms, TE � 3.64 ms, FOV � 129 � 129 mm, flip angle � 8°, TI �

950 ms, matrix � 192 � 192, section thickness � 0.7 mm, 128

sections, 1 average), T2 (fast spin-echo with TR � 2500 ms, TE �

84 ms, FOV � 128 � 128 mm, matrix � 192 � 192, section

thickness � 2 mm, 1 average), DWI (single-shot EPI sequence

with a generalized autocalibrating partially parallel acquisition

factor � 3, TR � 4300 ms, TE � 90 ms, FOV � 576 � 576 mm,

matrix � 64 � 64, section thickness � 1.5 mm, 30 directions with

b-value � 0, 1000 s/mm2), and 3D time-of-flight MRA (either

TR � 23 ms, TE � 4.3 ms, flip angle � 18°, matrix � 384 � 331,

section thickness � 0.4 mm, 1 average; or TR � 39 ms, TE � 7.3

ms, flip angle � 18°, matrix � 448 � 448, section thickness � 1.0

mm, 1 average).

Preoperative baseline scanning (t�7) was performed to iden-

tify physiologic spatiotemporal intracerebral temperature gradi-

ents by using an optimized proton MR spectroscopy protocol (see

below). Following stroke induction, the subjects were immedi-

ately stabilized and transferred to the MR imaging suite, where

they were prepped for a continuous, approximately 7-hour imag-

ing session. Attempts were made to ensure that the duration be-

tween conclusion of stroke induction, stabilization, transfer, and

initiation of imaging was kept to �60 minutes to mitigate expan-

sion and maturation of cytotoxic injury before MR imaging ob-

servation could be initiated. A final scanning session was pre-

scribed on the first poststroke day to document final infarction

volumes and to establish brain temperatures within the infarcted

and noninfarcted hemispheres of the NHP brain. At the conclu-

sion of the t1 scanning session, the subjects were euthanized under

general anesthesia by using intravenous pentobarbital, 100 mg,

and transcardial perfusion with saline solution and 10% buffered

formalin following the approved protocols of our Institutional

Animal Care and Use Committee.

All scanning data were exported to a separate workstation for

analysis (Mac Pro; Apple, Cupertino, California). DWI infarction

volumes (cubic centimeters) were calculated in a semiautomated

fashion at all time points and for all subjects by using a third-party

DICOM viewer (Osirix 64-bit; http://www.osirix-viewer.com).

MR Thermometry
The theoretic basis of proton resonance frequency thermometry

has been expounded previously.33,34 Recent enhancements to

brain MR thermometry using the temperature-sensitive, proton

AJNR Am J Neuroradiol 38:712–20 Apr 2017 www.ajnr.org 713



resonance frequency chemical shift difference between brain-wa-

ter and N-acetylaspartate have been reported and were used in

this study. An adiabatically localized technique (semi-localization

by adiabatic selective refocusing [sLASER]) coupled with an im-

proved magnetic field shimming routine (gradient refocused

echo shim) was implemented in all thermometry acquisitions due

to its superior excitation and localization profiles, signal-to-noise,

spectral quality, magnetic field homogeneity, and relative immu-

nity to chemical shift displacement effects.31

MR Spectroscopy Acquisition
Multivoxel MR spectroscopy (MRSI) measurements were ac-

quired for thermometry analysis. The T1-MPRAGE sequence was

used for planning an MRSI protocol acquired with sLASER (TR �

1700 ms; TE � 35 ms; complex data points � 1024; voxel acqui-

sition grid � 16 � 16; voxel ROI � 8 � 8; nominal voxel resolu-

tion � 5 � 5 � 12 mm3; 3–12 averages for water-suppressed scans

and 1 average for non-water-suppressed scans). A water suppres-

sion enhanced through T1 effects algorithm was used (50-Hz wa-

ter suppression), and lipid saturation bands were placed outside

the ROI. B0 shimming was achieved by using a gradient refocused

echo shim algorithm35 with further refinement to the shim con-

ditions achieved by secondary manual shimming. MRSI data were

processed by using LCModel (http://www.lcmodel.com/).36 The

non-water-suppressed scan was used for phase and eddy current

corrections. Voxels with NAA Cramér-Rao lower bound values of

�20 were excluded from analysis.

MR Thermometry Analysis
Voxelwise absolute temperature values were approximated from

the chemical shift difference between the temperature-dependent

water and temperature-independent NAA peaks by using the re-

lationship of �0.01 ppm/°C.34,37 The water peaks in both the

non-water-suppressed and water-suppressed scans were acquired

at the same center frequency. The final temperature map was

displayed as a weighted-average bicubic interpolation for visual-

ization only. Voxelwise values were used in all statistical and de-

scriptive analyses. For the temperature differences relative to the

systemic temperature, the average rectal temperature recorded

during the respective MRSI scan was subtracted from the absolute

brain temperature calculated voxelwise.

The MRSI voxel positions recorded by the scanner are in the

same patient-based coordinate system as the anatomic images.

Using the affine matrix from the MRSI file header, we rotated the

MRSI grid perpendicular to the z-axis in the patient-based coor-

dinate system, with the center of the patient-based coordinate

system located at the center of the MRSI grid. The anatomic im-

ages were then resectioned parallel to the MRSI grid to a final

resolution of 0.12 � 0.12 � 1 mm3 by using a nearest-neighbor

interpolation so that corresponding anatomic image sections fully

encompassed the MRSI plane, facilitating visualization of the

MRSI grid and temperature maps. To classify MRSI voxels ac-

cording to tissue state, the MRSI grid was overlaid onto diffusion-

weighted images and classified; by a single neuroradiologist expe-

rienced in stroke imaging (S.D.). All postprocessing was

performed by using in-house-developed software written in Mat-

lab 2015a (MathWorks, Natick, Massachusetts).

Statistical Analysis
Statistical analysis was performed in SPSS, Version 22.0 (IBM,

Armonk, New York). Data are reported as mean and SD unless

otherwise noted. Histograms are binned at 0.5°C. To determine

the relationship among stroke progression, infarct volume, and

temperature, we used fixed- and mixed-effects linear models. The

Schwarz-Bayesian information criterion was used to compare

models and identify the presence of random, within-subject ef-

fects, including subject-dependent slopes and intercepts. For

models with similar Schwarz-Bayesian information criterion val-

ues, the parsimonious model was used.

Infarct volume (cubic centimeters) on DWI at each time

point was normalized to the final infarct volume at 24 hours.

Time was treated as a continuous variable and reported in

hours relative to the first MR spectroscopy measurement ac-

quired 1 hour postsurgery. The change in temperature as a

function of time and infarct volume was examined for sys-

temic, ipsilateral brain, contralateral brain, and infarcted brain

temperatures. For regressions of temperature as a function of

time, temperature and tissue classification were used as a co-

variate in the model to examine differences between systemic

and brain temperatures. Two-tailed t tests were used to deter-

mine significance at P � .05. Multiple comparisons were ad-

justed post hoc by the Bonferroni correction.

RESULTS
Superselective, distal M2 occlusion was achieved in all 3 subjects.

No operative or perioperative complications were encountered in

2 of the 3 experiments. Arterial extravasation was encountered

due to traumatic arterial injury in an M3 branch of a single sub-

ject, with a short duration of extravasation before hemostasis was

secured, producing trace subarachnoid hemorrhage isolated to

the right parietal vertex. The postoperative course was unremark-

able in this subject throughout the t0 and t1 follow-up, and satis-

factory neuroimaging and thermometry were achieved across

both imaging sessions.

Infarction volumes at the initial and final postoperative DWI

scan are presented in Table 1, with the systemic (rectal), ipsilateral

cerebral, and contralateral cerebral absolute temperature ranges

in each primate throughout the t0 scanning session. In all 3 exper-

iments, an initial systemic temperature drop was observed during

t�7, t0, and t1 scanning sessions related to anesthesia induction,

with steady systemic rewarming during the remainder of all 3

sessions in all 3 subjects. In preoperative scanning sessions, aver-

age ipsilateral, contralateral, and whole-brain temperatures re-

mained coupled to the observed systemic temperature changes

throughout the imaging session, while in contrast, all 3 infarction

(t0) days exhibited progressive cerebral hyperthermia, signifi-

cantly outpacing systemic temperature fluctuations and affecting

both cerebral hemispheres (Figs 1 and 2).

Relationship between Brain and Systemic Temperature
A geographic distribution of temperatures at rest in all NHPs

during t�7 scanning evolved to relatively widespread and progres-

sive heating diffusely throughout the cerebral hemispheres as

shown in the final t0 time point (Fig 1). Similar trends were ob-

served in all 3 stroke-induction experiments (Fig 2), in which
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matched t�7 and t0, systemic and cerebral temperatures are pre-

sented as a function of time. Coupled systemic and whole-brain

temperature changes are shown during t�7 scanning, in which

initially subphysiologic temperatures during early, postanesthesia

scanning demonstrate slow increases of both systemic and brain

temperatures in subsequent acquisitions under rewarming by the

heating blanket. By comparison, following infarction, divergent

brain and systemic temperatures are observed with time, despite

slow development of febrile systemic temperature. Individual

regressions of the normalized time from stroke onset (Fig 3)

demonstrated highly significant associations for systemic tem-

perature, as well as absolute (spectroscopic) ipsilateral hemi-

spheric temperature, contralateral hemispheric temperature,

and the temperature of DWI infarction core voxels (F-statistic,

P � .0005 for all regressions). Comparison of the slopes of

regression (Table 2) of systemic temperature, absolute brain

temperature, ipsilateral brain temperature, and contralateral

brain temperature with DWI infarction core confirmed signif-

icant overall differences (F-statistic, P � .007), notably with

significant differences between systemic temperatures and ip-

silateral (P � .007), contralateral (P � .004), and infarction

core (P � .003) temperatures following post hoc multiple-

comparison Bonferroni correction. A significant difference

was not detected among hemispheric temperatures (P � .05).

Voxelwise analysis of the difference between brain and sys-

temic temperatures in the ipsilateral-versus-contralateral

hemisphere brain temperatures at the initial and final time

points was characterized in a linear fixed-effects model, dem-

onstrating no significant difference between hemispheres (P �

.05).

The progressive divergence of systemic and brain tempera-

tures between initial and final t0 time points is illustrated histo-

graphically (Fig 4) for all 3 subjects, exhibiting increasing brain

versus systemic temperature offsets with time.

Table 1: Subject-specific temperature and infarction volumesa

Parameter Subject 1 Subject 2 Subject 3
T�7 scan session

Systemic temperature range 36.3–37.2 36.8–37.9 36.0–38.2
Mean brain temperature range 36.6 � 1.0–37.1 � 1.2 36.7 � 0.6–37.8 � 1.1 36.3 � 0.7–38.8 � 0.7
Temperature difference: brain, systemicb �0.1 � 1.2–0.2 � 1.0 �0.1 � 0.6–0.4 � 1.1 0.3 � 0.7–1.2 � 0.7

T0 scan session
Infarct volume 1 hr postsurgery (cm3) 0.42 0.28 6.70
Systemic temperature range 36.7–37.6 36.4–38.4 35.7–38.8
Mean ipsilateral brain temperature range 37.4 � 1.1–40.7 � 1.4 34.3 � 1.1–40.3 � 1.2 35.9 � 0.6–41.6 � 2.9
Mean contralateral brain temperature range 37.4 � 0.8–40.4 � 0.7 34.1 � 1.0–40.4 � 0.7 35.8 � 0.5–42.2 � 1.8
Temperature difference: ipsilateral brain, systemic 0.7 � 1.1–3.2 � 1.4 �2.1 � 1.1–2.5 � 1.3 0.2 � 0.6–2.8 � 2.9
Temperature difference: contralateral brain, systemic 0.7 � 0.8–3.0 � 0.7 �2.3 � 1.0–2.3 � 1.2 0.1 � 0.5–3.4 � 1.8

T1 scan session
Infarct volume 24 hr postsurgery (cm3) 23.82 1.29 25.58
Systemic temperature 35.6 35.1 34.6
Mean brain temperature 37.9 � 1.0 36.9 � 1.2 36.3 � 0.9
Temperature difference: brain, systemic 2.3 � 1.0 1.7 � 1.2 1.7 � 0.9

a All temperatures are reported in degrees Celsius. Reported temperature ranges represent the full dynamic range from the indicated imaging session beginning from matched
initial systemic and imaging temperature time points.
b Indicates a range of systemic-versus-brain temperature offsets.

FIG 1. MR thermographs in subject 3 obtained during t�7 (A) and t0 (B) sessions, overlaid on T1-MPRAGE images. Terminal DWI (C) obtained at the
conclusion of the t0 session following endovascular stroke induction demonstrates a large MCA territory infarction. Thermographs in A and B
are presented in equivalent color scales, depicting voxelwise brain versus systemic temperature gradients. Disturbance to the geographic
distribution of brain temperature gradients present during physiologic t0 conditions are present, with notable, diffuse cerebral hyperthermia
affecting both hemispheres in B. Generalized cerebral heating following infarction corresponds to significant elevation above decoupled
systemic temperatures (not shown) as a function of time and infarction volume (see text).
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Relationship between Infarction Volume and
Temperature
Individual regressions of normalized infarction volumes revealed

significant associations with systemic (P � .01) and ipsilateral

brain (P � .04) temperature but not with contralateral brain tem-

perature (P � .08). Importantly, a highly significant association

was identified between normalized infarction volume and abso-

lute infarction core temperatures (P � .0005).

DISCUSSION
These findings represent, to our knowledge, the first such dem-

onstration of dynamic ischemic brain temperature monitoring by

using fully noninvasive MR thermometry. With a controlled NHP

stroke-induction model, the findings confirmed: 1) the presence

of physiologic brain temperature gradients in the healthy brain, 2)

disturbance of brain temperatures following ischemia, and 3) de-

coupling of baseline brain systemic temperature gradients as

hypothesized, in a phylogenetically similar substrate offering

potential insight into human spatiotemporal brain tempera-

ture disturbance.

Febrile systemic temperatures are a well-known consequence

of large-vessel-occlusion stroke, particularly in the later acute

phase of ischemia; however, the immediacy with which brain

temperatures increased in our study suggests that damaging

brain temperature elevations may indeed begin early following

infarction. Cerebral temperatures correlated strongly with in-

farction volumes in this study, and while a causal relationship

could not be established in our experimental design, the findings

are consistent with existing reports of infarction expansion and

poor outcome among fully revascularized patients with febrile

stroke.8,10,11,13,26,38,39 Brain temperature regulation is expected

during systemic febrile responses; however, these findings sup-

port the notion that brain injury may attenuate inherent brain

thermoregulatory mechanisms.7,11,18,37,40 More surprising per-

haps is the rapid decoupling of brain systemic temperatures as

observed in this study, whereby brain temperatures steadily out-

paced even the increasing systemic temperatures. Several poten-

tial explanations can be considered, which at present remain dif-

FIG 2. Subject-specific absolute temperature versus time for paired prestroke and stroke sessions. For each subject, the vertical columns
represent t0 above and t�7 below. The y-axis in t0 plots represents MR imaging– derived temperatures for the hemisphere ipsilateral and
contralateral to the infarction, as well as systemic temperatures. All plots are presented in the same vertical scale, with errors bars (SD) as
indicated. The final time point in all t0 plots represents values from the poststroke session. Progressive heating of both cerebral hemispheres is
present in all 3 subjects, outpacing the progressive systemic febrile temperatures in stroke aftermath. Brain hyperthermia is noted to resolve in
the t1 session for all subjects. By comparison, all baseline t�7 scans exhibit closely coupled brain systemic temperatures, despite fluctuations
related to early postanesthetic hypothermia during subject preparation.

FIG 3. Aggregated fit from individual regressions from each sub-
ject, depicted for systemic temperatures, average hemispheric
temperature ipsilateral and contralateral to infarction, and those
voxels defined within the infarction territory. Individual regres-
sions derived from a linear fixed-effects model demonstrate
highly significant associations among all variables relative to time,
as well as significant differences between brain temperatures and
systemic temperatures following multiple-comparison correction
(Table 2).
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ficult to conclusively establish: First, cerebral temperatures may

theoretically surpass systemic temperatures in hypoperfused-but-

viable tissues (ie, the putative ischemic penumbra), where meta-

bolically active but ischemic tissues are perfused insufficiently to

ensure ready clearance of metabolic heat.7,37,41,42 This, by com-

parison to more mature areas of infarction among which hypo-

perfusion of metabolically inert tissues may be inconsequential

with respect to temperature in the acute phase before inflamma-

tory cascades initiate. This explanation seems unlikely, at least in

isolation, given that such changes would be expected locally or

regionally, rather than globally affecting both hemispheres as ob-

served in our study. The relation among temperature, viability,

and perfusion could not be tested rigorously in this study, as dis-

cussed further among the limitations below, but nevertheless the

impact is likely only partial.

A second consideration may be that of heating influences on

cerebral tissues related to inflammatory pathways at play

following infarction. Recent investigations have emphasized the

immunologic basis of stroke progression, underscoring numer-

ous effectors of stroke progression.43,44 Importantly, these tem-

perature changes occur independent of infection and appear to be

driven by pyrogenic cytokines or lymphocyte trafficking.9 These

increasing temperatures may, in turn, beget further injury, driv-

ing progression of infarction and degrading the temperature-sen-

sitive blood-brain barrier, inciting a continued cycle of injury.

Whether immunologic mechanisms can be imputed in these find-

ings remains to be studied but could represent a treatment target,

perhaps allowing neuroprotection, together with therapeutic hy-

pothermia, as proposed in other settings. Last, tissue swelling de-

veloping with ischemia could compete with heat dissipation to the

brain surface; however, heat conduction is primarily believed to

modulate surface brain temperatures and is therefore likely a less
important variable in comparison with hemodynamic, metabolic,
or immunologic factors.5,21,22,24

While simulations and biophysical models of brain tempera-

ture regulation have been proposed, validation by direct in vivo ob-

servations is limited to a relatively small number of human and non-

human animal studies.2,3,5,17,21,24,26,28,45-48 Prevailing paradigms

highlight the complexity of brain temperature as a biomarker,

reflecting the intersection of complex metabolic and hemody-

namic pathways.5,22 Accordingly, brain temperature may, to

some extent, be viewed as an epiphenomenon to heat-producing

FIG 4. Subject-specific histograms of hemispheric cerebral temperature versus time reflecting divergence of systemic and brain temperatures.
The x-axis represents the brain-systemic temperature offset, represented respectively for the initial and final time points, both for ipsilateral and
contralateral brain temperatures. The rightward shift of all histograms reflects progressive cerebral hyperthermia decoupled from systemic
temperatures present for both hemispheres of all 3 subjects.

Table 2: Absolute systemic and cerebral temperatures versus timea

Temperature
Parameter Slope (°C/hr) Intercept (°C)

F-Stat of
Regression (df )

P Value
(F-Stat)

Difference in
Slope versus Systemic

Temperature

P Value of
Difference versus

Systemic
Systemic 0.352 (0.062) 35.9 (0.3) 32.2 (1,13) �.0005b NA NA
Ipsilateral brain 0.791 (0.116) 35.8 (0.5) 47.0 (1,13) �.0005b 0.439 (0.156) .007b

Contralateral brain 0.824 (0.129) 35.8 (0.5) 40.7 (1,13) �.0005b 0.471 (0.156) .004b

DWI infarct core 0.838 (0.122) 35.9 (0.5) 47.5 (1,13) �.0005b 0.486 (0.156) .003b

Note:—F-Stat indicates F-statistic; NA, not applicable.
a Parameter estimates (standard error when applicable) from a linear fixed-effects model reported relative to normalized time since stroke onset (defined at initiation of
scanning 1 hour following stroke induction).
b Indicates statistical significance at P � .05, results of 2-tailed t test of F-statistics.
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metabolic pathways (primarily the cleavage/use of oxygen deliv-

ered by the heme moiety within circulating red blood cells) and

heat-dissipating mechanisms (consisting principally of circulat-

ing blood flow) critical to elimination of thermal waste through

countercurrent heat-sink mechanisms, which depend on brain

systemic temperature gradients.1,3,17,49 Thus, temperature may

be an indirect product of brain metabolic homeostasis, albeit di-

rectly affected by hypothalamic or other controls, including prox-

imity to the brain surface, CSF spaces, and pneumatized cells of

the paranasal sinuses. The development of refined systems to pro-

tect the brain from dangerous heating, such as during systemic

hyperthermia, may have paralleled loss of the rete caroticum in

humans and NHPs.1,3,17,49 Critically, however, the injured brain

may lose this thermoregulatory capacity, allowing brain heating

under systemic or even local-regional influences.

Practical considerations have historically challenged the study

of brain temperature regulation and the development of a gener-

alizable formalism, due to the absence of safe, direct brain ther-

mometry techniques.3,17,26,45,46,50 Generally limited to invasive

and costly implantable probes and thermocouples, the spatial dis-

tribution of temperature has remained relatively unaddressed.

Past studies have suggested that brain temperature, at least cen-

trally, exceeds systemic temperatures due to its high metabolic

rate, consuming 20% of oxygen and 25% of glucose at rest, yet

accounting for only 2%–3% of body weight.5,9,24,48 The use of

noninvasive, temperature-sensitive nuclear magnetic resonance

phenomena has been proposed for this purpose, and a variety of

potential methodologies exist within the current armamentar-

ium.28,33,34,42,51 MRSI proves particularly advantageous because

identification of an internally referenced chemical shift difference

such as that between brain-water and N-acetylaspartate permits

nearly absolute thermometry, critical for thermograph produc-

tion across imaging sessions and facilitating intra- and intersub-

ject temperature characterization, by comparison with faster but

purely relative phase-contrast thermometry.33,34 A previous

phantom-optimization study tested 3 distinct analysis methods,

all of which performed extremely well compared with real-time

fiber-optic temperature monitoring (R2 � 99, root-mean-square

deviation � 0.005, P � .001), and we proposed an extension of

this approach for multiphasic, multivoxel NHP brain thermom-

etry in the current study. The findings in the present study differ

in important ways from those in past investigations, including

recent reports by Karaszewski et al7 of noninvasive brain ther-

mometry following acute ischemic stroke in humans. Specifically

in their study, initial MR imaging may have been delayed by �24

hours from the time of onset and not repeated until 3–7 days

following presentation. Similarly, baseline temperatures before

stroke onset critically inform the magnitude and direction of tem-

perature disturbance but cannot be reasonably obtained outside

the setting of controlled stroke induction.

The Rhesus Macaque brain provides a robust prehuman ex-

perimental model in stroke neuroscience, in which rodent and

lower primate protocols may fail translation to humans.52 MRSI

in the Rhesus brain, however, poses certain challenges. The exu-

berant cranial fat may significantly degrade spectral quality, de-

spite meticulous outer volume suppression or fat-water separa-

tion strategies. To address these limitations, an optimized

approach combines sLASER spectroscopy with improved shim-

ming routines (gradient refocused echo shim) to better offset

commonly suboptimal shim conditions near the brain sur-

face.31,53 In doing so, superior MR spectroscopy thermometry

can be achieved, with higher spectral quality, greater SNR, longer

metabolite T2*, and amelioration of chemical shift displacement

artifacts corrupting conventional approaches to MRSI.

We acknowledge several study limitations, including primar-

ily the sample size. We sought to characterize brain temperatures

under physiologic and controlled ischemic conditions, with suf-

ficiently high temporal sampling, to inform a basic paradigm of

spatiotemporal temperature evolution and brain-systemic tem-

perature coupling. Experimental demands of sourcing NHPs to

conduct 12–15 hours of MR imaging during 7–10 days of animal

care and to undertake stroke induction prohibited greater recruit-

ment. Nevertheless, recent expert consensus has emphasized the

importance of stroke neuroscience research models in gyren-

cephalic primates to bolster translational research designs and

facilitate applicability to human physiology and disease.52,54 The

invasive study of NHPs more importantly presents ethical consid-

erations demanding thoughtful study design, and to this end, the

present study was guided by contemporary philosophies on the

humane treatment of study subjects to eliminate or minimize

pain, distress, anxiety, and depression.52

Similar considerations precluded the addition of a control

population of nonischemic or sham-operated NHPs, and poten-

tial bias in this respect cannot be excluded. The experimental de-

sign furthermore limited our ability to acquire reliable, contem-

poraneous perfusion data in study subjects. Certainly, cerebral

perfusion would represent a valuable adjunctive parameter in this

setting; however, hardware limitations precluded acquisition of

arterial spin-labeling perfusion by using the same transmit-re-

ceive coil system tuned and configured for optimized NHP brain

imaging and spectroscopy. A 2-coil arterial spin-labeling solution

was not achievable with our experimental resources, and multi-

phasic dynamic susceptibility contrast perfusion could not be

performed due to unrecoverable degradation of proton resonance

spectra for accurate thermometry. Further study of the relation

among perfusion, temperature, and viability, ideally coupled to

oxygen metabolism, are warranted and the subject of investiga-

tion in our laboratory.

Despite the absence of perfusion imaging, the present study

offers valuable insight into cerebral thermoregulation and dys-

regulation in a biologically relevant model of acute ischemic

stroke. The use of the chemical shift difference between brain-

water and N-acetylaspartate could theoretically be impacted by

diminishing NAA concentrations in injured tissues, precluding

identification of resonance signatures and therefore thermome-

try; however, in agreement with earlier studies by Corbett et al,27

NAA concentrations throughout the early aftermath of stroke re-

mained sufficient to permit thermometry, though a more ex-

tended survival study beyond the acute stage could potentially

require the use of another non-hydrogen-bound proton metabo-

lite as previously described.

Last, the impact of anesthesia induction must be addressed.

General anesthesia may significantly affect brain or body temper-

atures; however, this pharmacologic profile played favorably into
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our design, in which all 3 baseline scans, stroke sessions, and post-
stroke day scans shared a common induction protocol. This fea-
ture proved valuable as an additional form of physiologic con-
trast, allowing, first, for characterization of brain systemic
gradients during the initial cooling phase following induction, at
which time the subject was exposed to cool ambient temperatures.
Thereafter, during systemic warming by the circulating water
blanket, brain and systemic (rectal) temperatures could be mon-
itored simultaneously. Cooling maneuvers were not prescribed in
our protocol, and when subject temperatures began to exceed
physiologic temperatures set by the water bath, as they invariably
did under the heating blanket, the water bath automatically pow-
ered down and the blanket was removed.

Significant systemic temperature elevations were not specifi-
cally noted among the 3 examination sessions, perhaps due to the
very early postinfarction monitoring period, in comparison with
the slightly more delayed fevers described in recent stroke studies.
However, of interest to our understanding of these mechanisms is
that the cerebral-systemic gradient changed only minimally dur-
ing physiologic baseline scanning, despite clear changes to each
independently, following anesthesia induction and subsequent
rewarming. In contrast, progressive uncoupling of brain and sys-
temic temperatures was consistently observed after stroke, despite
escalations in both, consistent with existing hypotheses that brain
injury impairs cerebral thermoregulation independent of sys-
temic temperatures. The strongest evidence for such decoupling
may come from poststroke (t1) scans, in which even early postan-
esthesia thermographs during diminished systemic temperatures
revealed elevated brain systemic gradients before systemic rewarm-
ing by the heating blanket could be achieved as shown in Table 1. This
finding may suggest that therapeutic targets for brain cooling may be
necessary, even in advance of the development of systemic febrile
responses, often delayed for days following stroke.

CONCLUSIONS
These findings further establish the feasibility of noninvasive ther-

mometry during ischemic injury and support theorized disturbances

in cerebral thermoregulation following acute ischemic stroke.
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CLINICAL REPORT
ADULT BRAIN

Benign Enhancing Foramen Magnum Lesions: Clinical Report of
a Newly Recognized Entity

X B.J. McGuinness, X J.P. Morrison, X S.K. Brew, and X M.W. Moriarty

ABSTRACT
SUMMARY: Intradural extramedullary foramen magnum enhancing lesions may be due to meningioma, nerve sheath tumor, aneurysm, or
meningeal disease. In this clinical report of 14 patients, we describe a novel imaging finding within the foramen magnum that simulates
disease. The lesion is hyperintense on 3D-FLAIR and enhances on 3D gradient-echo sequences but is not seen on 2D-TSE T2WI. It occurs at
a characteristic location related to the posterior aspect of the intradural vertebral artery just distal to the dural penetration. Stability of this
lesion was demonstrated in those patients who underwent follow-up imaging. Recognition of this apparently benign lesion may prevent
unnecessary patient anxiety and repeat imaging.

Intradural extramedullary enhancing lesions in the region of the

foramen magnum have a differential diagnosis of meningioma,

schwannoma, aneurysm, or meningeal manifestation of malig-

nant or inflammatory disease. Accurate imaging diagnosis of such

lesions, even if benign, is important because lesion growth in such

a confined space can have severe clinical sequelae through mass

effect on the lower medulla and upper cervical cord. Surgical re-

section within the foramen magnum has major risks and chal-

lenges despite advancements in surgical approaches.1,2

At our institution, we have recognized an enhancing lesion

that occurs at a characteristic location within the foramen mag-

num in a series of 14 patients. Here, we discuss the location and

imaging characteristics of an apparently benign and nonprogres-

sive lesion.

CASE SERIES
Case Selection
Local regional ethics approval was obtained for this retrospective

study. Fourteen patients with small, enhancing foramen magnum

lesions were identified by MR imaging during a 5-year period

between May 2011 and May 2016. The lesions had been identified

during the initial reporting and double-read by 2 fellowship-

trained neuroradiologists as per the routine practice of the study

institution (Trinity MRI, Auckland, New Zealand). Lesion size,

location, and signal intensity on the available sequences per-

formed were subsequently recorded by one of the neuroradiolo-

gists (B.J.M.). Patient demographic data, indication for scanning,

relevant medical history, and latest follow-up were retrospectively

obtained by review of the PACS data base of the imaging center.
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FIG 1. Axial (upper left) and sagittal (upper right) reformats of a 3D-
FLAIR sequence show a 6-mm hyperintense lesion within the left
posterior aspect of the foramen magnum. This lesion shows enhance-
ment on the axial (lower left) and sagittal (lower right) reformats of
the 3D-T1-weighted postcontrast sequences. The lesion lies postero-
medial to the dural penetration of the left vertebral artery.
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Comparison with any available prior or subsequent imaging was

also performed to ascertain maximal longitudinal stability of the

lesions.

Imaging Acquisition
All MR imaging was performed on a 3T Achieva scanner (Philips

Healthcare, Best, the Netherlands). We performed the following

precontrast sequences: sagittal T1WI inversion recovery TSE, ax-

ial and coronal T2WI TSE, sagittal 3D-FLAIR TSE (TR � 4800

ms, TE � 250 –284 ms, TI � 1650 ms, matrix � 192 � 190, voxel

size � 0.6 � 0.6, FOV � 230 � 230, 1.2-mm-thick, flip angle �

90°, TSE factor � 182), axial DWI, and axial SWI. Following the

administration of 7.5 mL of gadobutrol (Gadovist, 1 mmol/mL;

Bayer Schering Pharma, Berlin, Germany), an axial 3D-T1-

weighted inversion recovery–prepped turbo field echo was per-

formed with or without fat saturation (TR � 5.6 – 8 ms, TE �

2.7– 4 ms, T1 � 1000 ms, matrix � 240 � 202, voxel size � 1 � 1,

FOV � 240 � 200, 1-mm-thick, flip angle � 8, turbo field echo �

230). In 2 cases, an axial T2 driven equilibrium radiofrequency

reset pulse TSE imaging was performed through the lesion before

contrast administration (TR � 1500 ms, TE � 203 ms, matrix �

312 � 312, voxel size � 0.48 � 0.48, FOV � 150 � 150, 0.48-mm-

thick, flip angle � 90°, TSE factor � 41).

RESULTS
Sixteen cases of small, enhancing foramen magnum lesions were

identified in 14 patients. The patients ranged from 26 to 78 years of

age, with 8 men and 6 women. The lesions ranged from 2 to 6 mm

and always lay closely related to the posterior aspect of the vertebral

artery in the subarachnoid space just distal to the dural penetration of

this artery. Fourteen lesions were separated from the posterior intra-

dural vertebral artery by a cleft of CSF measuring �2 mm. Two le-

sions were separated from the artery by 3 and 5 mm. The center of the

FIG 2. Four different examples of foramen magnum lesions. 3D-FLAIR images (upper row) show lesions as hyperintense foci near the posterior
aspect of the dural penetration of the vertebral artery (white arrows). Corresponding 3D-T1-weighted postcontrast images (center row) show
that the lesions enhance (white arrows). TOF-MRA axial source images (lower row) demonstrate the relationship of local arteries to the lesions,
which do not show flow-related signal return.
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lesion was a median of 6 mm below the foramen magnum (range,

0–10 mm). Seven patients had lesions that were right-sided; 5, left-

sided; and 2, bilateral. No lesion contacted the posterior inferior cer-

ebellar artery regardless of the level of the origin of this artery from

the intradural vertebral artery. No lesion contacted the dura or the

spinal cord. All lesions lay below the rootlets of the ninth, tenth, and

twelfth cranial nerves. The rootlets of the spinal accessory nerve and

the first cervical spinal nerve were not able to be determined in rela-

tion to the lesions.

The lesions were round and ovoid and shared the same signal

intensity on different imaging sequences (Fig 1). They were hy-

perintense on 3D-FLAIR and showed enhancement on 3D-T1-

weighted postcontrast imaging (Fig 2). They were not identifiable

on routine 2D-T2WI TSE, T1WI, or DWI sequences, being isoin-

tense to CSF (Fig 3). They did not show a susceptibility effect. In 2

cases in which a heavily T2-weighted TSE sequence with a 90°

flip-back pulse was performed (T2 driven equilibrium radiofre-

quency reset pulse), the lesions were hypointense to CSF (Fig 3).

In 9 cases, on 3D-T1-weighted postcontrast imaging, the lesions

appeared continuous cranially and caudally, with a minute en-

hancing vascular structure passing from the posterior aspect of

the vertebral artery dural penetration through the foramen mag-

num to the dura overlying the anterior condylar venous conflu-

ence (Fig 4). In all cases, this vascular structure was clearly sepa-

rate from the posterior inferior cerebellar artery and did not

represent a duplication of this artery or of the vertebral artery.

Two patients underwent cerebral angiography subsequent to the

MR imaging (basilar tip aneurysm and superior sagittal sinus du-

ral arteriovenous fistula), and in both cases despite vertebral in-

jections, no arterial or venous structure was identified to explain

the enhancing lesion on MR imaging.

Nine patients and 10 lesions had longitudinal imaging fol-

low-up between 6 and 77 months, in which all lesions remained

stable in size and imaging characteristics. Details of patient demo-

graphics, scan indications and findings, and follow-up details are

available in the On-line Table. Four patients had headaches as an

indication for their MR imaging; none of these were occipital in

nature. A potential cause for the headache was identified in only 1

patient who experienced vertex region headaches and had a supe-

rior sagittal sinus dural arteriovenous fistula with cortical venous

reflux.

DISCUSSION
This cases series describes a foramen magnum finding on MR

imaging that is almost certainly benign, but one that may simulate

disease. The characteristics of this lesion are highly consistent,

being a small 3D-FLAIR high-signal round or ovoid lesion poste-

rior to the intradural vertebral artery that enhances on 3D-T1WI

sequences. True pathology, which this lesion may mimic, includes

meningioma, schwannoma, vertebral artery dissecting aneurysm,

and meningeal or dural deposits from malignant or inflammatory

disease. Such pathology has imaging characteristics differing from

those of this benign lesion and should be discriminated mainly on

the basis of location and T2WI appearances (this benign lesion

was occult on 2D-TSE T2WI). Cystic lesions, which have also

been reported in the foramen magnum, include arachnoid cysts,

neuroenteric cysts, and synovial cysts. These cystic lesions may be

differentiated by their location and being nonenhancing.

FIG 3. Axial reformats of a 3D-FLAIR (upper left image) sequence show a 4-mm hyperintense focus within the right side of the foramen magnum
just posterior to the dural penetration of the right vertebral artery (white arrow). Axial reformat of a 3D-T1-weighted postcontrast sequence
(upper center image) shows that this lesion enhances (white arrow). The lesion is isointense with CSF on a TSE T2-weighted (lower left image,
black arrow) and hypointense on a TSE T2-weighted image with a 90° flip-back pulse (T2 driven equilibrium radiofrequency reset pulse, lower
center image, black arrowhead). The lesion is occult on TOF-MRA (upper right image) and B1000 (lower right image).
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In 9 cases, a direct and continuous connection was seen be-

tween the lesion and an intradural vein connecting the internal

vertebral venous plexus near the dural penetration of the vertebral

artery to the anterior condylar venous confluence. Such a connec-

tion was seen only in those patients who had high-quality 3D-T1-

weighted postcontrast scans without movement artifacts, poten-

tially explaining why a connection was not seen in all cases.

Therefore, this lesion may represent a small varix related to this

vein. The vein is likely a bridging vein connecting the longitudinal

venous channels on the surface of the lower medulla and upper

cervical cord to the internal vertebral venous plexus. These

bridging veins usually, but not invariably, traverse the dura

with spinal nerve roots.3 More cranially at about the level of

foramen magnum, further bridging veins are known to con-

nect the inferior cerebellar peduncular veins with the venous

sinuses converging on the jugular foramen. In addition a

bridging vein may connect either the lateral anterior medullary

or the lateral medullary vein with the marginal sinus or the

veins of the hypoglossal canal.4,5

Other known anatomic structures that lie in relation to the

posterior surface of the vertebral artery just beyond the dural pen-

etration include the ventral rootlets of the C1 nerve, the posterior

spinal artery, the upper triangular attachment of the dentate lig-

ament, the dorsal rootlets of the C1 nerve, and the roots of the

spinal accessory nerve (Fig 5).6 A ganglion or pseudoganglion

lesion of either the C1 nerve or spinal roots of the spinal accessory

nerve is a possible explanation for this lesion. A dorsal root gan-

glion of the C1 nerve has been identified in 30% of sides during

cadaveric dissection, with two-thirds of these ganglia lying medial

to the intervertebral foramen.7 Macroscopic foci of enlargement

of the spinal roots of the spinal accessory nerve, all occurring

within 8.5 mm of the foramen magnum, have been identified and

shown to represent ectopic glial rests or heterotopias rather than

true ganglia.8 Nevertheless, neuronal cell bodies have been iden-

tified histologically along the spinal accessory nerve, which may

have important considerations for neurally mediated occipital

and other head and neck pain syndromes.9

The most likely reason for the recent identification of this le-

sion is the routine use of 3D-FLAIR and, when contrast is re-

quired, 3D-T1 postcontrast sequences. 2D-FLAIR sequences fre-

quently have CSF flow artifacts, which would obscure the lesion

within the foramen magnum.10 The increased resolution and vas-

cular flow signal return from 3D-T1 postcontrast sequences

would allow the enhancement and identification of this poten-

tially venous or neural structure.11 The lesion is likely to be occult

on 2D-TSE T1-weighted postcontrast scans.

Limitations of this study include the lack of follow-up of 5

patients and 6 lesions. The primary reason was that these were

the later patients in the series, by which time this entity was

recognized by the reporting radiologists as a benign finding

and either not reported or reported as not requiring any fol-

low-up. Additionally, it would be ideal to have histologic proof

of the benign nature of these lesions, but we believe this is

unlikely to be obtained because they do not produce local mass

effect and the risks of such an operation would outweigh any

benefit.

FIG 4. Two examples of a possible venous vascular connection with
the lesion. Coronal FLAIR images (upper and lower left images) show
typical hyperintense foci (white arrows). Corresponding coronal re-
formats of 3D-T1-weighted postcontrast images (upper and lower
right images) show small enhancing linear channels (white arrows)
connecting with the lesions.

FIG 5. Diagram showing the posterior view of the left side of the
intradural spinal canal at and just below the level of foramen magnum.
The typical location of the foramen magnum lesion is shown by the
shaded circle. Relationships of the vertebral artery (VA), dorsal root
of the C1 nerve (C1), spinal accessory nerve (Sp A), dentate ligament
(DL), posterior spinal artery (asterisk), and spinal cord (C) are shown.
Note the typically present communicating branch (arrow) between
the spinal accessory nerve and the C1 nerve.
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CONCLUSIONS
We describe a 3D-FLAIR hyperintense and enhancing lesion

within the foramen magnum that is almost certainly a benign

incidental finding (possibly a varix or a ganglion) but which may

mimic other neoplastic and vascular pathology.
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Influence of T1-Weighted Signal Intensity on FSL Voxel-Based
Morphometry and FreeSurfer Cortical Thickness

X S. Chung, X X. Wang, and X Y.W. Lui

SUMMARY: The effect of T1 signal on FSL voxel-based morphometry modulated GM density and FreeSurfer cortical thickness is
explored. The techniques rely on different analyses, but both are commonly used to detect spatial changes in GM. Standard
pipelines show FSL voxel-based morphometry is sensitive to T1 signal alterations within a physiologic range, and results can appear
discordant between FSL voxel-based morphometry and FreeSurfer cortical thickness. Care should be taken in extrapolating results
to the effect on brain volume.

ABBREVIATIONS: CT � cortical thickness; mGM � modulated GM density; mTBI � mild traumatic brain injury; VBM � voxel-based morphometry

Cortical segmentation methodologies vary and are used

throughout neuroimaging research as well as, increasingly, in

clinical care. Two commonly used methods to study cortical

GM are FMRIB Software Library voxel-based morphometry

(FSL-VBM [http://fsl.fmrib.ox.ac.uk/fsl/fsl-4.1.9/fslvbm/index.

html])1 and FreeSurfer (http://surfer.nmr.mgh.harvard.edu) cor-

tical thickness (CT).2 FSL-VBM outputs a 3D map of modulated

GM density (mGM), and FreeSurfer-CT analysis outputs 1D mea-

surements around the cortical ribbon. Both are commonly inter-

preted as informing cortical volume, though there are instances

where volume was increased based on one technique and decreased

based on the other,3,4 suggesting that factors beyond brain volume

contribute to results.

GM and WM contrast naturally contributes to successful seg-

mentation; however, the extent to which changes in cortical T1

signal affect mGM and CT is not known. Understanding this re-

lationship is critical for an appropriate interpretation. This study

explored the effect of subtle T1 signal alterations within a physi-

ologic range on FSL-VBM1 and FreeSurfer-CT2 by using standard

processing pipelines. We also illustrate discordance between the

techniques through individual clinical examples.

MATERIALS AND METHODS
This study is in compliance with our Department of Radiology

institutional review board. MPRAGE was performed at 3T (Skyra

[Siemens, Erlangen, Germany]; FOV, 256 � 256 mm2; resolution,

1 � 1 � 1 mm3; matrix, 256 � 256; sections, 192; TR, 2100 ms;

TE, 3.19 ms; TI, 900 ms; bandwidth, 260 Hz/pixel; flip angle, 8°).

Signal Intensity Simulation
MPRAGE images from a healthy 25-year-old man were used to

generate simulated signal changes within the frontal operculum

(Fig 1). Forty percent of voxels within the ROI were randomly

selected for signal intensity alteration of up to �20% (5% incre-

ments), covering a physiologic T1 range of GM. Pearson correla-

tion coefficient was measured (5% significance level).

Clinical Examples
Several clinical cases were selected to illustrate concordant and dis-

cordant results: 1) acute and chronic infarcts; 2) healthy 19-year-old

and50-year-oldpatients; and,3)a28-year-oldmanwithmild traumatic

brain injury (mTBI) and an age- and sex-matched control patient.

Image Analysis
All images underwent denoising.5 Standard FSL-VBM (v1.1) pro-

cessing steps included brain extraction, manual editing, auto-

mated tissue-type segmentation, nonlinear registration to GM

template, modulation, and smoothing with isotropic Gaussian

kernel (�, 3 mm). FreeSurfer (v5.3.0) analysis was performed to

estimate regional CT.

ROIs were drawn around areas of acute and chronic infarct
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in the native space and compared with contralateral normal-

appearing analogous brain. For the control group and patients

with TBI, a precuneal ROI from the Harvard-Oxford atlas was

interrogated because previous studies report age-6 and TBI-asso-

ciated7 morphometry changes in this region. ROIs drawn in the

native space were warped to the target space by using transform

matrices created by FSL-VBM and FreeSurfer-CT.

RESULTS
Simulation results show a strong correlation between signal in-

tensity and mGM (R � 0.964; P � .001). No correlation is present

between signal intensity and CT (Fig 1B).

Concordant and discordant results are illustrated in Figs 2 and

3. The acute infarct showed 23% higher mGM and 52% higher CT

compared with the contralateral analogous brain. The older

healthy patient showed 30% lower mGM and 8% lower CT in the

precuneus compared with the younger control patient. Discor-

dant results included area of chronic infarct, demonstrating 26%

higher mGM and 43% lower CT compared with the contralateral

normal-appearing analogous brain. In the patient with mTBI,

mGM was 12% lower and CT was 2% higher in a precuneal ROI

compared with a matched control patient.

DISCUSSION
FSL-VBM is sensitive to T1 signal variations within a clinically

relevant range, which was not found to be true for FreeSurfer-CT.

Although mGM and CT are completely different measures, both

are commonly used to assess GM volume. Discordant results be-

tween FSL-VBM and FreeSurfer-CT analyses may result from T1

effects on mGM. This observation is of clinical and research im-

portance because there are myriad conditions that affect T1 sig-

nal. Careful interpretation of FSL-VBM is warranted, particularly

in the setting of discordant findings.

Several FSL-VBM methodologic steps are worth comment: 1)

bias correction may alter T1 signal, and 2) tissue-type segmenta-

tion can affect output mGM. All images underwent identical bias

correction before both analyses, and we demonstrated the effect

of T1 signal change on mGM and CT by applying standard pipe-

lines to recreate commonly used approaches that have widespread

availability. Future optimization is warranted to achieve accurate

detection of pathology.

Other methods of cortical segmentation are not specifically

addressed here. Whether a similar dependence on T1 signal is

present in VBM approaches such as SPM12 (http://www.fil.ion.

ucl.ac.uk/spm/software/spm12) is not known. The cases provided

as part of this report are not meant as generalizable results regarding

the specific pathologies described, but instead serve as in vivo exam-

ples of the phenomenon of discordance in terms of interpreting FSL-

FIG 1. Simulated cortical signal change. A, First row (left to right), Rep-
resentative MPRAGE in a healthy control patient (25-year-old man). Forty
percent of voxels through 7 slices within the ROI were randomly selected
and used to simulate changes in T1 signal intensity via decreasing and
increasing voxel intensity to 20% in increments of 5%. Selected ROI from
the frontal operculum for simulating signal change is shown in the original
image (white solid line). Second row, Corresponding segmented GM
maps in the native space. Third row, mGM maps in the template space
and, Fourth row, corresponding cortical boundaries from FreeSurfer. B,
High correlation between signal intensity and mGM is observed (black
dots [R � 0.964; P � .001]), but no relationship is seen between signal
intensity and CT (gray triangles).

FIG 2. A 71-year-old man with acute onset weakness of the left upper extremity presented with an area of acute infarction (blue arrow) along
the deep posterior cortex of the right precentral gyrus involving the hand motor region, with A, relative hypointensity on MPRAGE, B,
hyperintensity on FLAIR, and C, restricted diffusion on the ADC map. The patient also has an area of chronic infarction more anteriorly (red
arrow), showing A, relative hypointensity on MPRAGE, B, hyperintensity on FLAIR, and C, T2 shine through on the ADC map. ROIs in the affected
areas (D) show higher and lower CT, respectively, compared with contralateral analogous brain (E); however, mGM as a marker of cortical volume
was higher in the acute infarct, as expected, but also higher in the chronic infarct.
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VBM and FreeSurfer-CT. Future studies with larger cohorts would

be useful to study specific conditions; these results from single pa-

tients demonstrate that discordance may be present not only at a

group-wise statistical level, but on an individual basis.

CONCLUSIONS
In summary, we demonstrated the dependence of mGM on T1

signal. Care should be taken in interpreting mGM results as vol-

ume change alone. Used in concert, FSL-VBM and FreeSurfer-CT

analyses may be complementary.

Disclosures: Yvonne Lui—RELATED: Grant: NIH R01 NS039135-11, NIH R21 NS090349,
NIH P41 EB017183.* *Money paid to the institution.
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Comparison of the Diagnostic Utility of 4D-DSA with
Conventional 2D- and 3D-DSA in the Diagnosis of

Cerebrovascular Abnormalities
X C. Sandoval-Garcia, X P. Yang, X T. Schubert, X S. Schafer, X S. Hetzel, X A. Ahmed, and X C. Strother

ABSTRACT

BACKGROUND AND PURPOSE: 4D-DSA is a time-resolved technique that allows viewing of a contrast bolus at any time and from any
desired viewing angle. Our hypothesis was that the information content in a 4D-DSA reconstruction was essentially equivalent to that in
a combination of 2D acquisitions and a 3D-DSA reconstruction.

MATERIALS AND METHODS: Twenty-six consecutive patients who had both 2D- and 3D-DSA acquisitions were included in the study. The
angiography report was used to obtain diagnoses and characteristics of abnormalities. Diagnoses included AVM/AVFs, aneurysms, stenosis,
and healthy individuals. 4D-DSA reconstructions were independently reviewed by 3 experienced observers who had no part in the clinical
care. Using an electronic evaluation form, these observers recorded their assessments based only on the 4D reconstructions. The clinical
evaluations were then compared with the 4D evaluations for diagnosis and lesion characteristics.

RESULTS: Results showed both interrater and interclass agreements (� � 0.813 and 0.858). Comparing the 4D diagnosis with the clinical
diagnosis for the 3 observers yielded � values of 0.906, 0.912, and 0.906. The � values for agreement among the 3 observers for the type
of abnormality were 0.949, 0.845, and 0.895. There was complete agreement on the presence of an abnormality between the clinical and
4D-DSA in 23/26 cases. In 2 cases, there were conflicting opinions.

CONCLUSIONS: In this study, the information content of 4D-DSA reconstructions was largely equivalent to that of the combined 2D/3D
studies. The availability of 4D-DSA should reduce the requirement for 2D-DSA acquisitions.

DSA is the criterion standard for the angiographic evaluation of

cerebrovascular diseases. Current clinical use of DSA is based on

a combination of multiple 2D projections and 3D-DSA volume re-

constructions. 3D-DSA is not time-resolved. Often, several 2D ac-

quisitions are necessary because of vascular overlap or due to the

inability to visualize a particular attribute or structure due to rapid

vascular filling. 4D-DSA is a reconstruction technique that provides

time-resolved 3D reconstructions (ie, 4D-DSA).1 Initial studies indi-

cated that the ability to view the contrast bolus at any time from any

angle provided by 4D-DSA eliminates the problems inherent in the

use of 2D- and 3D-DSA (eg, vascular overlap).2,3

To our knowledge, no formal comparison has been made of

the utility of 4D-DSA compared with conventional 2D or 3D im-

ages. The purpose of our pilot study was to assess the hypothesis

that the information content of a 4D-DSA reconstruction was

equivalent to that of the combination of 2D- and 3D-DSA. If this

hypothesis is correct, then it should be possible to reduce the

number of 2D-DSAs required in diagnostic and therapeutic pro-

cedures. This then would translate into a saving in radiation ex-

posure, contrast medium, and procedural time.

MATERIALS AND METHODS
Under an institutionally approved protocol, we retrospectively eval-

uated 26 patients who had undergone diagnostic angiograms as part

of their routine evaluations from August 2013 through March 2015.

We wanted our cohort to consist of subjects with the most common

conditions subjected to conventional angiography at our institutions

and attempted to do this by selecting consecutive patients who

fell into the diagnostic categories of healthy, aneurysm, AVM,

or AVF and also had �1 3D-DSA reconstruction. Our subjects

included 9 with aneurysms, 8 healthy individuals, 6 with
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AVMs/AVFs, and 3 with vascular stenosis/occlusions. The 3D-

DSAs from these subjects were then retrospectively recon-

structed as 4D-DSAs (at the time of data collection, 4D-DSA

was not approved for clinical use and thus was not available

real-time in the angiography suite).

The final operative/radiology report was used to obtain the

diagnosis and measurements that were made with the 2D � 3D

combination. Once cases were collected and properly de-iden-

tified per existing institutional review board guidelines at the

University of Wisconsin - Madison, the rotational projections

from each 3D acquisition were transferred to a research work-

station running both the commercial software (syngo X Work-

place VB21; Siemens, Erlangen, Germany) and the 4D-DSA

prototype software. These were then reconstructed as 4D-DSA

with the prototype software. These 4D-DSA volumes consti-

tuted the test images that were evaluated in the study.

The cases were maintained on a research workstation and were

reviewed independently by 3 fellowship-trained neurointerven-

tionalists (2 neuroradiologists and 1 neurosurgeon) who had not

been involved in any aspect of the patient’s clinical care. No clin-

ical information was provided to these reviewers, and the cases

were presented in random order. As in a clinical environment, the

evaluators had the opportunity to customize and use all the func-

tional features of the 4D-DSA reconstructions in the workstation

(ie, window, level, volume clipping, and so forth) to study each

case and complete an evaluation form.

An electronic evaluation form was applied by using a “drill-

down” methodology in which specific aspects of the vascular pathol-

ogy (if any) were answered on the basis of the evaluator’s previous

FIG 1. Screenshot of the evaluation form used in the evaluation of the 4D-DSA reconstructions.

Table 1: Results of the 3 evaluators decisions regarding the
presence of an abnormality on the 4D studies

4D Method

Evaluator

1 2 3

No. (% Correct) No. (% Correct) No. (% Correct)
Definitely yes 17 (100) 15 (100) 18 (100)
Probably yes 2 (50) 3 (100) 1 (0)
Unsure 0 (NaN) 1 (0) 0 (NaN)
Probably no 2 (100) 0 (NaN) 0 (NaN)
Definitely no 5 (100) 7 (100) 7 (100)

Note:—NaN indicates not a number.

Table 2: Results of the 3 evaluator’s decisions when results were
consolidated into responses of yes, unsure, and no

4D Method

Evaluator

1 2 3

No. (% Correct) No. (% Correct) No. (% Correct)
Yes 19 (95) 18 (100) 19 (95)
Unsure 0 (NaN) 1 (0) 0 (NaN)
No 7 (100) 7 (100) 7 (100)

Note:—NaN indicates not a number.
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selections. For example, for the vascular malformation cases, the

form took the evaluator through the pertinent questions starting

with the presence or absence of an abnormality and, if present,

which type of abnormality and then a series of morphologic

and measurement questions identical to those included in the

clinical report. A sample of the questionnaire is shown in Fig 1.

Study data were collected and managed by using Research

Electronic Data Capture (REDCap) electronic data capture tools

(https://catalyst.harvard.edu/services/redcap/) hosted at the Uni-

versity of Wisconsin Institute for Clinical and Translational Re-

search with grant support (Clinical and Translational Science

Award program, through the National Institutes of Health

National Center for Advancing Translational Sciences, grant

UL1TR000427). REDCap4 is a secure, Web-based application de-

signed to support data capture for research studies, providing an

intuitive interface for validated data entry, audit trails for tracking

data manipulation, and export procedures for seamless data

downloads to common statistical packages.

Diagnosis, diagnostic confidence (ie, abnormality present:

“definitely not,” “probably not,” “unsure,” “probably yes,” and

“definitely yes”), and the abnormality characteristics derived

from the evaluation forms were compared within evaluators and

with the clinical reports.

Statistical Analysis
Statistical analysis included using the Fleiss � for assessing inter-

rater agreement for multiple evaluators for the likelihood of an

abnormality (5 category scales and 3 category scales) and type of

abnormality.5 The likelihood of an ab-

normality was also treated as a numeric

outcome, and interrater agreement was

assessed with intraclass correlation coef-

ficient (2,1) as defined by Shrout and

Fleiss.6,7 The evaluator responses for the

likelihood of an abnormality were con-

densed to 2 categories, to assess agree-

ment of the likelihood of an abnormality

on 4D with the 2D � 3D criterion stan-

dard diagnosis of abnormality. “Defi-

nitely yes” and “probably yes” were

considered “yes” for presence of abnor-

mality, and “definitely no” and “proba-

bly no” were considered “No.” The 1 re-

sponse of “unsure” was treated as an

incorrect assessment and was, therefore,

defined as “yes” when the 2D � 3D di-

agnosis was “no” abnormality. Agree-

ment in the abnormality diagnosis between 4D and 2D � 3D was

assessed with the individual Cohen � for each evaluator and for a

consensus of the 3 evaluators. Sensitivity, specificity, positive/

negative predictive values, and area under the ROC curve were

calculated individually for each evaluator and for the consen-

sus measure. Agreement about the abnormality type between

4D and 2D � 3D was assessed individually for each evaluator

and for the consensus with the Fleiss �. “Consensus” refers to

the agreement between the 4D evaluators’ assessments and the

clinical diagnosis.

Statistical analysis was conducted by using R statistical and

computing software, Version 3.0 (http://www.r-project.org/). An

additional R package other than the base package was interrater

reliability (irr).6-8

RESULTS
To determine whether 4D images alone were sufficient to answer

the 2 main diagnostic questions, whether there is an abnormality

in the study and, if so, the type of abnormality and its character-

ization, we analyzed the 26 datasets according to the methods just

described.

Is There an Abnormality in the Study?
Tables 1 and 2 show the results for each evaluator. A correct 4D

evaluation was defined as the evaluator’s response equal to “def-

initely yes” or “probably yes” when the results of the standard

method were “definitely yes,” or the evaluator’s response being

equal to “definitely no” or “probably no” when the results of the

standard method were “definitely no.” The Fleiss � for interrater

agreement was 0.559, and the intraclass correlation coefficient

(2,1) for interrater reliability of ordinal categoric data was 0.882.

Consolidating the 4D responses to “yes” � “definitely yes” or

“probably yes” and “no” � “definitely no” or “probably no”

yielded a Fleiss � for interrater agreement of 0.813. Intraclass cor-

relation coefficient (2,1) for interrater reliability of ordinal cate-

goric data was similar at 0.858.

After comparing interrater reliability, we then proceeded to

analyze the agreement between the clinical diagnosis of 2D � 3D

Table 3: Summary of correctly identifying abnormality by evaluator and consensusa

4D Method

Evaluator

Consensus1 2 3

True
Yes

True
No

True
Yes

True
No

True
Yes

True
No

True
Yes

True
No

Yes 18 1 18 0 18 1 18 0
Unsure 0 0 0 1 0 0 0 0
No 0 7 0 7 0 7 0 8

a Data are frequencies.

Table 4: Evaluator’s sensitivity, specificity, positive predictive value, negative predictive
value, area under the curve, and consensus results

Measurement

Evaluator

Consensus1 2 3
Sensitivity 1 1 1 1
Specificity 0.875 0.875 0.875 1
PPV 0.947 0.947 0.947 1
NPV 1 1 1 1
AUC (95% CI) 0.938 (0.815–1.000) 0.938 (0.815–1.000) 0.938 (0.815–1.000) 1.000 (1.000–1.000)

Note:—PPV indicates positive predictive value; NPV, negative predictive value; AUC, area under the curve.

Table 5: Summary of each evaluator’s resulta

4D Method

Evaluator

1 2 3

No. No. No.
Aneurysm 9 10 11
AVF 3 2 2
AVM 3 4 4
Occlusive disease–stenosis 4 3 2

a There were 9 aneurysms, 6 AVMs/AVFs, 8 normal, 3 stenosis/occlusion in the study
population.
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and the evaluators’ conclusions based on 4D. To assess this agree-

ment, we assumed that categorizing the 4D image as “definitely

yes” or “probably yes” matched a true diagnosis of “definitely yes”

and that categorizing the 4D image as “definitely no” or “probably

no” matched a true diagnosis of “definitely no.” A consensus

among the 3 evaluators was defined as a classification on 4D im-

aging that was the same for at least 2 of the 3 evaluators. Table 3

summarizes the data. � values to assess the diagnostic agreement

of evaluators 1, 2, and 3 and consensus against the standard are

0.906, 0.912, 0.906, and 1, respectively.

Sensitivity, specificity, positive predictive value, negative pre-

dictive value, and area under the ROC curve for each evaluator

and consensus 4D imaging results are provided in Table 4. Unsure

responses are considered incorrect classifications.

Which Type of Abnormality Was Present in the Study?
Table 5 summarizes the results for each evaluator and the correct

responses compared with the standard. The Fleiss � for interrater

agreement was 0.884.

Regarding agreement of the type of abnormality (when one

was found) between the 4D evaluation and the actual clinical

diagnosis based on the 2D � 3D stud-

ies, Table 6 shows a summary of these

data. The Fleiss � for diagnostic agree-

ment of true abnormality type for

evaluators 1, 2, and 3 and consensus

was 0.949, 0.845, 0.842, and 0.895,

respectively.
In summary, there was complete

agreement on the existence of an abnor-
mality between the 4D and the clinical

evaluations in 23/26 cases (88.5%). In 2

cases, there were conflicting opinions.

There were 2 false-positive diagnoses, 1
because of mistakenly identifying occlu-

sive stenosis disease and the other be-

cause of classifying the origin of a lentic-

ulostriate artery as a small MCA

aneurysm. In the third case of disagree-

ment, one of the evaluators identified a

small area of stenosis in an MCA branch,

which indeed was present, and, on retro-

spective evaluation, was, because of

overlap, not initially recognized on the

2D and 3D images. This was seen on the

4D image as a result of delayed filling of

an opercular branch of the MCA. Of the

18 cases with a vascular abnormality

present, agreement on the exact abnormality was diagnosed in 16

(88.8%). The other 2 cases were ones in which only one of the

evaluators’ assessments agreed with the clinical diagnosis. In one of

these, 1 evaluator correctly identified an abnormality as an AVF,
while the other 2 considered it an AVM. The other case was an
internal carotid dissection with an arterial stenosis and a pseudo-
aneurysm; only one of the evaluators graded and scored the ste-

nosis associated with the dissection (the patient was evaluated be-

cause of ischemic symptoms), while the other 2 based their

assessments on the pseudoaneurysm (which was also present).

Characteristics, such as aneurysm dimensions, nidus size,

feeding and draining pedicles, and the degree of stenosis were

similar to those in clinical reporting, and there were no dis-

agreements at a level that would have impacted clinical man-

agement. The sample size was too small for any meaningful

statistical analysis of these subgroups.

DISCUSSION
DSA remains the criterion standard for the evaluation of cerebrovas-

cular pathology. Current practice usually involves the use of a com-

FIG 2. A comparison of conventional 3D-DSA (upper row) with different timeframes from a
4D-DSA reconstruction (lower row). The projections of the 2 image types are identical. The
3D-DSA images allow viewing from any desired angle; however, in this case because of the
vascular overlap, it is impossible to clearly see the relationship of the small aneurysm (yellow
circle) to its parent artery. Because the 4D images allow viewing not only from any desired angle
but also at any time during the passage of a contrast bolus through the vasculature, the early
timeframes of the 4D images allow clear visualization of these relationships.

Table 6: Summary of agreement between 4D and 2D/3D evaluations regarding type of abnormality (when there was one)a

4D:True

Evaluator

Consensus1 2 3

Aneur AVF AVM OD-S None Aneur AVF AVM OD-S None Aneur AVF AVM OD-S None Aneur AVF AVM OD-S None
Aneur 9 0 0 0 0 9 0 0 1 0 9 0 0 1 1 9 0 0 1 0
AVF 0 3 0 0 0 0 2 0 0 0 0 2 0 0 0 0 2 0 0 0
AVM 0 0 3 0 0 0 1 3 0 0 0 1 3 0 0 0 1 3 0 0
OD-S 0 0 0 3 1 0 0 0 2 1 0 0 0 2 0 0 0 0 2 0
None 0 0 0 0 7 0 0 0 0 7 0 0 0 0 7 0 0 0 0 8

Note:—Aneur indicates aneurysm; OD-S, occlusive disease–stenosis.
a Data are frequencies.
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bination of multiple conventional 2D projections and 3D-DSA vol-

ume reconstructions that are not time-resolved. In our small pilot

study, 4D-DSA reconstructions contained, in most cases, informa-

tion content that was equivalent to that of the combination of the 2D

and 3D acquisitions that were used for the clinical evaluations.

The benefits of 3D-DSA compared with 2D-DSA are well-

recognized.9 One of these is the potential for a reduction in the

number of 2D acquisitions required for a particular study. While

the 3D reconstructions provide the ability to view an abnormality

from any desired angle, they do not provide a remedy for the

overlap of vascular structures that are either situated in close

proximity to an abnormality (eg, a complex MCA trifurcation

aneurysm) or that fill extremely quickly, thereby preventing visu-

alization of important angioarchitectural features (eg, intranidal

aneurysms or venous obstructions in an AVM nidus).

By providing fully time-resolved 3D volumetric images of the

vasculature, 4D-DSA allows a viewer to follow a contrast bolus

through the vasculature. First described in 2012, 4D-DSA is now

available on commercial angiographic systems. While experience

with this application is still limited, early evaluations have shown

some advantages over conventional 3D-DSA in the evaluation of

complex AVMs and AVFs.1,10-12 In our experience and in previ-

ous reports, the 4D studies have been particularly helpful in the

assessment of the angioarchitecture of the nidus of AVMs and the

location of the fistula connections in AVFs.10,11

One motivation for the development of 4D-DSA was to

provide a method that would allow a viewer to see an abnor-

mality not just from any desired viewing angle but also at any

time during the passage of a contrast bolus through the vascu-

lature (Figs 2 and 3).

In our opinion, the availability of the 4D-DSA should further

decrease the need for multiple 2D acquisitions. The benefit de-

rived would be a reduction of patient and physician radiation

exposure, contrast dose, and even the length of the procedure.

Limitations of our study include the small sample size and a

lack of information regarding the prevalence of patients in whom

it will be difficult or impossible to obtain a satisfactory rotational

acquisition.

CONCLUSIONS
In this small study, the information obtained from 4D-DSAs

alone was largely equivalent to that of the combined 2D- and

3D-DSA studies. Use of 4D-DSA should reduce the requirement

for 2D-DSA acquisitions.
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CLINICAL REPORT
INTERVENTIONAL

Feasibility of Flat Panel Detector CT in Perfusion Assessment of
Brain Arteriovenous Malformations: Initial Clinical Experience

X M. Garcia, X T.W. Okell, X M. Gloor, X M.A. Chappell, X P. Jezzard, X O. Bieri, and X J.V. Byrne

ABSTRACT
SUMMARY: The different results from flat panel detector CT in various pathologies have provoked some discussion. Our aim was
to assess the role of flat panel detector CT in brain arteriovenous malformations, which has not yet been assessed. Five patients with
brain arteriovenous malformations were studied with flat panel detector CT, DSC-MR imaging, and vessel-encoded pseudocontinu-
ous arterial spin-labeling. In glomerular brain arteriovenous malformations, perfusion was highest next to the brain arteriovenous
malformation with decreasing values with increasing distance from the lesion. An inverse tendency was observed in the proliferative
brain arteriovenous malformation. Flat panel detector CT, originally thought to measure blood volume, correlated more closely with
arterial spin-labeling-CBF and DSC-CBF than with DSC-CBV. We conclude that flat panel detector CT perfusion depends
on the time point chosen for data collection, which is triggered too early in these patients (ie, when contrast agent appears in
the superior sagittal sinus after rapid shunting through the brain arteriovenous malformation). This finding, in combination
with high data variability, makes flat panel detector CT inappropriate for perfusion assessment in brain arteriovenous
malformations.

ABBREVIATIONS: ASL � arterial spin-labeling; bAVM � brain arteriovenous malformation; FPD � flat panel detector; pn � perinidal; rCBF � relative CBF; rCBV �
relative CBV

Glomerular brain arteriovenous malformations (bAVMs)

are characterized by pathologic vessels without intermin-

gled normal brain tissue, whereas proliferative bAVMs are

identified by normal brain tissue between dispersed abnormal

vessels. The pattern of involved vessels composes the angio-

architecture of the lesion, while the hemodynamic character

has been less well-studied.

The redirection of blood flow to the nidus of the AVM at the

expense of perilesional tissues is known as “vascular steal”1 and

has been studied by xenon-enhanced CT,2 133Xe inhalation

with conventional angiography,3 CTP,4 PET,5,6 SPECT,7

DSC-MR imaging,8 and arterial spin-labeling (ASL).9,10 How-

ever, these techniques have been inconsistent in demonstrating

perinidal hypoperfusion.

Flat panel detector CT (FPD-CT) is a novel technique for

brain perfusion assessment, providing parenchymal blood vol-

ume maps.11-18 The aim of this study was to investigate the value

of FPD-CT in bAVMs, which has not been assessed, yet, to our

knowledge. FPD-CT data were compared with DSC-MR imaging

and ASL-MR imaging.19,20

Case Series
Five patients with large (�3 cm) bAVMs (4 glomerular bAVMs,

patients 1– 4; 1 proliferative bAVM, patient 5) underwent

FPD-CT and MR imaging with DSC and ASL. None of the

patients had undergone prior treatment except patient 1,

whose large bAVM had received partial treatment with 1 coil

and 0.5 mL of a 1:1 n-BCA/lipiodol mixture with the goal of

reducing arteriovenous shunting in a semiemergent situation.

The study protocol was approved by the local ethics committee

(Oxford University). Written consent was obtained from all

patients.
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MATERIALS AND METHODS
Flat Panel Detector CT
FPD-CT was performed on a biplane FPD-angiography system

(Axiom Artis dBA; Siemens, Erlangen, Germany). Eighty millili-

ters of iopamidol (370 mg iodine/mL, Niopam 370; Bracco, Mi-

lan, Italy) was applied intravenously (injection rate, 5 mL/s; injec-

tion pressure, 300 psi). The acquisition protocol consisted of 2

rotations: a mask run and a contrast-enhanced run. We manually

started the latter14 as soon as contrast opacification of the superior

sagittal sinus was observed, assuming that this time point repre-

sented a steady-state of contrast in the brain parenchyma for ideal

collection of the fill run data. The parameters for each rotation

run were the following: acquisition time, 8 seconds; matrix, 616 �

480; projection on a 30 � 40 cm flat panel; total angle, 200°;

0.5°/frame with a total of 400 frames. After the C-arm return of

the run mask to its starting position, 2D-DSA images at a rate of

2 images per second were acquired for documentation of the

contrast passage through the cerebral vasculature.17,18 The ac-

quisition time was approximately 40 seconds.14

The reconstructed mask run and fill run were subtracted from

each other. The steady-state value was calculated from an auto-

mated histogram analysis of the vessel tree.20 Further postpro-

cessing provided an isotropic volume dataset.

MR Imaging Perfusion
DSC and ASL perfusion were performed on a 3T Tim Verio system

(Siemens). An axial T1WI contrast-enhanced sequence served as a

reference (acquisition time, 1 minute 46 seconds; TR/TE, 215/2.48

ms; 15 sections; section thickness, 4 mm; matrix, 208 � 320).

DSC perfusion imaging was performed with a gradient-echo

echo-planar imaging sequence during the first pass of a 20-mL

intravenous bolus of gadoteridol or gadobenate dimeglumine

(ProHance or MultiHance; Bracco) at an injection rate of 5 mL/s

followed by 40 mL of saline. Imaging parameters were as follows:

TR/TE, 1500/30 ms; section thickness, 4 mm; voxel size, 1.6 �

1.2 � 4 mm; matrix, 152 � 202; acquisition time, 1 minute 23

seconds. Fifty measurements were obtained, with the injection oc-

curring at the third image. Postprocessing (syngo.MR Neuro Perfu-

sion Engine; Siemens) generated relative CBF (rCBF) and relative

CBV (rCBV) maps. The arterial input function was selected in the

middle cerebral artery in the hemisphere opposite to the bAVM.

Quantitative ASL perfusion was performed with a recently de-

scribed vessel-encoded pseudocontinuous ASL sequence,19,20 al-

lowing encoding of the selected arteries (right/left internal carotid

artery, right/left vertebral artery) within the labeling plane on 3D-

TOF-MRA and hence providing artery-specific absolute CBF maps.

For subsequent vessel-encoded pseudocontinuous ASL acquisitions,

8 paired encoding cycles were obtained as previously described.19-22

The total CBF map was calculated by summing the CBF maps

from each artery. A single arrival-time (ASL-arrival time) map, rep-

resenting the time required for the blood to travel from the neck to

the brain tissue, was calculated by summing the arrival-time maps from

each artery, weighted by the relative CBF contributed by that artery.

Data Postprocessing and Analysis
After converting the FPD-CT, DSC-MR imaging, ASL-MR imag-

ing, and T1WI contrast-enhanced DICOM data into NIfTI files

(FSL, www.fmrib.ox.ac.uk/fsl), we extracted the brain paren-

chyma by using the FSL Brain Extraction Tool (http://fsl.fmrib.

ox.ac.uk/fsl/fslwiki/BET). Each dataset was coregistered to the T1-

weighted contrast-enhanced image. Six WM and 2 GM ROIs, which

served as a reference, and corresponding contralateral mirror ROIs

were drawn as masks on the T1-weighted contrast-enhanced image:

Masks 1 and 2 (WM): perinidal (pn � 0.2–1 cm away from the

nidus).

Masks 3 and 4 (WM): vicinity (1–3 cm away from the nidus).

Masks 5 and 6 (WM): remote (�3 cm away from the nidus).

Mask 7 (GM): putamen.

Mask 8 (GM): thalamus.

To minimize partial volume effects, we excluded tissue in the

adjacent 2 mm from the bAVM (Fig 1).

The respective set of masks was overlaid onto each single per-

fusion map. The mean and SD of the masks were evaluated. The

interhemispheric perfusion values (ratios) for each correspond-

ing pair of masks were used for data analysis. Assessment of per-

fusion correlations among all modalities was performed by aggre-

gating each corresponding mask of all patients and analyzed with

the Pearson correlation coefficient (r). The correlation interpre-

tation scheme was the following: none or weak (0.0 – 0.3), mod-

erate (0.3– 0.7), strong (0.7– 0.9), and very strong (0.9 –1).

RESULTS
The resolution of the FPD-CT proved to be sufficient and artifact-

free on visual assessment, and the masks drawn on T1-weighted

contrast-enhanced imaging showed a good correspondence with

the raw FPD-CT data (Fig 2). The perfusion distribution for all

patients is shown in Fig 3.

Patients 1 to 4
The interhemispheric perfusion ratios for FPD-CT, ASL, and

DSC were highest in the pn regions, with decreasing ratios with

increasing distance from the bAVM. The putamen and the thala-

mus (reference), which were both remote from the glomerular

bAVMs, showed similar values in both hemispheres, with inter-

hemispheric ratios close to 1 (Fig 3).

Patient 5
The perfusion ratios of the proliferative bAVM (FPD-CT, ASL-

CBF, and DSC-rCBF) showed a slightly increasing tendency from

the perinidal to the remote brain tissue, with markedly less abrupt

perfusion differences between the adjacent ROIs (Fig 3), whereas

almost no changes between the different WM masks could be

observed for DSC-rCBV.

In patient 5, the thalamus, which was included within the

bAVM, showed a ratio below 1 for FPD-CT, DSC-rCBF, and ASL-

CBF. The ratio of the putamen (not included in the bAVM) was

markedly positive for FPD-CT, slightly positive for DSC-rCBF

and around 1 for ASL-CBF and DSC-rCBV (data not shown).

Data Variability
When we aggregated all masks of patients 1– 4 (excluding the only

outlier, pn 1 of patient 3), variability of the perfusion data was by

far higher for FPD-CT than for ASL. FPD-CT data variability was

similar to that of DSC-rCBF and slightly higher than that obtained
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from DSC-rCBV (Table). When we compared the perfusion data

of the pn masks only, perfusion data variability was lower for

FPD-CT than for DSC.

Correlations between and within Modalities
The highest correlation was observed between FPD-CT and ASL-

CBF (r � 0.60), followed by a moderate correlation between

FIG 2. When superimposing the red mask representing the ipsilateral
pn1 ROI previously drawn in the T1WI contrast-enhanced dataset
(T1wCE; left) on the FPD-CT perfusion dataset (right), a good overlap
without contamination from bAVM tissue could be observed.

FIG 3. Box-and-whisker plots for patients 1– 4. The boxes show the
median, lower, and upper quartiles. Outliers are displayed as red
crosses. The mean and SD across the pixels of each ROI of patient 5
are represented in green. ref indicates reference.

FIG 1. Examples of the different WM (pn1/pn2, vic1/vic2, rem1/rem2) and GM masks (put, thal) selected on the T1WI contrast-enhanced
sequence. Each mask has been labeled in either of the 2 hemispheres. The set of masks was loaded on each perfusion map separately, which had
previously been coregistered to the T1WI contrast-enhanced dataset. Except for some of the GM masks, almost all masks were drawn as a
volume, which explains their delineation on several consecutive sections. Note the different color for the respective mask in the contralateral
hemisphere, because the software did not allow the use of the same color for the respective opposite mask. pn indicates perinidal; vic, vicinity;
rem, remote; thal, thalamus; put, putamen.
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FPD-CT and DSC-rCBF (r � 0.47). The correlation between

FPD-CT and DSC-rCBV was weak (r � 0.36), and it was negative

between FPD-CT and ASL-arrival time (r � �0.42) (Fig 4).

DISCUSSION
Imaging modalities assessing perfusion around bAVMs have pro-

vided different findings, which may be ascribed to the limitations

of the techniques. The good correlation between parenchymal

blood data from FPD-CT and CBV obtained from CTP has been

demonstrated in ischemia.12-15 However, recently, it has been

shown that in vasospasm, FPD-CT perfusion is both CBV- and

CBF-weighted.17,18 Furthermore, parenchymal blood volume

maps obtained from CTA source images23 have been reported to

be either CBV- or CBF-weighted, depending on the order of CTA/

CTP data acquisition.24

In this study, the glomerular bAVMs showed a perinidal hy-

perperfusion, with a tendency to normalization with increasing

distance from the nidus. The perinidal hyperperfusion would, at

first glance, disagree with the “vascular steal” theory. However, it

is difficult to believe that a vascular steal is absent in the presence

of a high-flow lesion. Probably, in these glomerular bAVMs, a

certain amount of vascular steal was present but not apparent due

to the ability of the brain to maintain CBF within a certain range

of perfusion pressure.

In contrast, the regionally more extensive hypoperfusion in

the proliferative bAVM suggests that the brain parenchyma may

have already reached a chronic state of hypoperfusion, resembling

cerebral proliferative angiopathy.25

ASL appeared to be superior to DSC-MR imaging and FPD-

CT, showing the lowest data variability, in addition to its lack of

need for contrast. A higher and similar variability was observed

between FPD-CT and DSC-MR imaging, except in the pn ROI,

where data variability was lower for FPD-CT, presumably due to

magnetic susceptibility artifacts in the perinidal DSC data.

In the proliferative bAVM, in contrast to ASL-CBF, DSC-

rCBV, and DSC-rCBF, the interhemispheric ratio for FPD-CT of

the putamen, which was at some distance from the bAVM,

showed a marked positive interhemispheric ratio. These diver-

gent observations might be attributed to partial volume effects

with FPD-CT, which, in the more remote tissue, might exceed the

MR imaging artifacts, the latter being more pronounced next to

the bAVMs. However, more studies with larger patient pools are

required to explain this finding.
In contrast to FPD-CT studies performed on ischemia12-15

and on vasospasm17,18 in our study on bAVMs, perfusion corre-
lated best with CBF. The strongest correlation was found with
ASL-CBF. This observation is because the start of data collection

is based on the visualization of the supe-
rior sagittal sinus, which may not reflect
a “true” steady-state because the rapid
transit of contrast through bAVMs may
cause early filling of the superior sagittal
sinus. This may result in data collection
ahead of time, thus explaining the strong
correlation of FPD-CT with CBF and the
negative correlation with ASL-arrival
time, because the FPD-CT signal will
not have reached its maximum in brain
regions where blood arrives later.

To date, no perfusion method can be
regarded as a reference in bAVMs. Al-
though our main aim was not to com-
pare different perfusion techniques, all
of the 3 methods investigated showed
similar perfusion trends. Nevertheless,
the obtained results cannot be extrapo-
lated to other patient groups due to the
unique hemodynamic properties of
bAVMs. Therefore, it is not surprising

that bAVMs show perfusion patterns
different from those of other vascular
pathologies of the brain.

A comparison of FPD-CT and CTP

would also have been of interest. How-
ever, because in our institution patients
with bAVMs are not routinely investi-
gated with CTP, the additional radiation

FIG 4. Correlations between different parameters for all patients. The squares represent the
ratio for a single pair of masks.

Coefficients of variation aggregating all masks, excluding the
outlier (pn 1 of patient 3), across all patients

Modality Coefficient of Variation
FPD-CT 21.2%
ASL-CBF 11.0%
ASL-arrival time 12.3%
DSC-rCBF 21.3%
DSC-rCBV 17.8%
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would not have been justified. Furthermore, for the additional
assessment of ASL-MR imaging, DSC-MR imaging seemed a
more appropriate reference though we are aware that DSC-MR
imaging is not the optimal perfusion reference, either.

Perfusion data obtained with FPD-CT appears to comprise a
variable contribution from flow and volume, depending on the type
of vascular lesion and the trigger time point chosen for data collec-
tion.26 In bAVMs, FPD-CT correlated best with CBF-assessed MR
imaging, and the different perfusion patterns between bAVM sub-
types might be attributed to differences in the angioarchitecture. To
accurately calculate either CBF or CBV with FPD-CT is very chal-
lenging in high-flow lesions. In addition to the heterogeneous char-
acteristics of bAVMs and the high data variability, FPD-CT is not
appropriate for an acceptable perfusion assessment in bAVMs.
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ORIGINAL RESEARCH
INTERVENTIONAL

Application of Time-Resolved 3D Digital Subtraction
Angiography to Plan Cerebral Arteriovenous

Malformation Radiosurgery
X K.-K. Chen, X W.-Y. Guo, X H.-C. Yang, X C.-J. Lin, X C.-H.F. Wu, X S. Gehrisch, X M. Kowarschik, X Y.-T. Wu, and X W.-Y. Chung

ABSTRACT

BACKGROUND AND PURPOSE: Time-resolved 3D-DSA (4D-DSA) enables viewing vasculature from any desired angle and time frame. We
investigated whether these advantages may facilitate treatment planning and the feasibility of using 4D-DSA as a single imaging technique
in AVM/dural arteriovenous fistula radiosurgery.

MATERIALS AND METHODS: Twenty consecutive patients (8 dural arteriovenous fistulas and 12 AVMs; 13 men and 7 women; mean age,
45 years; range, 18 – 64 years) who were scheduled for gamma knife radiosurgery were recruited (November 2014 to October 2015). An
optimal volume of reconstructed time-resolved 3D volumes that defines the AVM nidus/dural arteriovenous fistula was sliced into
2D-CT-like images. The original radiosurgery treatment plan was overlaid retrospectively. The registration errors of stereotactic 4D-DSA
were compared with those of integrated stereotactic imaging. AVM/dural arteriovenous fistula volumes were contoured, and disjoint and
conjoint components were identified. The Wilcoxon signed rank test and the Wilcoxon rank sum test were adopted to evaluate registra-
tion errors and contoured volumes of stereotactic 4D-DSA and integration of stereotactic MR imaging and stereotactic 2D-DSA.

RESULTS: Sixteen of 20 patients were successfully registered in Advanced Leksell GammaPlan Program. The registration error of stereo-
tactic 4D-DSA was smaller than that of integrated stereotactic imaging (P � .0009). The contoured AVM volume of 4D-DSA was smaller
than that contoured on the integration of MR imaging and 2D-DSA, while major inconsistencies existed in cases of dural arteriovenous
fistula (P � .042 and 0.039, respectively, for measurements conducted by 2 authors).

CONCLUSIONS: Implementation of stereotactic 4D-DSA data for gamma knife radiosurgery for brain AVM/dural arteriovenous fistula is
feasible. The ability of 4D-DSA to demonstrate vascular morphology and hemodynamics in 4 dimensions potentially reduces the target
volumes of irradiation in vascular radiosurgery.

ABBREVIATION: DAVF � dural arteriovenous fistula

Radiosurgery is an effective treatment alternative for cerebral

arteriovenous malformations1-4 and intracranial dural arte-

riovenous fistulas (DAVFs).5-10 In AVM/DAVF radiosurgery, ir-

radiation is delivered in a single fraction stereotactically to only

the nidus of an AVM or fistula of a DAVF.

Our current clinical practice of AVM/DAVF radiosurgery,

integrated stereotactic imaging (MR imaging/MRA and x-ray digi-

tal subtraction angiography) is used for nidus/fistula delineation.

The integrated multiple-stop stereotactic imaging is considered

the reference imaging for AVM/DAVF radiosurgery. MR imaging

is superior in delineating radiosurgical target in 3D, and DSA

excels in defining the hemodynamics of AVM/AVF and differen-

tiating the nidus/fistula from feeding arteries and draining veins

of AVM/DAVF.11 However, the role of DSA as a projective 2D

representation of 3D structures in defining the nidus is limited,

especially when the AVM is large and the nidus has an oblique

long axis relative to the orthogonal DSA projections.12 Moreover,

for AVMs that undergo partial embolization before radiosurgery,

the nidus may become intricate, and it may be difficult to define

its morphology on 2D-DSA or MR imaging/MRA.13 Recently, it
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was shown that conebeam CT 3D angiography can generate im-

ages of a high spatial resolution that depict low-flow nidal com-

partments better than both DSA and MR imaging, though it lacks

temporal information.14 While our current practice has achieved

high tissue conformity in AVM radiosurgery and good therapeu-

tic results,15 an alternative technique, if chosen, must be able to

provide panoramic morphological and hemodynamic evaluation

of nidi/fistulas in 1 stop.

In contrast to 2D-DSA, fully time-resolved 3D-DSA, also

known as 4D-DSA, provides a series of time-resolved 3D volumes

that correspond to contrast dynamics with a C-arm-based imag-

ing system.16 While the reconstruction of a 4D-DSA image from a

single rotational image acquisition has some inherited technical

difficulties, as mentioned by Royalty,17 the volumetric vascular

morphology and bolus-arrival patterns reconstructed from 4D-

DSA algorithms are validated.17 An animal study based on a ca-

nine model also demonstrated that 4D-DSA is capable of delin-

eating vasculature effectively.18 Small-series studies also suggested

that 4D-DSA enhances the ability to visualize the vascular anat-

omy of an AVM.19,20 Accordingly, 4D-DSA enables evaluating

feeding arteries, nidi, and draining veins in sequential imaging in

3D and eliminates the issue of overlapped vasculatures.

In this study, we compare the registration errors of stereotactic

4D-DSA with those of integrated stereotactic imaging and the

vascular anatomy of AVMs and DAVFs depicted by 4D-DSA vol-

umes with the planned dose contours for each recruited patient

and evaluate whether 4D-DSA may facilitate the planning of

AVM/DAVF radiosurgery by minimizing the irradiation volume

as 1-stop imaging.

MATERIALS AND METHODS
This is a retrospective study for feasibility evaluation of imple-

menting 4D-DSA in AVM/DAVF radiosurgery. Under the ap-

proval of the institutional review board of Taipei Veterans Gen-

eral Hospital, 20 consecutive patients (8 with DAVFs and 12 with

AVMs; 13 men and 7 women; mean age, 45 years; range, 18 – 64

years; men, mean age of 48 years; range, 18 – 66 years; women,

mean age of 47 years; range, 32– 64 years) who underwent radio-

surgery (November 2014 to October 2015) with gamma knife and

treatment planning with the Advanced Leksell GammaPlan Pro-

gram (Elekta, Stockholm, Sweden) were recruited.

The treatment plans of these radiosurgeries and the stereotac-

tic imaging used for planning the treatments were retrieved to

evaluate the potential role of time-resolved 3D-DSA in radiosur-

gery. Here, the stereotactic imaging included stereotactic MR im-

aging and stereotactic 2D-DSA with the routine protocols used

for decades since the early stage of radiosurgery service.5,7,10-12,15

Time-resolved 3D-DSA was included in the data acquisition to

facilitate the target visual perception for planning radiosurgery.

Both 2D and time-resolved 3D-DSA were performed by using a

biplane angiography system (Artis zee; Siemens, Erlangen, Ger-

many). A total volume of 24 – 41 mL of Omnipaque 300 (iohexol;

GE Healthcare, Piscataway, New Jersey) contrast agent was in-

jected at either the patient’s internal carotid artery or common

carotid artery. An imaging protocol that covers an angular range

of 260° within an acquisition time of approximately 12 seconds

was used, generating 304 raw projections from consecutive imag-

ing angles. X-ray delay was set to 0.5 seconds.

Figure 1 summarizes the workflow of both the radiosurgical

procedures as routinely conducted (right route) and the herein

discussed hypothetic implementation of time-resolved 3D DSA

into the procedure (left route). The stereotactic frame and basal

ring were applied to a patient’s head with 4 screws. On the basis of

the diagnostic images acquired before radiosurgery, the frame was

applied so that the screws did not overlap the AVM nidus in the

orthogonal 2D-DSA projections and to avoid metallic artifacts

that may occur in the subsequent postprocessing images. Stereo-

tactic MR imaging and stereotactic DSA were performed sequen-

tially. Different localization boxes were applied on the basal ring

of the stereotactic frame for different imaging acquisitions. The

markers on the localization boxes served as references for im-

age registration and treatment planning. Neuroradiologists

contoured the AVM nidus/DAVF on 2D DSA. For the hypo-

thetic treatment planning, the raw projections were trans-

ferred to a research workstation (syngo X-workplace VB21;

Siemens) equipped with the 4D-DSA prototype software. The

raw projections of 4D-DSA were reconstructed into 304 time-

dependent volumes and were assessed by 2 experienced neuro-

radiologists to select the optimal phase that best illustrated the

AVM nidus/DAVF.

In Fig 2, a single optimal phase of the nidus/fistula opacifica-

tion is selected from the 4D dynamic volume for each patient. It

was observed that 4D-DSA provides better 3D delineation of the

nidus than 2D-DSA in terms of morphology, particularly for

larger and intricate nidi, because the feeding artery, nidus/fistula,

and draining vein may overlap in the 2D projections. Four patients (1

with a DAVF and 3 with AVMs) were retrospectively excluded from

the current analysis due to incomplete coverage of markers on the

localization box installed, which subsequently rendered these stereo-

FIG 1. Hypothetic workflow of importing 4D-DSA into the treatment
plan computer (Advanced Leksell GammaPlan Program; Elekta) and
the workflow of the current practice. Application of the stereotactic
frame to the patient’s skull and measurement of skull geometry are
performed first in the preparation room.
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tactic imaging volumes derived from 4D-DSA unable to be registered

on the Advanced Leksell GammaPlan Program.

For every remaining patient, the selected optimal phase of the

4D volume was then sliced with 3-mm section thickness along the

cranial-caudal direction without interspacing into 2D-CT-like

images. The 2D-CT-like images were output in DICOM format

and underwent header compatibility processing by using Matlab

R2013b (MathWorks, Natick, Massachusetts). The 2D-CT-like

DICOM images stemming from stereotactic 4D-DSA were then

imported to GammaPlan for “hypothetic” treatment planning.

Registration between the 2D-CT-like images and the digital phan-

tom of the localization box was performed. The original treat-

ment plans were retrieved and overlaid on these successfully im-

ported images to evaluate the radiation coverage of the nidus/

fistula depicted by 4D-DSA.

The current practice of treatment planning for AVM/DAVF

radiosurgery in Taipei Veteran General Hospital encompasses

multiple MR imaging series, including stereotactic T1-weighted,

T2-weighted MR imaging, time-of-flight MRA, and stereotactic

2D-DSA. These images were registered onto the built-in digital

model of GammaPlan, and registration errors were computed.

Contouring of the AVM nidus/DAVF on registered 2D-CT-

like images was performed independently by 2 authors who were

blinded to the stereotactic MR images. The contoured volumes of

both 4D-DSA and integrated stereotactic imaging were exported

to Matlab R2013b (MathWorks), and volume analysis was per-

formed.21,22 Conjoint and disjoint volumes between 4D-DSA and

integrated stereotactic imaging were measured. The results are

summarized in the Table.

The Wilcoxon signed rank test and the Wilcoxon rank sum

test were used to evaluate registration errors and contoured vol-

umes of stereotactic 4D-DSA and that of the integrated stereotac-

tic imaging. A P value of .05 was used to determine the signifi-

cance of the test.

RESULTS
Among 20 initially selected patients, 16 (80%) entered the final

analysis of stereotactic registration for planning of radiosurgery.

FIG 2. A, Early opacification phases of the AVM nidus, where only the feeding artery and a portion of the nidus are opacified. B, Middle
opacification phases of the AVM nidus, in which both the feeding artery and nidus are opacified, as well as a portion of draining vein. This phase
is optimal for nidus delineation. C, In the late opacification phase, the draining veins are completely opacified and may obstruct the visibility of
the nidus.

Volume comparison of AVM nidus and DAVF fistula between 4D-DSA and integrated stereotactic imaginga

Diagnosis
4D-DSA Volume
(1st/2nd) (cm3)

MR Imaging
Volume (cm3)

Conjoint Volume
(1st/2nd) (cm3)

Disjoint Volume
(1st/2nd) (cm3)

Volume Shown by
4D-DSA Only

(1st/2nd) (cm3)

Volume Shown by
MR Imaging Only

(1st/2nd) (cm3)
DAVF 14.51/11.4 13.16 8.07/7.55 11.52/9.46 6.44/3.85 5.08/5.61
DAVF 2.92/3.26 5.09 1.9/2.02 4.21/4.31 1.02/1.23 3.19/3.07
DAVF 3.13/2.38 1.63 0.81/0.82 3.14/2.37 2.31/1.56 0.82/0.81
DAVF 3.29/2.98 4.34 2.82/2.56 1.98/2.19 1.98/0.41 1.51/1.77
DAVF 2.1/1.94 3.57 1.71/1.65 2.23/2.19 0.38/0.28 1.85/1.91
DAVF 4.98/4.74 4.89 4.14/3.81 1.59/2 0.84/0.92 0.74/1.07
DAVF 1.84/1.94 1.83 1.24/1.16 1.18/1.44 0.6/0.78 0.58/0.66
AVM 5.82/6.1 9.52 5.78/6.02 3.78/3.57 0.04/0.07 3.73/3.5
AVM 0.1/0.09 0.12 0.07/0.06 0.07/0.08 0.02/0.03 0.04/0.05
AVM 12.19/12.2 14.87 11.63/11.6 3.8/3.87 0.56/0.6 3.24/3.27
AVM 3.56/3.79 3.56 2.46/2.55 2.19/2.25 1.09/1.24 1.09/1.01
AVM 0.15/0.16 0.18 0.11/0.12 0.1/0.1 0.03/0.06 0.06/0.04
AVM 4.2/3.99 5.01 3.54/3.43 2.12/2.13 0.66/0.56 1.46/1.57
AVM 3.93/3.86 5.86 3.83/3.67 2.12/2.37 0.09/0.18 2.02/2.19
AVM 3.61/3.31 3.42 3.18/2.95 0.68/0.83 0.43/0.36 0.24/0.47
AVM 1.18/1.16 1.3 1.02/1.01 0.43/0.45 0.15/0.15 0.27/0.29

a Target contouring on 4D-DSA was performed independently on Advanced Leksell GammaPlan Program by 2 physicians who were blinded to the MR images. In AVMs, the
contoured volumes are smaller than those contoured on the basis of integrated stereotactic images. For DAVFs, the contouring on 4D-DSA was blocked; this outcome results
in more prominent inconsistencies between volumes contoured on 4D-DSA and those of MR integrated stereotactic imaging.
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In the other 20%, the “N” markers on the sides of the localization

box were not completely covered in the FOV of 4D-DSA and

failed in image registration.

The mean and standard error of stereotactic 4D-DSA for plan-

ning AVM/DAVF radiosurgery with Advanced Leksell GammaPlan

Program of the 16 patients were 0.5588 � 0.0631 mm. The

corresponding mean and standard error of integrated stereo-

tactic imaging registration of the patients were 1.0744 � 0.0223 mm

(P � .0009).

A patient with a large AVM is shown in Fig 3. The treatment

plan is displayed as 3 isodose shells that correspond to dosages

equivalent to 20 Gy, 18 Gy, and 12 Gy, from inside to outside the

nidus. On the lower portion of the AVM, a region of normal brain

tissue is enclosed within the planned dose coverage, as indicated

in Fig 3A. In the original dose plan in which the delineation of the

nidus was done by integrating multiple MR imaging series, in-

cluding stereotactic TOF-MRA, T1-weighted MR imaging, T2-

weighted MR imaging (Fig 3B, -C, and -D), and stereotactic

2D-DSA, the complexities of the hemodynamics of the AVM

led to a portion of normal brain tissue being judged as part of

the nidus on MR images, and it received therapeutic irradia-

tion dose during the treatment.

A patient with a DAVF is shown in Fig 4. The fistula of the

transverse sinus is large and complicated and runs obliquely. Both

4D-DSA (Fig 4A) and stereotactic TOF-MRA (Fig 4B) provide

opacification of the fistula, while the fistula is less conspicuously

seen on T1-weighted and T2-weighted MR imaging, as shown in

Fig 4C, -D. However, the central portion of the fistula seems ab-

sent on 4D-DSA; this feature may be attributed to difficulty in the

global thresholding of 4D-DSA or improper selection of an opti-

mal phase for DAVF delineation. A proper hemodynamic phase

selection from 304 frames of the full 4D series DSA and window

setting may be essential for determining the extent of the segment

of the sinus that contains fistulas.

The means and standard errors of the volumes of contoured

AVMs and DAVFs on 4D-DSA were 3.86 � 0.84 cm3 and 4.39 �

0.89 cm3, respectively; and those of volumes of AVMs and DAVFs

on integrated stereotactic imaging were 4.87 � 1.59 cm3 and

4.93 � 2.01 cm3. The mean and standard error of target volumes

of all patients on 4D-DSA were 4.09 � 0.64 cm3, and those of

integrated stereotactic imaging were 4.9 � 1.06 cm3. The con-

toured volumes on 4D-DSA and integrated stereotactic imaging

were taken as pair samples, and the Wilcoxon signed rank test was

performed. For volumes measured by the first measurement, the

P values of the test performed on patients with DAVFs, AVMs,

and all patients were .937, .039, and .098, respectively; and those

of the second measurement were .109, .039, and .011, respectively.

It was observed that the inconsistencies between contoured

4D-DSA and integrated stereotactic imaging volumes of DAVFs

were larger than those of patients with AVMs, as shown in Fig 5.

To identify these inconsistencies, the patients with DAVFs and

AVMs were taken as distinct groups, and the disjoint volumes

between 4D-DSA and integrated stereotactic imaging were con-

verted to percentages. The Wilcoxon rank sum test was applied,

and the P values of the test for the first and second measurements

were .042 and .031.

FIG 3. A, 4D-DSA of a 53-year-old man with a larger and more intri-
cate AVM. The red arrow indicates a non-nidus territory, where it is
considered part of AVM nidus based on the integrated MR images,
enclosed within the irradiated volume. B, The corresponding TOF-MR
imaging section. C, The T1-weighted MR image is shown on the same
axial location. The nidus territory depicted by T1-weighted imaging is
blurred. D, The T2-weighted MR image is shown on the same axial
location. The T2-weighted MR imaging section provides clearer de-
piction of the nidus territory than the T1-weighted MR imaging be-
cause it does not show a flow void in the region in question.

FIG 4. A, A 4D-DSA section of a 41-year-old man with a left sigmoid
DAVF. The 4D-DSA provides opacification of the fistula. However, the
central portion is empty. This feature may be attributed to technical
difficulties or improper selection of an optimal frame. B, TOF-MR
imaging of the same patient. TOF-MR imaging shows clear opacifica-
tion of the fistula. C, The T1-weighted MR imaging section. The fistula
is completely invisible; thus, the T1-weighted MR imaging is incapable
of defining the fistula. D, T2-weighted MR imaging section. Defining
the fistula is not feasible due to its invisibility on T2-weighted MR
imaging as well.
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DISCUSSION
This study investigates the ability of 4D-DSA to define the mor-

phology of the nidus/fistula of AVM/DAVF in radiosurgery by

porting the 4D-DSA images into Advanced Leksell GammaPlan

Program and retrospectively overlaying the treatment plan. Con-

toured target volumes were statistically compared between 4D-

DSA and integrated stereotactic imaging.

The current practice of radiosurgery, which involves inte-

grated stereotactic 2D-DSA and stereotactic MR imaging, has

achieved a high cure rate, particularly for small AVMs and residual

AVMs after partial elimination in radiosurgery.12 Other small-series

studies also used combined imaging, including 3D rotational angiog-

raphy, for radiosurgery treatment planning.14,23,24 However, the he-

modynamics and temporal information inherent in 3D rotational

angiography are limited.

Although the integrated stereotactic 2D-DSA and stereotactic

MR imaging are adopted as the reference imaging guidance for

radiosurgery, conventional MR imaging techniques are subopti-

mal for evaluating the hemodynamics of AVMs. Conventional

MR imaging techniques also have limited sensitivity for small

AVM nidi.25 Despite that the advancements in MR imaging tech-

nique such as 4D-MRA have enabled temporal information to be

recorded, its limitations are still prominent.26,27 Additionally, dif-

ferences in AVM nidus contouring– derived MR images increase

the likelihood of mismatch between the dose contour and the

exact nidus volume during treatment planning.

Stereotactic 4D-DSA may facilitate the treatment planning by

providing the hemodynamics and morphology of AVM/DAVF in

1 stop. The 4D-DSA has been shown to provide higher temporal

and spatial resolution than current MR imaging/MRA and CT

angiography.16 In addition, 4D reconstructions allow examining

the vasculature from any angle with any desired temporal point,

which can facilitate the delineation of a nidus by judging the se-

quential appearance of different components of feeding arteries,

nidi/fistulas, and draining veins of AVMs or DAVFs.

At the current stage, we used 4D-DSA as a supplementary

technique to investigate whether it can be integrated into the

treatment planning of gamma knife radiosurgery. Our approach

was to retrospectively and hypothetically apply 2D-CT-like im-

ages from stereotactic 4D-DSA volumes

to radiosurgery treatment planning that

is currently based on integrated stereo-

tactic 2D DSA and MR imaging/MRA.

Ideally, the final contour of the treat-

ment planning would encompass the

AVM nidi or DAVFs depicted by 4D-

DSA. From these 16 patients, it was ob-

served that the isodose contour retrieved

from the original treatment planning

matched well with the nidi/fistulas viewed

on 4D-DSA. In some cases, particularly

with a large AVM nidus, 4D-DSA

showed that the original treatment plan

covered normal brain tissue. From sta-

tistical results, it was observed that the

contoured AVMs, particularly large and

intricate ones, of the 4D-DSA volumes

were generally smaller than those con-

toured on integrated stereotactic imaging. Discrepancies between

contoured DAVF volumes on 4D-DSA and integrated stereotactic

imaging were larger and more frequently observed than that of

AVMs. Such discrepancies may be attributed to beam-hardening

artifacts resulting from the fistula itself or bones of the skull/skull

base, as well as poor image contrast and the incorrect selection of

optimal phases. An improved reconstruction algorithm and ad-

ditional artifact reduction schemes may potentially reduce the

impact of beam-hardening artifacts on 4D-DSA and facilitate 4D-

DSA-based contouring for DAVF cases in the future.

Of particular interest is the patient with an AVM nidus that has

multiple feeding arteries, as shown in the corresponding 4D-DSA

volumes (Fig 6). The vertebral artery (Fig 6A) and right internal

carotid artery (Fig 6B) jointly supply the AVM nidus (Fig 6C).

Visually, 4D-DSA has better capability in differentiating the sup-

plying territories of distinct feeding arteries than 2D-DSA projec-

tions. This feature suggests that the implementation of 4D-DSA

and advanced imaging technology makes objective territorial sep-

aration of the AVM nidus, which is supplied by multiple arterial

territories, more feasible. The ability to differentiate distinct arte-

rial territories can be valuable for extremely large and intricate

AVMs, where the nidus volume is considered too large to be safely

treated by a single session of radiosurgery. In such cases, volume-

staged radiosurgery that divides the radiosurgery into multiple

sessions can be an effective alternative.28 The treatment plan

based on 4D-DSA will divide the AVM nidus into compartments

that correspond to different feeding arteries; then a single session

of radiosurgery will focus on a single compartment. The entire

arterial territory of a single feeding artery will receive the full

dose in a single radiosurgery session. Theoretically, this ap-

proach may yield a better treatment result because recanaliza-

tion may have a greater chance to occur in incompletely treated

compartments if the AVM nidus is not divided on the basis of

arterial territories.

However, the study was limited by the small patient popula-

tion; a larger patient population is warranted in subsequent stud-

ies. In addition, the tissue contrast of MR imaging, derived from

FIG 5. A, 3D rendering of contoured AVM volumes in Matlab. The semitransparent blue shell is
the volume contoured by using integrated stereotactic imaging, whereas the solid red mesh
depicts the volume contoured on 4D-DSA. Generally, the contoured volume of 4D-DSA is visually
consistent with that of integrated stereotactic imaging. B, 3D rendering of contoured DAVF
volumes in Matlab. The semitransparent blue shell is the volume contoured with integrated
stereotactic imaging, whereas the solid green mesh depicts the volume contoured on 4D-DSA.
Inconsistency between the 2 volumes is obvious.
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large differences in T1 and T2 relaxation times among various

tissues,29 was superior to that of 2D-CT-like images. Also, because

4D-DSA involves an x-ray tube and flat panel detector rotation,

the system resembles conebeam CT. Therefore, a certain de-

gree of conebeam-related distortion may have contributed to

registration errors encountered, though the distortion of

conebeam CT generally lies within the submillimeter range.30,31

Other x-ray-related artifacts may also hamper the ability of 4D-

DSA to depict nidi/fistulas.32 It was also observed that our current

hardware is prone to misaligning due to a limited FOV, leading to

incomplete coverage of the markers on the localization box, ren-

dering the images unsuitable for registration during treatment

planning.

Rudimentarily, 4D-DSA is a multiple phasic 3D-DSA. In the

current study, 4D-DSA is equivalent to 304 phases of 3D-DSA. It

is believed that 3D-DSA demonstrates AVM morphology better

than MR imaging. 4D-DSA adds hemodynamics to 3D-DSA and

its application value in AVM radiosurgery. The ability of 4D-DSA

to demonstrate vascular morphology and hemodynamics in 4 di-

mensions potentially reduces the need and dependence of stereo-

tactic MR imaging and shows its potential for 1-stop DSA in

radiosurgery.33

Moreover, the 4D feature is not exclusive to a single man-

ufacturer. Potentially, the 4D-DSA may be used in conjunction

with conebeam CT angiography for both superior spatial res-

olution images and temporal information integrated into a

single environment to achieve the best target delineation in

radiosurgery.

CONCLUSIONS
Implementation of fully time-resolved 3D-DSA data into Gamma

Knife radiosurgery for patients with brain AVM/DAVF is feasible.

The AVM nidus volume contoured on 4D-DSA is generally

smaller than that contoured on integrated stereotactic imaging

because normal brain tissue is more easily distinguished. Also,

objective territorial separation of the intricate AVM nidus, which

is supplied by multiple arterial territories, may be easier to per-

form with 4D-DSA.

Disclosures: Chung-Jung Lin—UNRELATED: Grants/Grants Pending: Ministry of Science
and Technology (grant number 104-2314-B-010-037).* Sonja Gehrisch—UNRELATED:
Employment: Siemens. Markus Kowarschik—UNRELATED: Employment: Sie-
mens. *Money paid to the institution.
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ORIGINAL RESEARCH
INTERVENTIONAL

Evaluation of Collaterals and Clot Burden Using Time-Resolved
C-Arm Conebeam CT Angiography in the Angiography Suite:

A Feasibility Study
X P. Yang, X K. Niu, X Y. Wu, X T. Struffert, X A. Doerfler, X P. Holter, X B. Aagaard-Kienitz, X C. Strother, and X G.-H. Chen

ABSTRACT

BACKGROUND AND PURPOSE: The assessment of collaterals and clot burden in patients with acute ischemic stroke provides important
information about treatment options and clinical outcome. Time-resolved C-arm conebeam CT angiography has the potential to provide
accurate and reliable evaluations of collaterals and clot burden in the angiographic suite. Experience with this technique is extremely
limited, and feasibility studies are needed to validate this technique. Our purpose was to present such a feasibility study.

MATERIALS AND METHODS: Ten C-arm conebeam CT perfusion datasets from 10 subjects with acute ischemic stroke acquired before
endovascular treatment were retrospectively processed to generate time-resolved conebeam CTA. From time-resolved conebeam CTA,
2 experienced readers evaluated the clot burden and collateral flow in consensus by using previously reported scoring systems and
assessed the clinical value of this novel imaging technique independently. Interobserver agreement was analyzed by using the intraclass
correlation analysis method.

RESULTS: Clot burden and collateral flow can be assessed by using the commonly accepted scoring systems for all eligible cases.
Additional clinical information (eg, the quantitative dynamic information of collateral flow) can be obtained from this new imaging
technique. Two readers agreed that time-revolved C-arm conebeam CTA is the preferred method for evaluating the clot burden and
collateral flow compared with other conventional imaging methods.

CONCLUSIONS: Comprehensive evaluations of clot burden and collateral flow are feasible by using time-resolved C-arm conebeam CTA
data acquired in the angiography suite. This technique further enriches the imaging tools in the angiography suite to enable a “one-stop-
shop” imaging workflow for patients with acute ischemic stroke.

ABBREVIATIONS: AIS � acute ischemic stroke; CBCT � conebeam CT; CBCTA � conebeam CTA; CBCTP � conebeam CTP; tMIP � temporal maximum-intensity-
projection; LVO � large-vessel occlusion

Recent studies have shown that the status of collaterals and clot

burden evaluated with multidetector row CT can be used as 2

independent parameters to predict both the success of revascular-

ization and the ultimate clinical outcome of patients with acute

ischemic stroke (AIS).1-4 Thus, these 2 parameters can be used as

potentially valuable metrics for the selection of appropriate can-

didates for endovascular thrombectomy.5,6 However, the acqui-

sition of multidetector row CT images to assess clot burden and

collaterals may delay the time from stroke onset to revasculariza-

tion; this delay is primarily due to the time needed to transfer

patients among different sites in a clinical facility. As a result,

acquisition of complete anatomic and physiologic imaging for a

comprehensive diagnosis and evaluation of eligible patients be-

comes a reluctant option in the current clinical practice. It would

be ideal to acquire all the needed imaging information for AIS

directly in an angiography suite (ie, a “one-stop-shop” imaging

workflow in the angiography suite), to avoid delay while perform-

ing comprehensive evaluations of patients with AIS.

Recently, with a C-arm conebeam CT (CBCT) acquisition
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platform in the angiographic suite, the feasibility of acquiring

dynamic CBCT perfusion (CBCTP) maps in the angiography

suite has been demonstrated both in animals and in human sub-

jects.7,8 From the acquired CBCT perfusion dataset, time-re-

solved conebeam CT angiography (CBCTA) can also be generated

to provide accurate diagnosis of large-vessel occlusions

(LVOs).9,10 In this study, we hypothesized that the use of time-

resolved CBCTA would facilitate the evaluation of collateral sta-

tus and clot burden in patients with AIS. This hypothesis was

tested with the time-resolved CBCTA generated by novel image-

processing algorithms from a CBCTP acquisition in the angiog-

raphy suite.11,12 The ability to accurately and reliably assess col-

lateral status and clot burden by using time-resolved CBCTA

would, in our opinion, further enrich the environment of the

angiography suite as a one-stop-shop for AIS care.

MATERIALS AND METHODS
Patient Selection
Under an approved ethics committee protocol at University of

Erlangen-Nuremberg, 17 consecutive patients with AIS with sus-

pected LVO underwent both conventional pretreatment imaging

(multidetector row CTP or MRP) and dynamic C-arm CBCTP

examinations. During treatment procedures, these patients also

underwent conventional DSA imaging as part of the standard of

care. All patient imaging and data collection was performed at the

University Hospital of the University of Erlangen-Nuremberg.

Ten of these subjects had C-arm CBCTP datasets acquired before

endovascular treatment. Data from these subjects were com-

pletely anonymized and shared with the team at the University of

Wisconsin School of Medicine and Public Health. These are the

subjects included in this study. These subjects had 4 ICA occlu-

sions, 3 M1 occlusions, 2 M2 occlusions, and 1 basilar trunk

occlusion. Details of data acquisition and data postprocessing

follow below.

Data Acquisition
The details of the technique for obtaining the CBCTP data have

been reported elsewhere.9,10 Briefly, the dynamic C-arm CBCTP

data were acquired by using a biplane flat detector angiographic

system (Axiom Artis zee; Siemens, Erlangen, Germany). Contrast

was injected into a peripheral vein with a dual-syringe angio-

graphic power injector (Accutron HP-D; Medtron, Saarbrücken,

Germany). Sixty milliliters of contrast material (iopamidol,

Imeron 350; Bracco, Milan, Italy) was injected at a rate of 5 mL/s

followed by a 60-mL saline flush. Nine bidirectional rotational

scans (5 forward rotations and 4 reverse rotations) were obtained

for each subject; contrast was injected 5 seconds after the start of

the acquisition so that the first 2 rotations served as the nonen-

hanced (mask) images, while the following 7 were contrast-en-

hanced (fill) images.

Image Postprocessing
3D isotropic filtered back-projection image volume for each ro-

tation was reconstructed and coregistered with the proprietary

software of the vendor. To reduce noise and improve temporal

resolution and temporal sampling density, we used Prior Image

Constrained Compressed Sensing and Temporal Resolution and

Sampling Recovery techniques11,12 to generate time-resolved im-

age volumes with better image quality and a half-second temporal

resolution. Then, temporal maximum-intensity-projection (tMIP)

image volumes were generated from time-resolved image volumes

by assigning each image voxel the maximum value along the tempo-

ral direction. Both time-resolved and tMIP image volumes were im-

ported into a Leonardo workstation (Siemens) for future measure-

ment and evaluation.

Image Evaluation
Clot burden and collateral flow were evaluated by 2 experienced

raters (30 and 8 years of experience in neurointervention) by con-

sensus. Temporal MIP images were used to detect the proximal

and distal sites of vessel occlusion to score the clot burden,13 mea-

sure the thrombus length and size of distal vessel, and evaluate

collateral status. Collateral status was evaluated by using 3 com-

monly used scoring systems.4,13,14 Time-resolved image volumes

were also displayed in MIP mode and used to evaluate the flow

direction (antegrade or retrograde) of the MCA occlusions and

also to generate time-density curves for selected symmetric mea-

suring points on the bilateral MCA branches. From these time-

density curves, the differences of time-to-peak and peak density

between the lesion and normal sides could be quantified. These

parameters were of interest because they may reflect the differ-

ences of flow velocity and volume, respectively. The criterion

standard used to identify the site of occlusion was the clinician’s

report of the 2D DSAs, which were performed at the start of

treatment.

Statistics
Intraclass correlation analysis was performed by using SPSS, Ver-

sion 20.0 (IBM, Armonk, New York). The Cronbach � coeffi-

cients were calculated to assess the interrater agreement on the

subjective evaluation of the capability and potential of this novel

technique. Alpha values were interpreted according to the follow-

ing criteria: unacceptable (� � .5), poor (0.5 � � � .6), fair (0.6 �

� � .7), good (0.7 � � � .9), and excellent (� � .9).

RESULTS
The full extent of vessel occlusion (ie, the proximal and distal

occlusion sites) could be determined by using tMIP images for all

10 patients. In 7 of these patients, the length of the thrombus

could be measured (7 with terminal ICA, M1, basilar trunk, or M2

occlusions) and the measured lengths ranged from 5.9 to 19.9

mm. In the 3 patients with cervical or cavernous ICA occlusion,

thrombus length could not be measured due to the tortuous

course of the ICA and the presence of streaking artifacts over the

cavernous or cervical portions of the artery. Clot burden could

thus be qualitatively evaluated for 6 patients by using a clot-bur-

den score designed specifically for LVOs in the anterior circula-

tion.13 The diameter of the occluded vessel distal to the thrombus

could be measured for all patients (Table 1).

The evaluation of collateral flow was successfully performed

for 7 patients with LVOs in the anterior circulation (4 ICAs, 3

M1s). In all of these patients, the extent of collateral flow could be

assessed by using the tMIP images, regardless of which scoring

system was used (Table 2).4,13,14 Antegrade flow into the down-
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stream vascular territory was detected in 3 patients. Analysis of

time-density curves documented the late arrival of contrast by

collateral flow with a difference of 1.5–10 seconds in time-to-peak

and a reduction in peak density between 9.2% and 42%. We be-

lieve that the latter reflects the reduced blood flow volume.

Two raters were in full agreement that the ability to evaluate

clot burden and collateral flow with time-resolved C-arm CBCTA

was equal to or better than that of the conventional techniques.

They were also in good agreement that with the C-arm CBCTAs,

additional information was available that could not be obtained

from the conventional techniques (ie, clot distribution and dynamic

information on collateral flow, � � 1). Therefore, the 2 raters pre-

ferred the CBCTAs for evaluation of clot burden and collateral flow

(� � 1).

DISCUSSION
In this feasibility study, we have demonstrated the ability to

evaluate collateral status and clot burden by using time-re-

solved C-arm CBCTAs derived from C-arm CBCTP acquisi-

tions. On the basis of our experience, this novel technique

enabled us to evaluate collateral score and clot burden in a

more comprehensive manner than currently available meth-

ods (ie, multidetector row CT or MRA). The availability of

time-resolved C-arm CBCTAs and tMIP images that are de-

rived from CBCTP acquisitions acquired at the site of treat-

ment further enhances the angiographic suite as a one-stop-

shop for the care of patients with AIS.

Several modalities have been used for the evaluation of collat-

eral status (eg, DSA, CT, MR imaging, and transcranial Doppler).

Although DSA allows assessment of anatomic and dynamic fea-

tures of collateral flow, it is usually reserved for those patients

selected for endovascular treatment. Full evaluation of collaterals

with DSA also requires the catheterization of multiple arteries for

full collateral assessment. The advantage of the C-arm time-re-

solved conebeam CTA over 2D DSA is due to the following rea-

sons: 1) the ability to provide a global (3D instead of 2D) view of

collaterals with a single IV injection rather than by a series of

intra-arterial injections, and 2) the ability to provide time-re-

solved conebeam CTAs viewable from any desired angle at the

point of treatment. Previous studies have shown that conven-

tional CTAs may underestimate the collateral flow, overestimate

the clot burden, and lack dynamic information compared with

time-resolved 4D-CTAs.15-17 4D-CTA is only used occasionally

due to its current limited availability. Compared with these 4D-

CTAs, C-arm CBCTAs derived from C-arm CBCTP acquisitions

are fully time-resolved. C-arm time-resolved CBCTAs not only

provide static (anatomic) information but also dynamic (blood

flow) information about collateral flow. Temporal MIP images, a

fusion of every single-phase image of time-resolved CTA, can also

be generated from the time-resolved CBCTA data as shown in

Figs 1 and 2B.

The availability of time-resolved CBCTAs at the point of treat-

ment is, in our opinion, a clear advantage over conventional CTAs

Table 1: Evaluation of clot burden and distribution using time-resolved C-arm CBCTA data

Case Side
Proximal

Occlusion Site
Distal

Occlusion Site
Thrombus

Length (mm)
Clot Burden

Score
Diameter of

Distal Vessel (mm)
1 R Proximal M1 Proximal M2 24.8/20.9a 6 1.0/1.7a

2 L Distal M1 MCA bifurcation 7.0 8 1.7
3 L Distal M1 Proximal M2 3.2 7 2.1
4 R ICA terminus Proximal M1 and A1 6.8 5 2.7
5 L Cavernous ICA MCA bifurcation NA 3 2.5
6 L Cervical ICA Supraclinoid ICA NA 7 3.7
7 L Cervical ICA ICA terminus NA 7 2.7
8 R Distal M2 Distal M2 9.6/6.1a 9 1.2/1.8a

9 R Distal M2 Distal M2 9.2 9 1.3
10 NA Upper basilar trunk L-P1 11.9 NA 2.6

Note:—R indicates right; L, left; NA, not applicable.
a The clot is located in a bifurcation site, where there are 2 distal ends and subsequently 2 measurements for both thrombus length and diameter of the distal vessel.

Table 2: Quantitative and qualitative evaluation of collateral flow using time-resolved C-arm CBCTA data

Case

Acute
Occlusion

Site

Flow
Direction
of MCAa

Measuring
Point

Difference of
Time-to-Peak

(Lesion-Normal)b

Relative
Peak Density

(Lesion/Normal)c

Score of
Tan et al13

(0–3)

Score of
Miteff et a114

(3-Point)

Score of
Maas et al4

(1–5)
1 R-M1 R Proximal M2 10 sec (29–9) 84.8% (302/356) 3 Good 4
2 L-M1 R Proximal M2 9 sec (31–13) 60.1% (292/486) 2 Good 2
3 L-M1 A Proximal M2 1.5 sec (10–7) 90.8% (364/401) 3 Good 3
4 R-ICA T R Proximal M1 8.5 sec (34–17) 58.6% (396/676) 3 Good 3
5 L-ICA and M1 R Proximal M2 8 sec (52–36) 58.0% (341/588) 1 Good 2
6 L-ICA A Distal M1 4 sec (64–56) 62.8% (301/479) 3 Good 3
7 L-ICA A Distal M1 2.5 sec (20–15) 80.3% (309/385) 3 Good 3
8 R-M2 NA NA NA NA NA NA NA
9 R-M2 NA NA NA NA NA NA NA
10 BA and L-P1 NA NA NA NA NA NA NA

Note:—R indicates right; L, left; NA, not applicable; BA, basilar artery; T, terminus.
a A indicates antegrade; R, retrograde.
b Data in parentheses are the frame differences for time-to-peak. Each frame represents 0.5 seconds.
c Data in parentheses are the Hounsfield units of measured points, which represent the level of enhancement of the vessel.
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(the dynamic information about antegrade or retrograde collat-

eral filling allowed us to see downstream filling in 3patients). If we

had only conventional CTAs, this would not have been possible.

These series were shown to be superior to conventional single-

phase CTA for visualization of both collateral flow and clot bur-

den.1,15 Using the time-resolved MIP images, we were able to

determine the direction of blood flow (antegrade or retrograde)

(Fig 2A) and also generate time-density curves, which provide

some quantitative information about blood flow velocity and vol-

ume (Fig 2C, -D). Because they are acquired as an IV technique

(thus including the full circulation), it seems likely that they will

be preferable to intra-arterial DSA (with the requirement for mul-

tiple intra-arterial injections) as a means of acquiring this infor-

mation. The C-arm CBCTAs have better spatial resolution than

conventional CTAs and also provide whole-brain coverage, which

is superior to most of the clinically used MDCTAs,18 which are

either static if the whole-brain coverage is needed or only a time-

resolved series for a thin slab of brain anatomy. The whole-brain

coverage ensures isotropic reconstructions from at least the level

of the ICA bifurcation.

Thus, it is possible to obtain secondary reformats that provide

images from any direction. This flexibility of secondary recon-

struction from any view angle should help to evaluate accurately

the distribution of the clot burden and the size and angulation of

distal vessels for any LVOs (Fig 1). This information can, in prin-

ciple, facilitate accurate selection of the size and deploying site of

a stent or thrombectomy device and could thus shorten the groin

puncture-to-revascularization time. More important, time-re-

solved C-arm CBCTA can be directly derived from the CBCTP

data acquisition in the angiography suite, thus eliminating the

need to transfer patients among different locations in the hospital.

This change should result in a meaningful reduction of the pic-

ture-to-puncture time from stroke onset to endovascular treat-

ment time. Because of its technical advantages and availability at

the point of treatment, in our opinion, this novel imaging tech-

nique has great potential as a new tool for the care of patients with

AIS suspected of having an LVO.

This study has several limitations. First, there was no control

group. We were thus unable to directly compare the CBCTAs

against other techniques. Because this was only a feasibility study,

we are not able to offer rigorous comparisons of CBCTAs with

either MDCTAs (single or multiphase) or MRAs. Second, our

sample size was small; this feature further limits the ability to

understand the real utility of CBCTAs. We are working to estab-

lish a prospective multicenter study, which will eliminate these

limitations and will allow validation of the technique in real-

world clinical practice.

CONCLUSIONS
In this small feasibility study, evaluation of clot burden and col-

lateral status was feasible by using time-resolved C-arm CBCTAs

derived from CBCTP acquisitions obtained in the angiography

suite. Our results suggest that this novel technique provides a

more complete method for evaluation of these parameters than

conventional modalities.

FIG 1. Coronal tMIP images (A left, B left, and C left) show a left ICA, a left M1, and an upper basilar trunk occlusion, respectively. The
proximal and distal occlusion sites can be detected exactly from these images; this outcome enables the measurement of thrombus
length in straight vessels. For the case with basilar tip occlusion, the thrombus distribution to the left P1 segment can be clearly seen (C,
left); this feature can facilitate the thrombectomy planning for this case. These occlusions can also be detected by the volume-rendered
time-resolved C-arm CBCTA images at the late venous phase (A, right) or early arterial phase (B, right and C, right). The sagittal tMIP image
(D, left) shows an M2 occlusion at the bifurcation site, which was confirmed by a superselective injection through a microcatheter (D,
right).
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Lack of Association between Statin Use and Angiographic and
Clinical Outcomes after Pipeline Embolization for Intracranial

Aneurysms
X W. Brinjikji, X H. Cloft, X S. Cekirge, X D. Fiorella, X R.A. Hanel, X P. Jabbour, X P. Lylyk, X C. McDougall, X C. Moran,

X A. Siddiqui, X I. Szikora, and X D.F. Kallmes

ABSTRACT

BACKGROUND AND PURPOSE: Use of statin medications has been demonstrated to improve clinical and angiographic outcomes in
patients receiving endovascular stent placement for coronary, peripheral, carotid, and intracranial stenoses. We studied the impact of
statin use on long-term angiographic and clinical outcomes after flow-diverter treatment of intracranial aneurysms.

MATERIALS AND METHODS: We performed a post hoc analysis from pooled patient-level datasets from 3 Pipeline Embolization Device
studies: the International Retrospective Study of the Pipeline Embolization Device, the Pipeline for Uncoilable or Failed Aneurysms Study,
and the Aneurysm Study of Pipeline in an Observational Registry. We analyzed data comparing 2 subgroups: 1) patients on statin medica-
tion, and 2) patients not on statin medication at the time of the procedure and follow-up. Angiographic and clinical outcomes were
compared by using the �2 test, Fisher exact test, or Wilcoxon rank sum test.

RESULTS: We studied 1092 patients with 1221 aneurysms. At baseline, 226 patients were on statin medications and 866 patients were not
on statin medications. The mean length of clinical and angiographic follow-up was 22.1 � 15.1 months and 28.3 � 23.7 months, respectively.
There were no differences observed in angiographic outcomes at any time point between groups. Rates of complete occlusion were 82.8%
(24/29) versus 86.4% (70/81) at 1-year (P � .759) and 93.3% (14/15) versus 95.7% (45/47) at 5-year (P � 1.000) follow-up for statin-versus-
nonstatin-use groups, respectively. There were no differences in any complication rates between groups, including major morbidity and
neurologic mortality (7.5% versus 7.1%, P � .77).

CONCLUSIONS: Our study found no association between statin use and angiographic or clinical outcomes among patients treated with
the Pipeline Embolization Device.

ABBREVIATION: PED � Pipeline Embolization Device

Statin medications are among the most commonly prescribed

in the adult population and have been found beneficial in

improving clinical and angiographic outcomes of a number of

endovascular neurovascular, cardiovascular, and peripheral vas-

cular stent-placement procedures.1-3 Both experimental and clin-

ical studies have demonstrated that statin use is associated with

improved endothelialization of implanted stents, which can re-

duce the rates of delayed in-stent thrombosis and in-stent steno-

sis.4-6 In the treatment of aneurysms with flow diverters such as

the Pipeline Embolization Device (PED; Covidien, Irvine, Cali-

fornia), stent endothelialization has been shown to play a key role

in aneurysm occlusion rates and in reducing the risk of delayed

in-stent thrombosis.7

Given the widespread acceptance and use of flow-diverter

therapy in the treatment of intracranial aneurysms, it is impor-

tant to know what effect, if any, statins have on clinical and

angiographic outcomes. To gain a better understanding of the

impact of statins on short- and long-term outcomes after flow
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diversion for intracranial aneurysms, we studied angiographic

and clinical outcomes of patients included in 3 large clinical

studies of the PED: the Pipeline for Uncoilable or Failed An-

eurysms Study (PUFS),8 the International Retrospective Study

of the Pipeline Embolization Device (IntrePED),9 and the An-

eurysm Study of Pipeline in an Observational Registry (ASPIRe),10

dividing patients into 2 groups: 1) those who were on a statin

medication at the time and following treatment with the PED, and

2) those who were not on statin medications.8,9 The goal of this

study was to determine whether statin use is associated with an-

giographic occlusion and major neurologic morbidity and mor-

tality after PED treatment. We hypothesized that patients on sta-

tin medications would have a lower rate of in-stent stenosis and

morbidity and mortality rates and improved angiographic occlu-

sion rates.

MATERIALS AND METHODS
Patient Population
Patients were selected from the PUFS,8 IntrePED,9 and ASPIRe10

studies. PUFS was a prospective single-arm clinical trial of 108

patients with 108 aneurysms, which included only patients with

wide-neck (or no discernable neck) (�4 mm) and large (10 –24.9

mm) or giant (�25 mm) aneurysms of the internal carotid artery

from the petrous to the superior hypophyseal segments with a

follow-up of 5 years. IntrePED was a retrospective postmarket

registry of 793 patients with 906 aneurysms with no size or loca-

tion eligibility criteria with a follow-up time of up to 3 years.

ASPIRe was a prospective postmarket registry of 191 patients with

207 aneurysms in which size and location inclusion criteria fol-

lowed the country-specific PED instruction for use with a fol-

low-up time of up to 2 years. The patients included in this study

have already been included in previous studies, which did not

focus on the impact of statins on clinical and angiographic

outcomes.

We pooled data from these 3 studies, including patients

with unruptured and ruptured aneurysms, in which informa-

tion on the use of statin medications was available. Patients

were retrospectively divided into 2 groups: 1) patients on statin

medication at the time and following the procedure, and 2)

patients not on statin medication. The following baseline char-

acteristics were included in the analysis: age, sex, number of

aneurysms, aneurysm size, aneurysm type (saccular, fusiform,

dissecting, and other), aneurysm location, rupture status, and

use of multiple PEDs.

Outcomes
The primary outcome analyzed from this pooled analysis in-

cluded aneurysm occlusion at last follow-up, and secondary

outcomes analyzed were the following: major ipsilateral isch-

emic stroke, ipsilateral intracranial hemorrhage, all-cause

mortality, and in-stent stenosis at last follow-up. “Major” ad-

verse events were defined as ongoing clinical deficits at 7 days

following the event. All major ipsilateral ischemic stroke and

major ipsilateral intracranial hemorrhage events are included

in the neurologic morbidity rate. The safety events described

above, namely ipsilateral ischemic stroke, ipsilateral intracra-

nial hemorrhage, and neurologic mortality, were adjudicated

by the Adverse Events Review Committee of each study. An

independent core lab adjudicated all angiographic outcomes of

aneurysm occlusion and stenosis. All 3 studies, ASPIRe, In-

trePED, and PUFS, collected clinical outcomes (n � 1221 an-

eurysms), while ASPIRe and PUFS collected angiographic out-

comes in addition (n � 209). Angiographic outcomes are

reported at 180 days and 1, 3, and 5 years.

Statistical Analysis
Statistical analyses were performed by using SAS, Version 9.2

(SAS Institute, Cary, North Carolina). Summary statistics are

presented for all data available by using means and SDs for

continuous variables and frequency tabulations for categoric

variables. Comparisons between groups for continuous vari-

ables were evaluated by using the Wilcoxon rank sum test,

Fisher exact test, or Pearson �2 test for binary categoric vari-

ables. Most statistical analyses were performed across patient

groups—that is, on a per-patient basis. Because some patients

had �1 aneurysm, however, each patient’s first aneurysm

treated was used to classify patients into the 4 anatomic/size

subgroups and the largest aneurysm was used to classify pa-

tients into the 3 aneurysm size categories. The first aneurysm

treated was defined a priori.

A post hoc power analysis was conducted to determine the size

of the difference between groups that could be detected with 80%

power, given the sample sizes in the subgroups and the event rates

in the nonstatin group. The results show that the analysis cohort

has 80% power to detect a difference of approximately 20% for

the angiographic outcome of complete occlusion at the last fol-

low-up visit. For the clinical outcomes, the analysis cohort has

80% power to detect differences of approximately 2%– 4% for

event rates of 3%–7% in the nonstatin group.

A multivariable logistic regression analysis was performed to

determine whether statin use was independently associated with

the above outcomes. Adjusted variables in this model were base-

line variables that were significantly different between groups (ie,

age, multiple PED use, aneurysm type, and aneurysm size) and

studies. For the multivariable analysis, the nonstatin group was

the reference group. All interactions among the parameter of in-

terest, statin use, and the other covariates were tested for each of

the outcomes. In each interaction model, for the continuous pa-

rameters of age and aneurysm size, odds ratios were calculated at

the quartiles of 25%, 50%, and 75%. Each interaction model con-

trolled for all other covariates.

RESULTS
Baseline Patient and Aneurysm Characteristics
A total of 1092 patients with 1221 treated aneurysms were in-

cluded. Clinical follow-up was available for 1092 patients. An-

giographic follow-up of at least 6 months was available for 209

patients. Baseline demographics and aneurysm characteristics

according to the statin status are presented in Table 1.

The mean age of all patients was 57.4 � 13.7 years. The mean

length of follow-up was 22.1 � 15.1 months for the clinical out-

comes with a median follow-up time of 19.9 months. Mean fol-

low-up time was 28.3 � 23.7 months for the angiographic out-

comes. There were 226 patients with 265 aneurysms (24.3% of
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aneurysms) on statin medications (40 patients from ASPIRe, 162

patients from IntrePED, and 24 patients from PUFS) and 866

patients with 956 aneurysms (75.7% of aneurysms) not on statin

medications (151 patients from ASPIRe, 631 patients from In-

trePED, and 84 patients from PUFS). In general, baseline charac-

teristics were similar between groups except that patients receiv-

ing statin medications were older (64.6 � 9.6 years versus 55.5 �

14.0 years, P � .001) and more likely to have hypertension (75.5%

versus 41.1%, P � .001). Patients on statins were less likely to have

saccular aneurysms, but the difference

was not statistically significant (188/265,

70.9%, versus 729/956, 76.3%; P �

.078). Statin patients were more likely to

have multiple PEDs (116/264, 43.9%,

versus 336/954, 35.2%; P � .009).

Angiographic and Clinical
Outcomes
Angiographic outcomes are presented in

Table 2. Clinical outcomes are provided

in Table 3. There were no differences in

angiographic occlusion rates at last fol-

low-up between the statin (76.4%, 42/

55) and nonstatin use groups (83.8%,

129/154) (P � .23). There were no dif-

ferences in angiographic complete oc-

clusion rates in the statin use-versus-no

statin use subject groups at 6 months

(84.8% versus 72.2%, P � .17), 1 year

(82.8% versus 86.4%, P � .76), 3 years

(94.7% versus 93.0%, P � 1.00), and 5

years (93.3% versus 95.7%, P � 1.00).

Rates of in-stent stenosis of 50%–75% at

last follow-up were 0% (0/43) in the sta-

tin group and 1.4% (2/139) in the non-

statin group (P � 1.00). Rates of in-stent

stenosis of �75% were 4.7% (2/43) in

the statin group and 0.7% (1/139) in the

nonstatin group (P � .14).

There were no differences in major

complication rates between groups. The

ipsilateral ischemic stroke rate was 4.9%

(11/226) in the statin group and 3.4%

(29/865) in the nonstatin group (P �

.32). Combined major neurologic mor-

bidity and mortality rates were 7.5%

(17/226) in the statin group and 7.1%

(61/865) in the nonstatin group (P �

.77).

Multivariable Analysis
The multivariable logistic regression

analysis is presented in Table 4. The

odds of all complications and angio-

graphic outcomes were similar between

the statin and nonstatin groups, after ad-

justing for study, age, multiple PED use,

aneurysm type, and aneurysm size.

There were no statistically significant interactions between statin

use and other covariates in the multivariable models (On-line

Table).

DISCUSSION
Our study of �1000 patients with 1221 treated aneurysms dem-

onstrates that statin use was not associated with improved angio-

graphic and clinical outcomes among patients undergoing PED

treatment of intracranial aneurysms. These findings are impor-

Table 1: Baseline demographics and aneurysm characteristics
Subject Characteristics Statin Use No Statin Use P Value

Age (yr) �.001
Mean � SD (No.) 64.6 � 9.6 (225) 55.5 � 14.0 (863)
Median (range) 65.0 (39.0–85.0) 56.0 (3.0–89.0)

Sex .251
Male 15.9% (36/226) 19.4% (168/866)
Female 84.1% (190/226) 80.6% (698/866)

Hypertension
Yes 75.5% (123/163) 41.1% (289/703) �.001
Controlled 91.3% (95/104) 83.5% (207/248) .065
Not controlled 22.1% (36/163) 53.8% (378/703)

No. of aneurysms 265 956
Aneurysm size (mm) .716

Mean � SD (No.) 11.6 � 7.0 (261) 12.1 � 8.0 (950)
Median (range) 10.2 (1.5–32.6) 10.2 (0.9–55.0)

Aneurysm neck (mm) .868
Mean � SD (No.) 6.6 � 4.9 (231) 6.6 � 4.8 (891)
Median (range) 5.6 (0.6–53.0) 5.3, (0.0–50.0)

Aneurysm size .385
Small 36.4% (95/261) 39.9% (379/950)
Large 54.8% (143/261) 50.0% (475/950)
Giant 8.8% (23/261) 10.1% (96/950)

Aneurysm type .001
Saccular 70.9% (188/265) 76.3% (729/956)
Fusiform 20.8% (55/265) 14.9% (142/956)
Dissecting 1.9% (5/265) 5.8% (55/956)
Other 6.4% (17/265) 3.1% (30/956)

Aneurysm location .208
Internal carotid artery 81.9% (217/265) 79.5% (760/956)
Middle cerebral artery 2.6% (7/265) 4.1% (39/956)
Posterior cerebral artery 0.0% (0/265) 1.7% (16/956)
Basilar artery 4.5% (12/265) 4.0% (38/956)
Other 10.9% (29/265) 10.8% (103/956)

Presented with ruptured aneurysm 4.5% (12/265) 6.7% (64/956) .197
Multiple PEDs used 43.9% (116/264) 35.2% (336/954) .009

Table 2: Angiographic outcomes (PUFS and ASPIRe only)a

Follow-Up Statin Use No Statin Use P Value
Complete occlusion at 180 days (�20/�42 days) 84.8% (28/33) 72.2% (83/115) .174
Complete occlusion at 1 year (�42 days) 82.8% (24/29) 86.4% (70/81) .759
Complete occlusion at 3 years 94.7% (18/19) 93.0% (53/57) 1.000
Complete occlusion at 5 years 93.3% (14/15) 95.7% (45/47) 1.000
Complete occlusion at last follow-up visit 76.4% (42/55) 83.8% (129/154) .227

a Analysis was performed with the Pearson �2 test.

Table 3: Clinical outcomesa

Major Complication Statin Use No Statin Use P Value
Major ipsilateral ischemic stroke 4.9% (11/226) 3.4% (29/865) .319
Major ipsilateral intracranial hemorrhage 0.9% (2/226) 2.3% (20/865) .284
Major morbidity 5.8% (13/226) 5.7% (49/865) 1.000
Neurologic mortality 3.5% (8/226) 3.2% (28/865) .835
Major morbidity and neurologic mortality 7.5% (17/226) 7.1% (61/865) .773
All-cause mortality 4.4% (10/226) 3.9% (34/865) .706

a Analysis was performed with the Pearson �2 test.
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tant because they suggest that unlike stent procedures performed

for treatment of atherosclerotic lesions in the coronary, periph-

eral, and cerebrovascular circulation, statin therapy for patients

receiving flow-diverter stent treatment of intracranial aneurysms
is not associated with improved clinical or angiographic out-
comes. A key limitation to our study is that it was powered to

show a �20% difference in angiographic outcomes and an ap-

proximately 2%– 4% difference in clinical outcomes between

groups.
Prior studies in the cardiovascular and cerebrovascular litera-

ture have demonstrated that statin therapy improves clinical and

angiographic outcomes in patients undergoing stent placement

procedures for atherosclerotic diseases. In a study of 122 patients

receiving intracranial stent placement for vertebrobasilar athero-

sclerosis, Alexander et al11 found that statin treatment before an

intervention was associated with lower odds of death, stroke, and

disability at 1 year. In a study of 344 patients receiving carotid

stent placement for carotid artery stenosis, Reiff et al6 found that

patients who were on statin therapy before an intervention had

lower rates of perioperative stroke, death, myocardial infarction,

and intracranial hemorrhage. One systematic review of carotid

stent placement demonstrated that statin therapy was associated

with a reduction of stroke and mortality rates at 1 month.12

In the cardiovascular literature, several studies have demon-

strated that statin therapy improved neointimal coverage of drug-

eluting stents and also reduced rates of neointimal hyperpla-

sia.4,13-16 In addition, statin use has also been shown to improve

short-term mortality rates in patients receiving stent placement

for acute coronary syndrome due to reductions in thrombotic

complication rates. In a study of �1500 patients, Tentzeris et al5

found that patients on high-dose statin therapy had lower odds of

mortality at 3 months. In a subgroup analysis of the Basel Stent

Kosten Effektivitas Trial (BASKET), Jeger et al17 found that

statins reduced short- and long-term rates of in-stent thrombosis.

Studies in the peripheral vascular literature have also demon-

strated the benefits of statins in clinical and angiographic

outcomes.18

This study is the first, to our knowledge, to specifically analyze

the impact of statins on angiographic and clinical outcomes after

PED treatment of intracranial aneurysms. Understanding the ef-

fect of statins on outcomes related to the PED is important be-

cause previous studies have shown that statins are beneficial in

patients receiving endovascular stent treatment of atherosclerotic

lesions in various vascular beds due to their role not only in plaque

stabilization but also in promoting vessel wall healing and endo-

thelialization of stent struts.1,6,11,19,20 In addition to early discon-

tinuation of dual antiplatelet therapy,
delayed endothelialization of drug-elut-
ing stents used to treat atherosclerotic
lesions and flow-diverter stents used to
treat intracranial aneurysms has been
shown to portend higher rates of delayed
in-stent thrombosis, which can lead to
significant morbidity and mortality.21,22

Endothelialization of the flow-diverter
stent has been shown to be essential to
achieving complete occlusion rates as
well.7,21 Given the benefits of statins in

the atherosclerotic literature, we hypothesized that similar results
would be seen in flow diverters.

A number of mechanisms have been proposed for the im-
proved endothelialization of implanted stents in patients on statin
therapy and reduced rates of thrombotic complications. Statins
have a number of non-lipid-lowering effects, also known as
“pleiotropic effects,” which affect systemic inflammatory re-
sponses, endothelial function through upregulation of endothe-
lial nitric oxide synthase, modulation of inflammation, platelet
adhesion, and mobilization of endothelial progenitor cells.1,19,20

In a porcine model of drug-eluting stent implantation, 1 group
demonstrated that atorvastatin accelerated re-endothelialization
of the stent through mobilization of endothelial progenitor cells
and improvement of endothelial function.23 In a study of 9 pa-
tients receiving percutaneous coronary intervention for coronary
artery disease, Aoki et al24 found that patients who were given
olmesartan and statin therapy had high levels of circulating endo-
thelial progenitor cells. Other clinical studies have demonstrated
similar results.25

In addition to improved endothelialization, statins could have
other pleiotropic effects on aneurysms that would result in im-
proved outcomes following flow-diverter therapy. In 1 recently
published study, Aoki et al26 found that pivastatin had a suppres-
sive effect on cerebral aneurysm progression by inhibiting the
NF-�B pathway in aneurysm walls and regression of degenerative
changes within the wall itself. In a separate study, Aoki et al27 also
found that simvastatin suppressed aneurysm development and
progression in rats by inhibiting aneurysm wall inflammation.
Inhibition of aneurysm growth following endovascular treatment
is particularly important because some studies have suggested
that aneurysm growth plays a role in recurrence.

A number of factors could explain the lack of clinical and
angiographic benefits of statins in patients receiving PEDs for
intracranial aneurysms. First, statins are thought to reduce
periprocedural complications in patients undergoing stent place-
ment for atherosclerotic lesions due to their role in plaque stabi-
lization.28 In addition, many of the benefits of statins in reducing
early in-stent thrombosis are thought to be secondary to their
anti-inflammatory effects. While unstable or vulnerable plaques
in patients with acute coronary syndrome or acute ischemic
stroke are known to produce both local and systemic inflamma-
tory responses, this outcome is not necessarily true in the case of
unruptured aneurysms, which are most of the lesions treated with
the PED.29 Regarding the role of statins in stent endothelializa-
tion, it may be that statin therapy is more important in accelerat-
ing endothelialization when the stent is closely apposed to an

Table 4: Multivariable logistic regression analysis

Outcome: Major Complications
OR (Statin

vs No Statin)
95% Lower

Bound
95% Upper

Bound P Value
All-cause mortality 0.72 0.34 1.53 .397
Major ipsilateral intracranial hemorrhage 0.31 0.09 1.14 .078
Major ipsilateral ischemic stroke 1.43 0.66 3.09 .362
Major morbidity 0.83 0.42 1.64 .593
Major morbidity and neurologic mortality 0.80 0.44 1.47 .478
Neurologic mortality 0.65 0.28 1.47 .298
Stenosis �50% at last follow-up 2.83 0.53 15.09 .224
Without complete aneurysm occlusion at

last follow-up
1.20 0.54 2.66 .657
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inflamed atherosclerotic plaque that could potentiate thrombo-
genesis than to a normal or dysplastic intracranial vessel that does
not demonstrate atheromatous disease.

Limitations
Our study has several limitations. It is a retrospective study, in-

cluding datasets from several studies with various inclusion and

exclusion criteria. There is a risk of introducing bias and con-

founding factors when mixing prospective and retrospective

studies with various levels of follow-up. Given the rarity of the

complications studied, our study is underpowered to detect im-

portant clinical differences between groups. For example, there

was a clinically significant but not statistically significant differ-

ence in the odds of intracerebral hemorrhage in the statin group

compared with the nonstatin group. Because our study analyses

were post hoc, we did not perform a power calculation before data

collection. However, our study is the largest one examining the

association between statin use and outcomes of intracranial an-

eurysm treatment with flow diverters to date, to our knowledge.

Another limitation concerns our multivariable analyses. Logistic

regression models were used without censoring. However, while

there were differing lengths of follow-up, most clinical events oc-

curred early in follow-up (�10% were later than 6 months’ post-

index treatment), while the median follow-up time was approxi-

mately 20 months.

The patients in our study were divided into those who were or

were not on statins during the study period. However, we did not

determine outcomes based on statin type and dose. It is possible

that more potent statins or higher statin doses could produce a

more robust therapeutic effect. In addition, we have no informa-

tion regarding serum cholesterol levels; thus, the association be-

tween serum cholesterol and outcomes could not be ascertained.

As mentioned previously, there were important baseline differ-

ences between patients in both groups. Namely, patients in the

statin group were more likely to have nonsaccular aneurysms,

suggesting that more of their aneurysms could be atherosclerotic

in nature. Last, we have no data or information as to whether

statin users were managed differently than nonstatin users.

CONCLUSIONS
Our study, which was powered to show a �20% difference in

angiographic outcomes and a 2%– 4% difference in clinical out-

comes between groups, found no association between statin use

and aneurysm occlusion rates, in-stent stenosis, or clinical out-

comes after PED treatment of intracranial aneurysms. Future

studies examining statin effects should use more rigorously

matched controls and fewer variables.
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ORIGINAL RESEARCH
INTERVENTIONAL

Interventional Radiology Clinical Practice Guideline
Recommendations for Neurovascular Disorders Are Not Based

on High-Quality Systematic Reviews
X A.B. Chong, X M. Taylor, X G. Schubert, and X M. Vassar

ABSTRACT

BACKGROUND: In recent years, clinical practice guidelines have been criticized for biased interpretations of research evidence, and
interventional radiology is no exception.

PURPOSE: Our aim was to evaluate the methodologic quality and transparency of reporting in systematic reviews used as evidence in
interventional radiology clinical practice guidelines for neurovascular disorders from the Society of Interventional Radiology.

DATA SOURCES: Our sources were 9 neurovascular disorder clinical practice guidelines from the Society of Interventional Radiology.

STUDY SELECTION: We selected 65 systematic reviews and meta-analyses.

DATA ANALYSIS: A Measurement Tool to Assess Systematic Reviews (AMSTAR) and Preferred Reporting Items for Systematic Reviews
and Meta-Analysis (PRISMA) tools were used to assess the methodologic quality and reporting transparency of systematic reviews. Radial
plots were created on the basis of average scores for PRISMA and AMSTAR items.

DATA SYNTHESIS: On the basis of AMSTAR scores, 3 (4.62%) reviews were high-quality, 28 reviews (43.08%) were moderate-quality, and
34 reviews (52.31%) were low-quality, with an average quality score of 3.66 (34.32%; minimum, 0%; maximum, 81.82%). The average PRISMA
score was 18.18 (69.41%).

LIMITATIONS: We were unable to obtain previous versions for 8 reviews, 7 of which were from the Cochrane Database of Systematic
Reviews.

CONCLUSIONS: The methodologic quality of systematic reviews needs to be improved. Although reporting clarity was much better than
the methodologic quality, it still has room for improvement. The methodologic quality and transparency of reporting did not vary much
among clinical practice guidelines. This study can also be applied to other medical specialties to examine the quality of studies used as
evidence in their own clinical practice guidelines.

ABBREVIATIONS: ADCA � Quality Improvement Guidelines for Adult Diagnostic Cervicocerebral Angiography; AGREE � Appraisal of Guidelines for Research and
Evaluation; AMSTAR � A Measurement Tool to Assess Systematic Reviews; CPG � clinical practice guideline; CS � Clinical Expert Consensus Document on Carotid
Stenting; ECVAD � Guideline on the Management of Patients with Extracranial Carotid and Vertebral Artery Disease; PRISMA � Preferred Reporting Items for
Systematic Reviews and Meta-Analyses; SIR � Society of Interventional Radiology; SR � systematic review

Clinical practice guidelines (CPGs) are used by clinicians to

provide patients the most appropriate care. Through the

Medicare Improvements for Patients and Providers Act of 2008,

the Institute of Medicine created the Committee on Standards for

Developing Trustworthy Clinical Practice Guidelines to ensure

that CPGs have “information on approaches that are objective,

scientifically valid, and consistent.”1 In addition to these stan-

dards, CPGs should incorporate high-quality studies, especially

high-quality systematic reviews (SRs) when available.

In recent years, CPGs have been criticized for biased interpre-

tations of research evidence, and interventional radiology is no

exception. One study compared the American College of Cardi-

ology/American Heart Association guidelines (developed in col-

laboration with the Society of Interventional Radiology [SIR]),2

with 4 international guidelines for carotid stenosis treatment. In-

vestigators expected recommendations across guidelines to be

similar because they drew from the same literature3; however,

considerable differences were found between the American Col-
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lege of Cardiology/American Heart Association and the 4 other

guidelines concerning the recommendations for carotid artery

stent placement and carotid endarterectomy. Investigators noted

that the differences may have resulted from bias when interpret-

ing the source literature, and they concluded that the American

College of Cardiology/American Heart Association recommen-

dations may be misleading or incorrect. A critical analysis of the

underlying evidence in cases like this would help establish the

strength and validity of guideline recommendations.

SRs synthesize results from similar studies to produce a

pooled-effect estimate. The evidence presented in reviews pro-

vides clinicians a means to weigh the outcomes, safety, and effi-

cacy of various procedures and make evidence-based recommen-

dations.4 SRs that include low-quality studies are subject to bias

that may decrease the validity of the review and result in mislead-

ing conclusions.5 Some of these biases may stem from low meth-

odologic quality, yet it has been established that guideline devel-

opers may not always take into account the methodologic quality

of the SRs they reference.6-8 For example, publication bias (in-

cluding only published studies in the SR) may influence the mag-

nitude or direction of summary effect sizes. Language bias may

result when only studies published in English are included in the

SR.

Tools have been developed to evaluate methodologic quality

and transparency in reporting of SRs. The Preferred Reporting

Items for SRs and Meta-Analyses (PRISMA) checklist has been

acknowledged for its use in critically appraising the reporting

quality of SRs and meta-analyses even though it was originally

developed for authors to improve the quality of their reviews.9

However, the quality of reporting does not necessarily equate to

methodologic quality in SRs; this difference necessitates indepen-

dent use of tools that assess both qualities.10

A Measurement Tool to Assess Systematic Reviews (AM-

STAR) is an 11-item measure used to determine the methodologic

quality of SRs.11,12 AMSTAR has been acknowledged as a valid

and reliable tool with high interrater reliability, construct validity,

and feasibility.13,14

Here, we evaluate the methodologic quality and transparency

of reporting in SRs used as evidence in interventional radiology

CPGs for neurovascular disorders from the SIR.

MATERIALS AND METHODS
All search strategies, eligibility criteria, and data abstraction for

this study were based on a protocol developed and piloted a priori.

This study did not meet the regulatory definition of human sub-

ject research as defined in 45 CFR 46.102(d) and (f) of the Code of

Federal Regulations of the Department of Health and Human

Services15; therefore, it was not subject to institutional review

board oversight. To adhere to best practices in reporting, we ap-

plied relevant PRISMA guidelines (checklist items 1–3, 5–11, 13,

16 –18, 20, 23, 24, 26, 27)9 for SRs and “Statistical Analyses and

Methods in the Published Literature” guidelines16 for reporting

descriptive statistics. This study was registered on the University

Hospital Medical Information Network Clinical Trial Registry

(UMIN000023352) (https://upload.umin.ac.jp/cgi-open-bin/

ctr_e/ctr_view.cgi?recptno�R000026909). Data and references

for SRs from this study are publicly available on figshare

(https://dx.doi.org/10.6084/m9.figshare.3502502.v1).

Guideline Selection and Inclusion Criteria
A priori, we used the definition for CPGs developed by the Insti-

tute of Medicine as “statements that include recommendations

intended to optimize patient care that are informed by a system-

atic review of evidence and an assessment of the benefits and

harms of alternative care options.”1 We included all current in-

terventional radiology guidelines involving neurovascular disorders

published by the SIR (http://www.sirweb.org/clinical/svclines.

shtml#2). Two investigators (A.B.C. and M.T.) last accessed these

guidelines on July 20, 2016. A CPG was eligible if it was recognized

by a national government or professional organization, contained

recommendations for best practices within neurovascular inter-

ventional radiology, and was written in English. For CPGs with

multiple versions, the most recent version was included. CPGs

without reference lists were excluded.

Systematic Review Selection and Inclusion Criteria
All bibliographies of CPGs within the neurovascular section of the

SIR CPG were examined for SRs. Two investigators (A.B.C. and

M.T.) independently screened for studies titled SRs or meta-anal-

yses. The selected SRs were then scrutinized for eligibility per the

inclusion criteria, and disagreements regarding article inclusion

were resolved by consensus. An SR was included under the fol-

lowing conditions: 1) It was reported as an SR, meta-analysis, or

both; 2) it was reported in English; 3) it was peer-reviewed and

published or currently in press; and 4) it performed a systematic

search and synthesis of available evidence.

Data Extraction and Quality Assessment
Before data abstraction, investigators were trained with detailed

video tutorials. Three investigators (A.B.C., M.T., G.S.) indepen-

dently abstracted data from eligible SRs with piloted forms. Fol-

lowing abstraction, each SR was validated by a second investiga-

tor, and disagreements were resolved by consensus. Study

characteristics were obtained from each eligible SR, including the

following: participant population, interventions, number of in-

cluded studies, sample size across all studies, and study design of

included studies. Sample size and study design were recorded as

“unknown” if they were not reported or unclear. Investigators

scored each SR by using the PRISMA checklist and AMSTAR tool

and provided an explanation for each selected answer. Scoring

was based on guidelines outlined by Liberati et al17 for the

PRISMA checklist and the method described by Sharif et al,14

with recommended changes suggested by Burda et al18 for the

AMSTAR tool.

PRISMA Checklist
We assessed the clarity of reporting in eligible SRs by using the

PRISMA checklist. The assessment contains 27 items designed to

evaluate reporting quality.9 Each checklist item was answered

with “criteria met,” “criteria partially met,” or “criteria not met”

on the basis of the completeness of reporting. Points were then

awarded for each answer as follows: 1 point for “criteria met,” 0.5

points for “criteria partially met,” and 0 points for “criteria not
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met.” Specific items assessed with the PRISMA checklist are in

On-line Table 1.

AMSTAR Tool
We used AMSTAR, instead of R-AMSTAR (the revised version),

because AMSTAR is more easily applied. R-AMSTAR has also

been criticized for inherent subjectivity and repetitiveness.19

We applied recommended revisions made by Burda et al18 to

AMSTAR. These changes focus on improving validity, reliability,

and usability in assessing methodologic quality and include

changes in the order of items, wording of items and instructions,

and modifications to the focus of original items 7, 8, and 11. These

recommendations also address aspects noted to be problematic in

numerous studies and improve specificity to methodologic qual-

ity over the quality of reporting or risk of bias.18,19 However, the

additional item described by Burda et al was not included because

subgroup analyses are not applicable to all SRs and meta-analyses.

The addition of the item complicates scoring of the tool. Addi-

tional instructions were provided to investigators if modified in-

structions were unclear.

Each item was answered with “criteria met,” “criteria not

met,” “criteria partially met,” or “not applicable.” The answer

“not applicable” was only available on item 10 (concerning pub-

lication bias) and was selected if the SR included fewer than 10

primary studies. This modification was made because funnel plot

methods lack power to detect true asymmetry when the number

of primary studies is �10. Points were then awarded for each

answer as follows: 1 point for “criteria met” and 0 points for other

answers. Specific items assessed with the AMSTAR tool are in

On-line Table 2.

Data Analysis
Total PRISMA and AMSTAR scores for each SR were recorded in

separate data sheets. Scores were converted to percentages by di-

viding the total score by the number of applicable questions. If

items 16 and 23 of the PRISMA checklist returned a response of

“no additional analyses were performed,” then these items were

omitted from the calculation and the score was divided by 25

instead of 27. Similarly, the AMSTAR score percentage was di-

vided by 10 instead of 11 if the SR was rated as “not applicable” on

item 10 about publication bias. The AMSTAR score percentage

for each SR was used to classify its methodologic quality. To pre-

vent inadvertently lowering the methodologic quality assess-

ment of SRs when publication bias assessment was not appli-

cable, we used an adjusted percentage scale instead of an

integer scale.12 A percentage of 0%–33% was classified as low

quality; 34%– 66%, as moderate quality; and 67%–100%, as

high quality.

SRs were separated on the basis of the CPG bibliography in

which they were found. Any CPG that had �5 SRs was further

analyzed, and the averages for PRISMA and AMSTAR items were

calculated. Denominators for these calculations were not adjusted

because they were for individual SRs; items 16 and 23 in PRISMA

and item 10 in AMSTAR were given scores of 0 for “no additional

analyses were performed” and “not applicable,” respectively.

Radial plots were created on the basis of the average score for

individual PRISMA and AMSTAR items to clearly exhibit the

strengths and weaknesses of each CPG. The radial plots were cre-

ated by using Excel (Microsoft, Redmond, Washington).

RESULTS
Our initial search of reference lists from 15 SIR CPGs for neuro-

vascular disorders yielded 91 SRs from 9 eligible CPGs (Fig 1).

Details of the SR selection are shown in Fig 1. Seven did not con-

tain the terms “systematic review” or “meta-analysis” in the title.

During full-text screening, we excluded 8 reviews: Five were pre-

vious versions of Cochrane SRs that have since been updated, and

3 did not have the full text available. Characteristics of the 65

included reviews are shown in On-line Table 3. A list of CPGs

and included and excluded reviews is available on figshare

(https://dx.doi.org/10.6084/m9.figshare.3502502.v1).

A summary of PRISMA and AMSTAR percentage scores can

be seen in On-line Table 4. AMSTAR percentage scores indicated

that 3 (4.62%) reviews had high methodologic quality, 28

(43.08%) had moderate methodologic quality, and 34 (52.31%)

had low methodologic quality, with an average quality score of

3.66 (average percentage score of 34.32%; minimum, 0%; maxi-

mum, 81.82%) (On-line Tables 4 and 5). Of 13 SRs in the Quality

Improvement Guidelines for Adult Diagnostic Cervicocerebral

Angiography (ADCA),20 2 were high-quality; 7 moderate-quality;

and 4 low-quality (average score, 5.15; average, 47.97%; mini-

mum, 18.18%; maximum, 81.82%). Of 35 SRs in the Guideline on

the Management of Patients with Extracranial Carotid and Ver-

tebral Artery Disease (ECVAD),2 there were 19 low-quality, 16

moderate-quality, and 0 high-quality SRs (average score, 3.40;

average, 31.79%; minimum, 0%; maximum, 63.64%). Of 14 SRs

in the Clinical Expert Consensus Document on Carotid Stenting

(CS),21 there were 0 high-quality, 6 moderate-quality, and 8 low-

quality SRs (average score, 3.21; average, 30.13%; minimum,

FIG 1. PRISMA flow diagram.

AJNR Am J Neuroradiol 38:759 – 65 Apr 2017 www.ajnr.org 761



9.09%; maximum, 50.00%). The average PRISMA score for all

SRs was 18.18 (69.41%). PRISMA scores were highly correlated

with AMSTAR scores (r � 0.73).

The average score data for AMSTAR and PRISMA items per CPG

are shown in Figs 2–7. For interpretation, lines near the perimeter

indicate higher performance on that item. A perfect score on all items

would result in a circle around the perimeter of the plot.

DISCUSSION
Main Findings
More than half of the SRs received a low methodologic quality

score with �5% receiving a high score. These scores indicate a

deficiency in the methodologic quality of the SRs cited in the SIR

CPGs. Furthermore, some SRs cited as evidence for specific rec-

ommendations in a CPG received AMSTAR scores of as little as

0% (On-line Table 4). The PRISMA scores were higher for all SRs,

with an average percentage score of 69.41%, indicating that SRs

reported information more completely relative to their methodo-

FIG 2. Average PRISMA scores, ADCA. Refer to On-line Tables 1 and 2
for PRISMA and AMSTAR items. SOE indicates Summary of Evidence;
AA, Additional Analyses; ROB, Risk of Bias; SOR, Synthesis of Results;
IS, Individual Studies; SC, Study Characteristics; PB, Publication Bias;
Obj, Objectives; SS, Study Selection; Conc, Conclusions.

FIG 3. Average AMSTAR scores, ADCA. Refer to On-line Tables 1 and
2 for PRISMA and AMSTAR items. COI indicates conflicts of interest;
Lit, literature; Pub., publication; Charac., Characteristics; Comp,
Comprehensive.

FIG 4. Average PRISMA scores, ECVAD. Refer to On-line Tables 1 and
2 for PRISMA and AMSTAR items.

FIG 5. Average AMSTAR scores, ECVAD. Refer to On-line Tables 1 and
2 for PRISMA and AMSTAR items.

FIG 6. Average PRISMA scores, CS. Refer to On-line Tables 1 and 2 for
PRISMA and AMSTAR items.

FIG 7. Average AMSTAR scores, CS. Refer to On-line Tables 1 and 2 for
PRISMA and AMSTAR items.
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logic quality. The radial plots reveal some consistency among

items scored by using the AMSTAR criteria. Items 2 (comprehen-

sive literature searches) and 6 (inclusion of study characteristics)

were the most consistently reported items. Items 9 (data synthe-

sis), and 10 (publication bias assessment) consistently met the

criteria more often in the ADCA than in the other CPGs. The solid

line tends to be close to the center of the AMSTAR radial plot for

all CPGs, indicating poor methodologic quality. This is not surpris-

ing considering that the average AMSTAR score for all SRs was

34.32%. This is on the low end of moderate quality based on our

scale. The PRISMA radial plots are much more varied. The only items

consistently near the center of the plots are item 5, review protocol,

and item 27, sources of funding. On average, the ADCA had a solid

line further from the center than the other CPGs, which implies

higher degrees of transparency in reporting. Most interestingly, the

PRISMA radial plots for the ECVAD and the CS are nearly identical.

This may be due to both of them sharing 8 of the same SRs.

Similar to our findings, the quality of SRs has been found to be

low to moderate in fields such as orthopedics,22 urology,23 pul-

monology,24,25 gastroenterology,26 neurology,27 psychiatry,10 gy-

necology,28 and orthodontics.29 Common deficits that led to

lower quality scores were the lack of assessment of publication

bias, lack of declaration of conflicts of interest, and lack of pro-

viding an a priori protocol.

Implications of Results
To our knowledge, this is the first study to review the quality of

reporting and methodologic quality in SRs that support CPGs in

radiology. There have been studies that review the quality of SRs

in various fields in medicine, but few have examined how the

quality of reviews impacts the quality of CPGs they support. Our

review indicates that the quality of SRs is not taken into consid-

eration in the development of CPGs in radiology. Guideline de-

velopers may not acknowledge the importance of the quality of

the SRs that support their recommendations.

In addition to PRISMA and AMSTAR, a variety of tools eval-

uate the quality or risk of bias in CPGs and SRs. Grading of Rec-

ommendations, Assessment, Development, and Evaluation is an-

other systematic approach that separates the assessment of quality

of evidence from making recommendations and points out that the

quality of evidence is not the only issue influencing the strength of

recommendations.30 Appraisal of Guidelines for Research and Eval-

uation (AGREE and AGREE2) may be applied to evaluate the qual-

ity of CPGs.31 A newly developed risk of bias in SRs (ROBIS)

tool, may be used for reviews involving interventions, etiology, di-

agnosis, and prognosis.32 Composite use of these tools can help

guideline developers and provide their target audiences with a means

of ensuring that recommendations have sufficient evidence from

high-quality SRs. Thorough use of these tools can be time-intensive,

but a general idea of these tools will help practitioners assess the

strength of evidence in guidelines.

Guideline recommendations may adhere to the best available

evidence regardless of the year this evidence was published; how-

ever, new research and advances in imaging techniques will likely

require periodic updates to recommendations.33 Brook et al34

evaluated the validity of the 2010 American College of Radiology

guidelines for incidental pancreatic findings on CT scans after the

2016 guideline from the American Gastroenterological Associa-

tion was released. Ultimately, the study concluded that the rec-

ommendations of the American College of Radiology needed to

be re-evaluated.34 In addition, a review of CPGs from the US

Agency for Healthcare Research and Quality found that more

than three-quarters of the guidelines were in need of updating and

suggested that guidelines should be reassessed every 3 years.35

Furthermore, institutions that develop guidelines should incor-

porate a protocol to improve their guideline-updating process.36

The SIR guidelines we evaluated may require an update if not a state-

ment explaining their retained validity. Of the 15 neurovascular dis-

order guideline documents we evaluated, 11 were older than 6 years,

4 of which were published in 2003. In addition, 3 of the 15 docu-

ments, published in 2013,37 2011,2 and 2007,21 made statements

about revisions being made as needed, but there is no indication of

any available updates. In order for practitioners to continue to act in

the best interest of their patients, organizations will need to be vigi-

lant to ensure that the CPGs they produce remain up-to-date.

Strengths and Limitations
Several strengths of our study design provide more solid evidence

to support our conclusions. The criteria provided by PRISMA and

AMSTAR are designed to be inclusive of standard methods of

reporting as well as a methodologic study design in their assess-

ment of an SR. Articles written before the inception of these tools

should, theoretically, meet most of the criteria requirements. An-

other strength of the study is that 3 independent investigators had

to come to a consensus on quality scoring; this feature ensured a

consistent rating system of each SR. Also, the methods of our

study are highly reproducible and can be applied to other sources

of CPGs.

Our study has limitations. We were unable to obtain the full

text for 8 reviews. These reviews would have increased our sample

size and given an improved analysis of overall quality. Our study

also used only PRISMA and AMSTAR to assess the transparency

of reporting and methodologic quality. Different tools for quality

assessment could have yielded different overall results. Addition-

ally, we only searched 15 CPGs and limited our scope to SIR

guidelines for neurovascular disorders. Future research is war-

ranted to broaden the scope of our study to include guidelines

from other areas of radiology.

Implications for Research Practice
To improve the methodologic quality of future research, authors

can do the following: include the use and explicit reporting of

PRISMA and AMSTAR guidelines, prospectively register the SR

on a data base such as PROSPERO (https://www.crd.york.ac.uk/

PROSPERO/), and develop a priori protocols. Journals can en-

sure that the SRs they publish are of higher methodologic quality

by updating their submission guidelines so that they require

or, at minimum, recommend authors to submit a PRISMA

checklist at the time of submission. Peer reviewers may use the

PRISMA checklist when completing their reviews and recom-

mend revising components that were not adequately ad-

dressed. These efforts would be positive first steps toward im-

proving the quality of SRs.
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CONCLUSIONS
The methodologic quality of SRs needs to be improved. Although

reporting clarity was much better than methodologic quality, it

still has room for improvement. The methodologic quality and

transparency of reporting did not vary much among CPGs. This

study can also be applied to other medical specialties to examine

the quality of studies used as evidence in their own CPGs.
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ORIGINAL RESEARCH
EXTRACRANIAL VASCULAR

Intracranial and Extracranial Neurovascular Manifestations of
Takayasu Arteritis

X K.M. Bond, X D. Nasr, X V. Lehman, X G. Lanzino, X H.J. Cloft, and X W. Brinjikji

ABSTRACT

BACKGROUND AND PURPOSE: Takayasu arteritis is a rare, large-vessel vasculitis that presents with symptoms related to end-organ
ischemia. While the extracranial neurovascular manifestations of Takayasu arteritis are well-established, little is known regarding the
intracranial manifestations. In this study, we characterize the intracranial and cervical neurovascular radiologic findings in patients with
Takayasu arteritis.

MATERIALS AND METHODS: Patients with Takayasu arteritis who presented to our institution between 2001 and 2016 with intracranial
and/or cervical vascular imaging were included in this study. Images were evaluated for the presence of vascular abnormalities, including
intracranial or extracranial stenosis, vessel-wall thickening, dissection, subclavian steal, aneurysms, infarcts, and hemorrhages. Descriptive
analyses are reported.

RESULTS: Seventy-nine patients with Takayasu arteritis met the criteria for inclusion in this study. The most common presenting neuro-
logic symptoms were headache (32.9%) and dizziness (15.2%). Intracranial and extracranial vascular imaging was performed in 84.8% and
89.9% of patients, respectively. Among patients with intracranial vascular imaging, 3 (3.9%) had intracranial aneurysms, 3 (3.9%) had acute
large-vessel occlusion, 6 (7.6%) had intracranial vasculitis, and 1 (1.3%) had reversible cerebrovascular constriction syndrome. Among
patients with cervical vascular imaging, 42 (53.1%) had some degree of narrowing of the common carotid artery and 18 (22.8%) had narrowing
of the ICAs. Seventeen patients (23.6%) had subclavian steal.

CONCLUSIONS: Intracranial vascular abnormalities in patients with Takayasu arteritis presenting with neurologic symptoms are not rare,
with cerebral vasculitis seen in 7.8% of patients, and stroke secondary to large-vessel occlusion, in 3.9% of patients. Cervical vascular
manifestations of Takayasu arteritis were present in most patients in our study.

ABBREVIATION: TA � Takayasu arteritis

Takayasu arteritis (TA) is a chronic, large-vessel vasculitis of

unknown etiology that typically affects young women. Gran-

ulomatous inflammation of the aorta and its main branches grad-

ually leads to stenosis and symptomatology related to end-organ

ischemia.1,2 The clinical presentation of patients with TA varies

greatly and depends on the degree and location of disease progres-

sion. Cerebral ischemia can give rise to neurologic symptoms such

as headache, seizure, stroke, syncope, and visual disturbances.3-6

These neurologic manifestations have been estimated to affect

between 42% and 80% of patients with TA and are usually sec-

ondary to large-vessel involvement of the disease.1,5

A number of studies have also reported that intracranial in-

volvement, including steno-occlusive disease and aneurysms, is

rare in patients with TA.1,6-10 Studies providing a comprehensive

description of the characteristics and prevalence of the spectrum

of neurovascular involvement of TA (ie, intracranial and ex-

tracranial) are scarce. In this study, we examined the characteris-

tics and prevalence of neurovascular imaging abnormalities (both

intra- and extracranial) among patients with a clinical diagnosis

of TA with an emphasis on intracranial vascular manifestations.

MATERIALS AND METHODS
Patient Population
Following institutional review board approval, we retrospectively

reviewed the medical records of patients with a clinical diagnosis

of TA. Patients were identified by querying our medical records

for the term “Takayasu arteritis” and identifying those billed with
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the International Classification of Diseases-9 code for TA (446.7)

(http://www.icd9cm.chrisendres.com/). All records were re-

viewed for evidence of a definite diagnosis of TA per previously

defined criteria.11 Only patients who underwent cervical and/or

intracranial imaging (angiography, CTA, MRA, and/or MR imag-

ing) between January 2001 and April 2016 were included in this

study.

Demographics and Clinical Presentation
The following baseline information was extracted from each pa-

tient’s record: age at the time of imaging, sex, race, and duration of

follow-up. Clinical notes were reviewed for evidence of neuro-

logic symptoms, including dizziness, headache, hemiplegia or

hemisensory loss, syncope, and vision loss. Charts were also re-

viewed for a clinical diagnosis of stroke, transient ischemic attack,

or symptomatic intracranial hemorrhage.

Imaging Evaluation
All imaging reports and studies were evaluated by a single radiol-

ogist. Cervical vascular imaging was evaluated for abnormalities

of the carotid and vertebral arteries, including stenosis, vessel

thickening (carotid vessels only), dissection, and vertebral artery

retrograde flow indicative of subclavian steal. The degree of ste-

nosis was measured as none, mild (�50%), moderate (50%–

70%), severe (�70%), or occluded per the NASCET criteria. Cer-

vical vascular thickening was only documented if the patient had

a CTA or sonogram. Vessel-wall thickening was defined as an

intimal-medial thickness of �2 mm. No vessel-wall imaging was

performed on MR imaging in any of the patients.

Intracranial vascular imaging (including CTA, DSA and

MRA) was evaluated for the presence of aneurysms, stenosis, oc-

clusions, and arteriovenous shunting. Intracranial stenoses and

occlusions were further classified on the basis of etiology (ie, vas-

culitis, embolic large-vessel occlusion, reversible cerebral vaso-

constriction syndrome, dissection, and so forth). Intracranial dis-

tribution of disease was determined as well. Brain MRIs were also

evaluated for evidence of acute and chronic infarcts, microhem-

orrhage, and white matter disease.

Table 1: Demographics and presenting symptoms of patients with
Takayasu arteritis

Demographics No. (%)
No. of patients 79 (100)
Mean age (SD) (yr) 33.2 (10.3)
Mean (SD) follow-up (mo) 74.4 (59.9)
Sex

Male 7 (8.9)
Female 72 (91.1)

Race
White 60 (75.9)
Asian 6 (7.6)
Black 3 (3.8)
American Indian 3 (3.8)
Hispanic 1 (1.3)
Other 3 (3.8)
Unknown 3 (3.8)

Imaging studies
Intracranial imaging 67 (84.8)

CTA 25 (31.6)
DSA 9 (11.4)
MRA 55 (69.6)
MRI 43 (54.5)

Cervical imaging 71 (89.9)
CTA 33 (41.8)
DSA 1 (1.3)
MRA 55 (69.6)

Symptomatology
Neurologic symptoms

Dizziness 12 (15.2)
Headache 26 (32.9)
Hemiplegia/hemisensory loss 5 (6.3)
Syncope 5 (6.3)
Vision loss 10 (12.7)
Limb claudication 32 (40.5)

Other symptoms 13 (16.5)
Clinical diagnosis of stroke

Acute ischemia 9 (11.4)
Transient ischemic attack 5 (6.3)
Intracranial hemorrhage 1 (1.3)

Table 2: Extracranial vascular imaging findings
Finding No. (%)

Cervical dissection 1 (1.3)
Retrograde VA flow 17 (23.6)
Vessel thickening 33 (62.3)

L CCA 31 (58.5)
R CCA 29 (54.7)
L ICA 8 (15.1)
R ICA 8 (15.1)

Stenosis 47 (59.5)
Degree of stenosis
Any CCA

Mild 16 (20.3)
Moderate/severe 17 (21.6)
Occluded 15 (19.0)

L CCA
Mild 11 (13.9)
Moderate/severe 14 (17.8)
Occluded 11 (13.9)

R CCA
Mild 12 (15.2)
Moderate/severe 6 (7.6)
Occluded 9 (11.4)

Any ICA
Mild 6 (7.6)
Moderate/severe 4 (5.1)
Occluded 8 (10.1)

L ICA
Mild 4 (5.1)
Moderate/severe 2 (2.5)
Occluded 2 (2.5)

R ICA
Mild 4 (5.1)
Moderate/severe 2 (2.5)
Occluded 7 (8.9)

Any VA
Mild 5 (6.3)
Moderate/severe 4 (5.1)
Occluded 6 (7.6)

L VA
Mild 3 (3.8)
Moderate/severe 3 (3.8)
Occluded 3 (3.8)

R VA
Mild 3 (3.8)
Moderate/severe 3 (3.8)
Occluded 4 (5.1)

Note:—L indicates left; R, right; CCA, common carotid artery; VA, vertebral artery.
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Statistical Analysis
No statistical comparisons were made in this study. Categoric

outcomes were reported as number (percentage), and continuous

outcomes were reported as mean � SD. Statistical analyses were

performed by using JMP 12.0 (SAS Institute, Cary, North

Carolina).

RESULTS
Patient Demographics
Seventy-nine patients at our institution were clinically diagnosed

with TA and had intracranial and/or cervical vascular imaging.

Seventy-two (91.1%) patients were women, with a mean age of

33.2 � 10.3 years. Most patients were white (75.9%). Sixty-seven

(84.8%) patients had intracranial vascular imaging, and 71

(89.9%) had cervical vascular imaging. Forty-three (54.5%) pa-

tients had a head MR imaging. Patient demographics are summa-

rized in Table 1.

Clinical Presentation
The most common neurologic symptom was headache (32.9%).

Twelve patients (15.2%) had dizziness, 10 (12.7%) had vision loss,

5 had hemiplegia or hemisensory loss following stroke, and 5

(6.3%) had syncope. Thirty-two patients (40.5%) presented with

symptoms of limb claudication, including paresthesia, sensory

loss, weakness, and pain on exertion. Thirteen (16.5%) patients

presented without neurologic symptoms or limb claudication. In

total, 9 (11.4%) patients presented with acute ischemic stroke; 5

(6.3%), with TIA; and 1 (1.3%), with symptomatic intracranial

hemorrhage. These data are summarized in Table 1.

Intracranial Vascular Findings
Intracranial vascular imaging findings are summarized in the On-

line Table. As mentioned previously, 67 patients had intracranial

vascular imaging (ie, MRA, CTA, or DSA). Of these patients, 9

(13.4%) had evidence of intracranial arterial stenosis or occlusion

FIG 1. A 36-year-old woman who presented with acute-onset left-sided hemiparesis. A, Noncontrast CT demonstrates a calcified embolus
(white arrow) in the right ICA terminus along with loss of gray-white differentiation of the right basal ganglia. B, Diffusion-weighted MR imaging
demonstrates a large right hemispheric infarct. C, CTA confirms a calcified embolus at the ICA termination. D, An arch aortogram demonstrates
occlusion of the left common carotid artery origin (black arrow) along with multifocal narrowing of the right subclavian artery and right
common carotid artery. There is occlusion of the left subclavian artery distal to its origin. E, MRA performed 12 months following the initial
presentation shows chronic near-occlusion of the ICA terminus. F, Right common carotid artery cerebral angiogram shows a filling defect at the
MCA origin, consistent with the now-chronic calcified embolus.
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and 3 patients (4.5%) had an intracranial aneurysm. Among pa-

tients with intracranial arterial stenosis or occlusion, 8 were fe-

male and 1 was male. The mean age of patients with intracranial

vascular narrowing or occlusion was 34.9 � 12.0 years. Two pa-

tients had an acute large-vessel occlusion secondary to calcified

emboli, which eventually developed into chronic MCA occlu-

sions. Five patients had multifocal intracranial vascular narrow-

ing compatible with intracranial vasculitis. One patient had a fo-

cal narrowing in the left MCA from a prior embolic large-vessel

occlusion and multifocal areas of the intracranial vasculature

compatible with vasculitis. One patient presented with severe

headache and had diffuse narrowing of the proximal and distal

intracranial vasculature, which reversed after 3 months, consis-

tent with reversible cerebral vasoconstriction syndrome. Thus, in

total, 3 patients had intracranial vascular narrowing from large-

vessel occlusion, 6 patients had intracranial vascular narrowing

from vasculitis involving small and medium-sized intracranial

vessels, and 1 patient had intracranial vascular narrowing from

reversible cerebral vasoconstriction syndrome. In total, 6 of the 9

patients with intracranial vascular involvement had imaging evi-

dence of an ischemic stroke. All patients with small- and medium-

sized intracranial vessel involvement also had aortic arch involve-

ment of TA. Figures 1–3 demonstrate representative cases of

steno-occlusive disease. One of the patients with intracranial an-

eurysm had subarachnoid hemorrhage (Fig 4).

Intracranial MR Imaging Findings
In total, 19 patients (26.3%) had imaging evidence of either an

acute or chronic infarct. Acute infarcts were seen in 9 patients

(12.5%), and chronic infarcts were seen in 17 patients (23.6%).

Microhemorrhage, as seen on T2*-weighted imaging, was present

in 4 (6.2%) patients. T2 hyperintense white matter lesions consis-

tent with small-vessel ischemic disease were present in 25 (34.7%)

patients.

Cervical Imaging Findings
The most common cervical vascular finding among patients with

TA was common carotid artery narrowing. Forty-eight patients

(60.8%) had any degree of narrowing of a common carotid artery.

The left common carotid artery was more commonly affected

than the right (36 cases, 45.6%, versus 27 cases, 34.2%, respec-

tively). In total, 18 (22.8%) had narrowing of the internal carotid

artery. The right internal carotid artery was affected more often

than the left (13 cases, 16.5%, versus 8 cases, 10.1%, respectively).

The proportion of patients with any vertebral artery stenosis was

19% (15 patients). Nine (11.4%) left vertebral arteries and 10

(12.7%) right vertebral arteries were affected. All patients with

internal carotid artery involvement also had common carotid ar-

tery involvement. The involvement of the ICA was continuous

with the common carotid artery involvement in all cases. Among

patients with MRAs and/or sonograms, retrograde vertebral ar-

FIG 2. A 49-year-old woman with sudden-onset left sensorineural hearing loss. A, CTA of the thoracic aorta and abdominal aorta demonstrates
stenosis of the bilateral subclavian arteries, descending thoracic aorta, celiac and superior mesenteric artery origins, and the bilateral renal
arteries. B, MRA at the time of presentation with sensorineural hearing loss shows an occluded basilar artery (white arrow) with no stenosis of
the supraclinoid ICAs. MRA 1 year later shows high-grade stenosis of the bilateral ICA termini (C, white arrows) and persistent occlusion of the
basilar artery (D), with new stenosis (black arrow) of the left posterior cerebral artery. She had no intervening stroke during this time.
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tery flow secondary to proximal subclavian stenosis or occlusion

was present in 17 (23.6%). One (1.3%) patient had a cervical

dissection. These findings are summarized in Table 2.

DISCUSSION
While it is known that intracranial manifestations of TA are rare,

we found that �10% of patients had some form of intracranial

stenosis, most commonly in a vasculitic pattern. Chronic intra-

cranial large-vessel occlusion secondary to emboli was present in

approximately 5% of patients. Most patients had at least mild

cervical vascular disease that most commonly affected the com-

mon carotid arteries. Cervical internal carotid artery involve-

ment was rare. Evidence of cerebral infarction was found in

nearly 25% of patients. These findings are important because

they both highlight that intracranial vascular involvement of

TA is not as rare as previously thought, and they demonstrate

that the rate of stroke secondary to neurovascular manifesta-

tions of TA is quite high.

While several studies have detailed the prevalence and charac-

teristics of large-vessel involvement of TA, intracranial arterial

disease has only been described in studies with a few patients or

without advanced vascular imaging.6,7,10,12-15 In a series of 7 pa-

tients who underwent cerebral DSA for evaluation of neurologic

symptoms related to TA, Cantú et al7 found that no patients had

intracranial stenosis, vasculitis, or occlusion secondary to TA. In

another study of 7 patients with TA presenting with TIA, Takano

et al14 found that 3 had an intracranial stenosis but they did not

characterize the lesions. In a study of 142 patients undergoing

transcranial Doppler sonography, Hoffmann et al8 found elevated

velocities suggestive of stenosis in the anterior circulation in just 7

patients. However, no patients in this study had confirmatory

arteriographic imaging detailing the anatomic distribution of dis-

ease. Last, in a study of 17 patients with TA with cerebrovascular

imaging, Ringleb et al6 found intracranial stenoses in 7 patients,

but again, this study failed to characterize the etiology of these

lesions. Our study, the largest to date with cerebral arteriographic

imaging in patients with TA, to our knowledge, found intracranial

arterial involvement of TA in 15.2% of patients, with 7.6% of

patients having CNS vasculitis.

Intracranial stenoses in TA could be secondary to inflamma-

tory vasculitis or the result of prior embolization. In our series, 6

patients had multifocal stenoses in a vasculitic pattern, which

were compatible with an inflammatory vasculitis etiology. Intra-

cranial vasculitis from TA has been reported in prior studies and

has been proved pathologically in at least 1 case.10 Most interest-

FIG 3. A 52-year-old woman who presented with subacute left-sided weakness. A, T2/FLAIR MR imaging demonstrates confluent areas of high
T2 signal throughout the subcortical periventricular white matter of both hemispheres, consistent with chronic ischemic changes with enceph-
alomalacia on the right. There were also chronic infarcts in the bilateral thalami and left pons (not shown). B, Left vertebral artery cerebral
angiogram demonstrates diffuse mild irregularity of the basilar artery. Left ICA (C) and right ICA (D) cerebral angiograms in the lateral projection
demonstrate multifocal areas of luminal narrowing in the distal territories of the anterior cerebral arteries, MCAs, and posterior cerebral arteries
bilaterally, consistent with vasculitis.
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ing, cases of intracranial vasculitis demonstrate a pattern of in-

flammation similar to that of the aorta and major cervical arteries

in TA. One patient with intracranial vasculitis in our series also

had idiopathic carotid terminus occlusions, which had a similar

appearance to Moyamoya disease. This has also been reported in

prior case reports,16,17 and the exact prevalence of this finding and

the pathophysiology in patients with TA are still unknown. Unlike

those with typical Moyamoya disease, however, this patient ini-

tially presented with a basilar artery occlusion (Fig 2). One patient

in our series had reversible cerebral vasoconstriction syndrome,

which, in the setting of TA, has only been described in 1 prior case

report.18 Intracranial stenosis can also result from artery-to-ar-

tery emboli, resulting in large-vessel occlusion as seen in 3 pa-

tients in our study. Intracranial involvement of TA was never an

isolated finding because all patients with intracranial vascular in-

volvement of TA also had extracranial manifestations, including

the aorta and/or major aortic branch vessels.

Extracranial vascular abnormalities are the most common

cause of ischemic neurologic symptoms in TA.19,20 The rate of

common carotid artery stenosis has been reported to be 21%–

65%, compared with 16%–18% in the internal carotid arteries

and 12%–33% in the vertebral arteries.6,7,21 As opposed to ste-

notic disease secondary to atherosclerosis, these studies have

identified concentric vessel-wall thickening as opposed to eccen-

tric wall thickening as the cause of the stenosis.6,9,22 In agreement

with our data, prior studies have found that involvement of the

internal carotid arteries, vertebral arteries, and intracranial vascu-

lature is substantially less common than of the common carotid

and subclavian arteries.6,9,22

Limitations
Our study has limitations. First, its retrospective design limits the

uniformity of diagnostic criteria and imaging protocols. Many

patients were excluded from this study due to a lack of cervical

and intracranial imaging. As a result of this selection bias, our

cohort likely has a higher prevalence of neurologic symptoms and

cerebrovascular abnormalities than the general TA population.

Patients underwent different types of arteriographic imaging

studies, each with their own sensitivities and limitations. Imaging

of vessel walls was not performed in any patient. Another variable

that limits the generalizability of our findings is that most patients

included in this study were white, in whom supra-aortic blood

vessel involvement is more common.6 It is known that the ana-

tomic distribution of TA progression is influenced by ethnic-

ity.1,23 Thus, it is important to consider the racial/ethnic compo-

sition of our cohort when interpreting our results.

CONCLUSIONS
In our study of 79 patients with Takayasu arteritis, neurovascular

manifestations were relatively common. The common carotid ar-

FIG 4. A 66-year-old woman with a nearly 20-year diagnosis of Takayasu arteritis with pan-aortic disease, bilateral common carotid artery
involvement, and bilateral subclavian disease. A, The patient presented with acute headache and visual symptoms, and noncontrast CT
demonstrates attenuated subarachnoid hemorrhage isolated to the right side of the prepontine and premedullary cisterns. B, Left vertebral
artery cerebral angiogram demonstrates a focal outpouching of the distal intradural right vertebral artery (black arrow), with a focal stenosis just
distal to the aneurysm. There was no PICA origin at this location because the PICA arose from a right AICA-PICA trunk. Also, note the prominent
collaterals between the left vertebral artery and occipital artery secondary to long-term occlusion of the left external carotid artery in Takayasu
arteritis (white arrows). C, The distal right vertebral artery was occluded with coils. D, Repeat left vertebral artery cerebral angiogram demon-
strates occlusion of the intradural right vertebral artery.
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teries were affected most often, followed by the internal carotid

arteries and the intracranial vasculature. Intracranial manifesta-

tions of Takayasu arteritis can closely resemble those of primary

CNS vasculitis. Further studies are needed to better define the

prevalence and risk factors of intracranial manifestations of TA

and to identify the best treatments.

Disclosures: Giuseppe Lanzino—UNRELATED: Consultancy: Covidien/Medtronic.*
*Money paid to the institution.
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BRIEF/TECHNICAL REPORT
EXTRACRANIAL VASCULAR

CT Angiography of the Head in Extracorporeal
Membrane Oxygenation

X J. Acharya, X A.G. Rajamohan, X M.R. Skalski, X M. Law, X P. Kim, and X W. Gibbs

ABSTRACT
SUMMARY: Extracorporeal membrane oxygenation is an artificial cardiopulmonary bypass technique used to support patients with
severe pulmonary failure or both pulmonary and cardiac failure. The hemodynamic changes produced by extracorporeal membrane
oxygenation affect the appearance of CTA of the head images, often confounding interpretation if the correct history and understanding
of extracorporeal membrane oxygenation are not known. This technical report describes the principles of extracorporeal membrane
oxygenation, techniques to optimize intracranial CTA imaging, and pitfalls.

ABBREVIATIONS: ECMO � extracorporeal membrane oxygenation; VA � venoarterial; VV � venovenous

Extracorporeal membrane oxygenation (ECMO) is an artificial

cardiopulmonary bypass technique that is used to support pa-

tients with severe pulmonary failure or combined pulmonary and

cardiac failure. The system functions primarily as a gas exchange

center that oxygenates the patient’s blood while removing carbon

dioxide.1

ECMO is commonly used in the pediatric and neonatal pop-

ulations, but its use in adults has increased. In adults, ECMO is

typically used in cases of severe respiratory failure or following the

failure to wean from cardiopulmonary bypass after cardiac sur-

gery. ECMO is used as supportive care in situations where there is

a potentially reversible process. Neurologic injury, such as anoxic

injury, hemorrhage, and infarction, occurs in half of the patients

treated with ECMO.2 Imaging assessment of these patients can be

performed with CT imaging, as MR imaging cannot safely be used

because of the ECMO equipment.3

The utility of imaging in patients on ECMO has been reported

in the literature, but there is little information describing the im-

aging appearance of intracranial CTA in patients on ECMO. We

describe the different types of ECMO and provide a case study

illustrating the conundrum associated with imaging these pa-

tients. In addition, we provide suggestions for optimizing CTA

imaging of the head and neck in patients on ECMO.

ECMO
The ECMO circuit comprises a pump, blender, membrane oxy-

genator, control console, heater and cooler, and the 2 cannulas.

The pump distributes the blood though the system. The blender

combines oxygen with carbon dioxide (typically, 95% oxygen and

5% carbon dioxide). The heater and cooler function to regulate

the temperature of the blood before it is reintroduced to the body.

The cannulas are the output and input elements to the patient’s

circulatory system.4 Patients on ECMO are routinely placed on

anticoagulation to prevent thrombus formation within the

ECMO circuit.

There are 2 primary types of ECMO systems: venoarterial

(VA) and venovenous (VV).5 Venous blood is removed from the

circulation and bypassed to an external membrane oxygenation

system. The oxygenated blood is then reintroduced into either the

venous circulation or the arterial circulation.

Venoarterial ECMO is used in patients with both respiratory

and cardiac failure. Venous blood is delivered to the external sys-

tem and is oxygenated.6 The oxygenated blood is then introduced

into the arterial system, typically with a high flow rate, which

operates in lieu of a poorly functioning left ventricle. The venoar-

terial system is subdivided into a central and peripheral designa-

tion. The central type refers to arterial input of the ECMO cannula

in the mediastinum, whereas for peripheral VA ECMO, the can-

nula is placed into a peripheral artery. Central VA ECMO involves

placement of the return cannula into the aorta and the draining

cannula into the right atrium via an open sternum. For the pe-

ripheral variant, the common femoral artery is the most common

site for the return cannula, with the cannula tip advanced to the

level of the common iliac artery or the inferior abdominal aorta.

The draining cannula is often inserted into the ipsilateral com-
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mon femoral vein, with its tip advanced to near the inferior vena

cava (Fig 1).7

Venovenous ECMO is used in patients with respiratory failure

and serves to bypass the pulmonary system. The blood is returned

to the right side of the heart, and no mechanical circulatory sup-

port is provided. In these patients, the native left ventricular func-

tion delivers the externally oxygenated blood to the body. VV

ECMO also has several configurations. A femoroatrial configura-

tion in which the draining cannula enters the common femoral

vein, with its tip terminating below the hepatic veins, is often

used. The return cannula enters the internal jugular vein, and its

tip terminates near the superior cavoatrial junction (Fig 2).7 Al-

ternative VV ECMO configurations include the femorofemoral

type as well as the dual-lumen single ECMO cannula. The femo-

rofemoral variant introduces the draining cannula into the com-

mon femoral vein, with its tip terminating near the inferior vena

cava and a return cannula inserted into either the same com-

mon femoral vein or the contralateral common femoral vein,

with the tip terminating near the right atrium.6 The dual-lu-

men single cannula is generally introduced into the right inter-

nal jugular vein and advanced to the inferior vena cava. Alter-

natively, the dual-lumen cannula may be introduced into the

common femoral vein, with the tip terminating near the supe-

rior vena cava.4

Case Example
A previously healthy 45-year-old woman suddenly collapsed at

home after 3 days of cough and shortness of breath. Emergency

medical services arrived on the scene, finding the patient in ven-

tricular tachycardia. Electrical cardioversion was performed in

the field. The patient was intubated, but progressively decompen-

sated en route to the hospital. Upon arrival, the patient required

resuscitation for 75 minutes, with intermittent return of sponta-

neous circulation. She was placed on venoarterial ECMO. The

patient’s left ventricular ejection fraction was 11%. During the

next few days, the patient remained comatose. Multiple noncon-

trast CT examinations of the head were performed, all of which

were negative for CT evidence of acute infarction.

Per neurosurgical request, the patient subsequently under-

went CTA of the head. On the CTA, there was decreased opacifi-

cation of the right internal carotid artery and right vertebral artery

compared with the left ICA and left vertebral artery (Figs 3 and 4).

The appearance suggested that the asymmetric vascular opacifi-

cation was caused by alterations in the distribution of contrast

produced by VA ECMO. This case illustrates the need for a de-

tailed history and knowledge of typical hemodynamic changes

produced by ECMO so the radiologist can properly protocol and

provide an accurate interpretation of subsequent CTA imaging.

DISCUSSION
When contrast material is injected intravenously, the venous

draining cannula will siphon the contrast-opacified blood, where

it will be transported through the ECMO device and reintroduced

systemically through the return cannula. In VA ECMO, contrast-

opacified blood will enter the arterial system at a high rate and

flow into the descending aorta in a retrograde fashion. Therefore,

if using a standard bolus-tracking technique, with an ROI placed

FIG 1. In the peripheral venoarterial ECMO system, the draining can-
nula tip is near the right atrium and the return cannula tip is in the
superior right common iliac artery. When contrast (white arrows) is
injected into the left antecubital fossa intravenous line, it travels to-
ward the heart. Once it enters the right atrium, a large proportion of
the contrast is sucked out through the draining cannula, then passes
through the ECMO circuit, and subsequently returns into the arterial
system with a high rate of retrograde flow through the descending
aorta. Residual left ventricular function pumps unopacified/poorly
opacified blood (black arrows) into the ascending aorta, where there
is convergence with the contrast-opacified blood coming up the de-
scending aorta. Naturally, the unopacified blood (black arrows) will
preferentially fill the brachiocephalic artery and, thus, the right ver-
tebral artery and right ICA, whereas the left common and left subcla-
vian arteries will be preferentially contrast opacified (white arrows).

FIG 2. In the venovenous ECMO system, the draining cannula most
commonly enters the common femoral vein with its tip in the inferior
vena cava, near the level of the diaphragm. The return cannula is
generally placed via the right internal jugular vein, with its tip in the
right atrium or in the inferior aspect of the right superior vena cava. In
this configuration, asymmetric arterial opacification of the head and
neck will not occur, as there is preservation of the native left ventric-
ular function. The contrast bolus density and the timing of the con-
trast bolus, however, will be altered.
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in the ascending aorta, it may not be possible to correctly time the

contrast bolus necessary to correctly perform CTA of the head.

The retrograde flow of blood in the aorta depends on 2 factors: the

flow rate in the ECMO system and the degree of residual left

ventricular function. Patients with little or no left ventricular

function will have more retrograde flow through the aorta from

the ECMO system containing contrast-opacified blood, which

will reach the aortic arch and the great arterial vessels. Effective

retrograde perfusion of the entire aortic arch and great vessels

requires complete bypass of the heart in patients with zero left

ventricular function and a closed aortic valve.8 When the patient

has some preservation of left ventricular function and ejection

fraction, unopacified blood that travels antegrade from the left

ventricle into the aortic arch will mix with the contrast-opacified

blood traveling in a retrograde manner from the ECMO system.

The unopacified blood from the left ventricle will preferentially

flow into the brachiocephalic artery and, subsequently, the right

common carotid and right vertebral arteries. Opacified blood

flowing from the ECMO system, retrograde through the aorta,

will preferentially fill the left subclavian artery and left common

carotid artery. This creates asymmetric opacification of the great

arterial vessels of the head and neck. This principle is illustrated in

our case, in which there is diminished contrast opacification in

the right ICA and right vertebral artery relative to the left ICA and

left vertebral artery because the patient had residual left ventricu-

lar function.

Neurologic sequelae, such as SAH, ischemic borderzone in-

farctions, hypoxic-ischemic encephalopathy, and brain death, of-

ten occur in adult patients treated with ECMO.2 More recently,

cerebral microhemorrhages have also been shown to be associated

with patients treated with ECMO.9 Some of these findings may be

more difficult to assess using CT imaging, but it is important for

the radiologist to be aware of the association between ECMO and

these neurologic sequelae, especially because the conventional

ECMO equipment is not safe for MR imaging.

Optimizing Technique
Cardiocirculatory function in patients on VV ECMO is relatively

normal, with dynamic contrast-enhanced CT imaging compara-

ble with that seen in healthy people.10 The timing of contrast

opacification of the aorta may be variable in these patients, but the

contrast bolus should be similar to that seen in healthy patients.

Thus, the use of a bolus-tracking system is generally adequate in

this patient population.

The typical flow rate for VA ECMO is between 4 – 6 L/min in

adults and is adjusted based on the patient’s hemodynamic status.

A flow rate between 50 –100 mL/kg/min may also be used, but

these rates are adjusted on a case-by-case basis, depending on the

clinical status of the patient.

The literature describes techniques to optimize CT pulmonary

angiography for patients on VA ECMO. Lee et al4 recommended

reducing the ECMO flow rate to 500 mL/min for 15–25 seconds,

injecting the intravenous contrast, and placing the bolus-tracking

ROI over the main pulmonary artery. Bolus tracking for assess-

ment of the pulmonary vasculature is typically placed over the

main pulmonary artery in patients not on ECMO as well.11 With

a decreased flow rate, the contrast will opacify the pulmonary

arteries.10 Lee et al4 suggested that CTA acquisition may also be

manually triggered when the ROI demonstrates a peak or pla-

teau level of opacification in the main pulmonary artery. Al-

FIG 3. CTA of the head. CTA of the head demonstrates asymmetric
opacification of the V3 segments of the bilateral vertebral arteries.
Contrast avidly opacifies the left V3 segment because of retrograde
flow of contrast through the descending aorta and opacification of
the left subclavian and left vertebral arteries. This is not the sequela of
arterial thrombosis or dissection. Residual left ventricular function
pumps poorly opacified blood preferentially into the brachiocephalic
artery and the right vertebral artery.

FIG 4. CTA of the head. Coronal 7.0-mm MIP image demonstrates
asymmetric opacification of the distal ICA, anterior cerebral artery,
and MCA. Contrast avidly opacifies the distal left ICA, left A1 segment,
and left MCA. This is not the sequela of an arterial thrombosis or
dissection. Residual left ventricular function pumps poorly opacified
blood preferentially into the brachiocephalic artery and to the right
ICA and is the cause of this asymmetric appearance.
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though these principles have been described as effective tech-

niques in CT pulmonary angiography, they do not apply to

CTA of the head.

CTA imaging of the head can be optimized in patients on VA

ECMO by modifying the suggestions used for evaluation of the

pulmonary arteries. Decreasing the flow rate in VA ECMO will

reduce the extent of the retrograde flow in the aorta. In turn, this

will diminish the mixing of opacified and unopacified blood

within the aortic arch and great arterial vessels of the neck. Alter-

natively, the ECMO may be put on hold altogether for the dura-

tion of the scan if the patient is able to tolerate this. Temporarily

restoring the physiologic antegrade flow of blood through the

ascending aorta and aortic arch as the primary source of flow to

the great vessels permits the use of a bolus-tracking system. Man-

ual triggering of the CTA head could also be done after reduction

or a pause in the VA ECMO flow rate.

However, in many cases, including the case we describe above,

the patient may not be able to be weaned off of their ECMO or

tolerate even temporary changes to the flow rate to optimize CTA

imaging. Malinzak and Hurwitz12 described a case in which

ECMO flow rates could not be reduced in a patient on VA ECMO.

The patient received a 1-mg dose of epinephrine at the same

time as the contrast injection during CT pulmonary angiogra-

phy. The ECMO was stopped for 12 seconds during the scan-

ning procedure without reported adverse outcome and re-

sulted in restoration of the physiologic flow dynamics and an

adequate study quality. Some patients also may not have suf-

ficient native left ventricular function to pump blood to the

great vessels if the VA ECMO flow rate is reduced. Having an

existing echocardiogram and cardiology assessment of the left

ventricular function is essential in planning CTA head imaging

for patients on VA ECMO.

CONCLUSIONS
Hemodynamic changes produced by ECMO can confound accu-

rate interpretation of CTA head imaging. Radiologists should un-

derstand the principles, physiology, and types of ECMO. This

knowledge, as well as techniques used for evaluating the pulmo-

nary circulation, may allow for optimized CTA imaging of the

intracranial vasculature.
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ORIGINAL RESEARCH
HEAD & NECK

What Is the Ideal Core Number for Ultrasonography-Guided
Thyroid Biopsy of Cytologically Inconclusive Nodules?

X S.Y. Hahn, X J.H. Shin, and X Y.L. Oh

ABSTRACT

BACKGROUND AND PURPOSE: Core needle biopsy of the thyroid under ultrasonographic guidance provides a larger tissue sample and
may facilitate a more precise histologic diagnosis, reducing the need for repetitive fine-needle aspiration or a diagnostic operation.
However, there is no consensus regarding the ideal number of specimens to be obtained for ultrasonography-guided core needle biopsy.
The aim of this study was to decide the ideal core number for ultrasonography-guided core needle biopsy of cytologically inconclusive nodules.

MATERIALS AND METHODS: Sixty consecutive biopsies were performed in 60 thyroid nodules with Bethesda Category I or III cytology.
Three biopsy cores were obtained for each thyroid nodule. The first biopsy specimens were taken from the nodule, while the second and
third specimens obtained included the nodular tissue, nodular capsule, and surrounding parenchyma. Diagnostic ability was evaluated
according to the following: protocol A, first specimen; protocol B, first and second specimens; and protocol C, all specimens. The McNemar
test was used for statistical analysis.

RESULTS: Of the 60 nodules, diagnostic ability was achieved in 41 nodules (68%) with protocol A, in 56 nodules (93%) with protocol B, and
in 58 nodules (97%) with protocol C. The diagnostic ability of protocols B and C was significantly higher than that of protocol A (all P
values � .001). However, the diagnostic ability of protocol B was not significantly different from that of protocol C.

CONCLUSIONS: Ultrasonography-guided core needle biopsy for cytologically inconclusive thyroid nodules should obtain at least 2 core
specimens with intranodular and capsule targets.

ABBREVIATIONS: AUS/FLUS � atypia of undetermined significance/follicular lesion of undetermined significance; CNB � core needle biopsy; FNA � fine-needle
aspiration; US � ultrasonography

Ultrasonography (US)-guided fine-needle aspiration (FNA) is

considered the criterion standard for the evaluation of thy-

roid nodules due to its simplicity, safety, cost-effectiveness, and

diagnostic accuracy. However, a major limitation of FNA is the

nondiagnostic and indeterminate cytology results that comprise

approximately 10%–33.6% and 15%– 42% of all FNA samples,1-4

respectively. The Bethesda System for Reporting Thyroid Cytopa-

thology recommended repeat FNA for any nodule with initially

nondiagnostic or indeterminate cytology results.5 However, re-

peat FNA does not seem to be a satisfactory solution because

approximately 17%– 47% of nodules with initially nondiagnostic

cytology6-9 and 38.5%– 43% of nodules with initially indetermi-

nate cytology10,11 will be rediagnosed with inconclusive results.

Core needle biopsy (CNB) of the thyroid gland under US guid-

ance provides a larger tissue sample and may facilitate a more

precise histologic diagnosis, reducing the need for repetitive FNA

or a diagnostic operation.11-18 In addition, US-guided CNB for

thyroid nodules by using a modern spring-activated biopsy needle

has been reported to be a safe and well-tolerated procedure.19-23

However, to the best of our knowledge, there is no consensus

regarding the ideal number of core specimens to be obtained for

US-guided thyroid CNB.

The purpose of this study was to compare the diagnostic ability

based on biopsy core numbers and to decide the ideal core number

for US-guided thyroid biopsy of cytologically inconclusive nodules.

MATERIALS AND METHODS
The institutional review board of Samsung Medical Center, Sung-

kyunkwan University School of Medicine, approved this retro-

spective study and waived the informed consent requirement.
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However, all US-guided biopsies were conducted after obtaining

consent of the patients.

Patient Selection
From a retrospective review of the pathologic data base of our

institution between June 2013 and December 2013, 102 patients

with 105 cytologically inconclusive nodules underwent US-

guided thyroid biopsy. We excluded 9 nodules because �3 core

biopsy specimens had been obtained (mean, 1.9 cores). Of these 9

nodules, 5 were located near the common carotid artery. The

remaining 4 nodules were relatively small (mean, 0.9 cm; range,

0.8 –1.2 cm) and deeply located in the thyroid gland. We also

excluded 36 nodules of 34 patients because they were not followed

up after benign results on US-guided CNB. Finally, 60 thyroid

nodules of 59 patients were included in this study. The Bethesda

Categories on the initial FNA were I (nondiagnostic) in 45% (27/

60) or III (atypia of undetermined significance/follicular lesion of

undetermined significance [AUS/FLUS]) in 55%, 33/60). We ret-

rospectively reviewed the medical records for information includ-

ing age, sex, pathologic findings, ultrasonographic findings, and

follow-up and surgical results.

Ultrasonography and Ultrasonography-Guided Core
Needle Biopsy Procedures
High-resolution US by using a 7- to 12-MHz linear transducer

(iU22; Philips Healthcare, Bothell, Washington) was applied for

the guidance of CNB. US-guided CNB procedures were per-

formed by 2 experienced radiologists specializing in thyroid im-

aging with 11 and 7 years of experience, respectively, and by 1

senior resident under the supervision of 1 expert in 1 case.

US-guided CNB was performed by using a disposable 18-ga,

double-action spring-activated needle (1.1-cm excursion with a

7-mm sample notch) (TSK Ace-cut; Create Medic, Yokohama,

Japan) after administration of local anesthesia with 1% lidocaine.

Using a freehand technique, we obtained 3 biopsy specimens for

each thyroid nodule. The first biopsy specimens were retrieved

from the nodule (intranodular target). The second and third bi-

opsy specimens targeted the capsular portion (margin target) of

the thyroid nodule to include a suspicious nodule, a capsule if

present, and surrounding normal parenchyma (Fig 1). Previ-

ously, Han et al24 recommended the modified CNB technique,

including both nodular tissue and the capsule of the nodule

and/or extranodular thyroid tissue. We routinely performed US-

guided CNB for cytologically inconclusive nodules by using this

protocol with 3 cores from June 2013. For identification of the

different biopsy sites involved, each biopsy specimen was placed

in a separate bottle of formalin and labeled. All specimens were

then sent to the pathology department for diagnosis.

Histologic Analysis
One pathologist with 15 years of experience in thyroid cytopa-

thology, who was unaware of the official pathology report, re-

viewed the slides of all patients. Each specimen was mounted on a

separate slide.

The diagnostic criteria of CNB have not yet been standardized

for thyroid nodules. For this study, CNB histology diagnoses were

modified into the same 6 categories as in the Bethesda System

according to the histopathology results of CNB.25

The “intranodular target” was defined as a biopsy that targeted

the nodular tissue of the tumor. The “margin target” was defined

as a biopsy specimen that sampled nodular tissue, the nodular

capsule (if present), and surrounding normal parenchyma. The

“diagnostic ability” was established when the specimens included

targeted tissue areas and were enough for conclusive results of

CNB at the same time. The diagnostic ability, based on the spec-

imen numbers, was assessed according to the following: protocol

A, first specimen; protocol B, first and second specimens; and

protocol C, first, second, and third specimens.

Statistical Analysis
Statistical analysis was performed with the SPSS, Version 22

(IBM, Armonk, New York) computer software program. The Mc-

Nemar test was used to compare differences in the diagnostic

abilities among the core biopsy protocols. A statistically signifi-

cant difference was defined as P � .05.

RESULTS
Patient and Tumor Characteristics
The patient population comprised 47 women (79.7%) and 12

men (20.3%) with a mean age of 48.5 � 10.8 years (range, 21–73

FIG 1. Ultrasonographic images of a 43-year-old woman presenting with a 2.2-cm hypoechoic oval mass in the right lobe of the thyroid gland (A).
The initial US-guided fine-needle aspiration reading was inconclusive. US-guided core needle biopsy was performed by using a disposable 18-ga,
double-action spring-activated needle. The first biopsy specimen with an intranodular target was retrieved from the nodule (B); then, second
and third biopsies were sampled to include the marginal portion of the thyroid mass with nodular tissue and surrounding parenchyma (C, margin
target). An open-sample notch (arrows) can be well-visualized by US. The outer cutting cannula overlies the shaft of the biopsy needle, ready
to fire (curved arrows). Diagnostic ability was not achieved with the first specimen; however, it was with the second and the third specimens.
The core needle biopsy result was suggestive of follicular neoplasm. After the operation, the mass was confirmed as a minimally invasive
follicular carcinoma.
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years). The mean tumor size was 2.2 cm (range, 0.9 – 6.0 cm). Of

the 60 nodules, 36 were in the right lobe; 22, in the left lobe; and 2,

in the isthmus. In all patients, CNB procedures were tolerable and

were completed without immediate critical complications. Peri-

nodular hemorrhage occurred in 1 patient. In this patient, we

applied manual compression for 20 minutes around the hemor-

rhage site. There was no evidence of major complications result-

ing in hospitalization.

Diagnostic Ability of Core Needle Biopsy
After CNB, 34 nodules (56.7%) were diagnosed as follicular neo-

plasm or suspicious for follicular neoplasm; 8 (13.3%), as benign;

7 (11.7%), as suspicious for malignancy; 7 (11.7%), as malignant;

and 4 (6.7%), as AUS/FLUS (Table 1). According to the CNB

results, 80% (48/60) of all cases were recommended for surgery.

In addition, 4 cases with AUS/FLUS histology and 1 case with

benign histology were surgically removed for pathologic confir-

mation or for cosmetic reasons.

Of the 53 nodules removed surgically, 28 cases (52.8%) were

confirmed as benign and 25 cases (47.2%) were malignant.

Among the 25 malignant nodules, there were 14 follicular variants

of papillary thyroid carcinoma (56.0%), 6 follicular carcinomas

(24.0%), and 5 papillary thyroid carcinomas (20.0%). For 7 pa-

tients with benign core biopsy results who did not undergo an

operation, follow-up imaging showed no change in the size of any

of the specimens.

Pathologic evaluation according to specimen cores is summa-

rized in Table 2. In the first specimen group, targeted nodular

tissue was successfully retrieved in 59 of 60 cases (98.3%). In the

second and third specimen groups, specimens including the nod-

ular tissue, capsular portion, and surrounding parenchyma were

retrieved in 46 (76.7%) and 41 cases (68.3%), respectively. The

diagnostic ability, defined as a conclusive result of CNB, was

68.3% (41/60) with protocol A (first specimen), 93.3% (56/60)

with protocol B (first and second specimens), and 96.7% (58/60)

with protocol C (first, second, and third specimens). The diagnos-

tic ability of protocols B and C was significantly higher than that of

protocol A (P � .001 and P � .001, respectively). However, there

was no significant difference in diagnostic ability between proto-

cols B and C (P � .500). Therefore, protocol B was the most

optimal method.

With protocol A, 19 of the 60 first specimens failed to achieve

diagnostic ability. Among these 19 cases, 15 demonstrated diag-

nostic ability with the subsequent second biopsy specimens in

protocol B. These were diagnosed as follicular neoplasm (n � 8),

suspicious for follicular neoplasm (n � 5), and nodular hyperpla-

sia (n � 2) by CNB and were confirmed as follicular adenoma

(n � 9), follicular carcinoma (n � 4) (Fig 1), and nodular hyper-

plasia (n � 2), respectively, following the operation. Of the 19

failed cases in protocol A, diagnostic ability was achieved for 2

cases with protocol C, while the remaining 2 cases remained in-

conclusive even with protocol C and subsequently underwent an

operation. Two nodules diagnosed as follicular neoplasms with

protocol C were confirmed by an operation as follicular adeno-

mas. Two persistent inconclusive nodules were revealed as nodu-

lar hyperplasia.

For the 25 malignancies of the 60 nodules, diagnostic ability

was achieved in 21 cases (84%) by using protocol A and in 25 cases

(100%) with protocol B (Table 3). Among these 25 malignancies,

all 19 papillary thyroid carcinomas, including 14 follicular vari-

ants and 5 classic types, could be diagnosed by using protocol A.

However, of the 29 follicular neoplasms, including 23 follicular

adenomas and 6 follicular carcinomas, only 14 (48.3%) were di-

agnosed with protocol A. The diagnostic ability for follicular neo-

plasm was 93.1% (27/29) with protocol B and 100% (29/29) with

protocol C. For cases of nodular hyperplasia, diagnostic ability

was established in 66.7% (8/12) of cases with protocol A and in

83.3% (10/12) with both protocols B and C.

DISCUSSION
US-guided CNB has been suggested as a complementary diagnos-

tic technique for thyroid nodules.2,11,18,20,22 Although CNB may

not always be technically feasible and requires a significant

amount of experience in image-guided thyroid intervention, re-

cent studies have revealed that US-guided CNB of the thyroid

Table 1: CNB results and surgical diagnoses in 60 cytologically
inconclusive thyroid nodulesa

Diagnostic
Category

CNB Result
(n = 60)

Surgical Diagnosis
(n = 53)

Benign
(n = 28)

Malignant
(n = 25)

Benign 8b NH (n � 1)
AUS/FLUS 4 NH (n � 1)

FA (n � 3)
FN or SFN 34 FA (n � 20) FC (n � 5)

NH (n � 3) FVPTC (n � 5)
PTC in NH (n � 1)

Suspicious for
malignancy

7 FVPTC (n � 6)
FC (n � 1)

Malignancy 7 PTC (n � 4)
FVPTC (n � 3)

Note:—FA indicates follicular adenoma; FC, follicular carcinoma; NH, nodular hyper-
plasia; FVPTC, follicular variant of papillary thyroid carcinoma; PTC, papillary thyroid
carcinoma.
a Data are number of nodules.
b The remaining 7 nodules showed no change on follow-up US.

Table 2: Pathologic evaluation according to biopsy core specimensa

Pathologic Evaluation

First Specimen
(Intranodular Target)

(n = 60)

Second Specimen
(Margin Target)

(n = 60)

Third Specimen
(Margin Target)

(n = 60)
Nodular tissues 23 (38.3) 7 (11.7) 8 (13.3)
Capsule 0 0 1 (1.7)
Surrounding parenchyma 0 5 (8.3) 4 (6.7)
Nodular tissue and capsule 8 (13.3) 1 (1.7) 4 (6.7)
Capsule and surrounding parenchyma 1 (1.7) 1 (1.7) 2 (3.3)
Nodular tissue, capsule, and surrounding parenchyma 28 (46.7) 46 (76.7) 41 (68.3)

a Data are number of nodules. The numbers in the parentheses are percentages.
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gland is safe22,26 and can help patients avoid repetitive FNA or a

diagnostic operation.11-18 However, to the best of our knowledge,

there is no study regarding the diagnostic ability based on the

specimen numbers or the ideal number of core specimens to be

obtained in the thyroid field. Among the recent studies that have

highlighted the value of CNB for diagnosing thyroid nod-

ules,11,15-19,27,28 only 5 provided information on the number of

core specimens.16-18,27,28 In these, most patients had undergone

biopsy comprising 1–2 cores, with additional cores taken accord-

ing to the preference of the individual radiologist.

In the present study, 3 biopsy specimens were sampled for

each thyroid nodule. Several previous studies have evaluated the

effects of the number of core specimens on diagnostic accuracy

and upgrade rates for image-guided CNB, particularly in the

breast and prostate.29-36 It is important that biopsy specimens be

representative of the tumor and reach a reasonable level of agree-

ment on histologic grading between core biopsy and surgical ex-

cision specimens. However, while an excessive number of biopsy

specimens cannot eliminate the potential for upgrading to a car-

cinoma diagnosis, it can increase the rate of complications, such

as bleeding, pain, and infection. Therefore, the determination of

an optimal number of biopsy specimens is required to obtain the

highest yield; this will potentially depend on the pathology of

individual organs.

We obtained the second and third specimens according to the

modified technique by Han et al.24 In addition, almost all the

US-guided CNBs were performed by 2 experienced thyroid radi-

ologists, and all biopsy specimens were reviewed by an expert

pathologist. These are essential prerequisites for the successful

diagnostic results. Recently, several studies have concluded that

CNB demonstrates high rates of conclusive and accurate diagno-

ses in patients previously categorized as nondiagnostic or AUS/

FLUS by FNA,11,19,24,37 consistent with the findings of the present

study.

In the present study, the diagnostic ability was 93.3% (56/60)

with protocol B (first and second specimens) and 96.7% (58/60)

with protocol C (first, second, and third specimens). In addition,

the diagnostic ability of protocols B and C was significantly higher

than that of protocol A (P � .001 and P � .001, respectively). We

found that the intranodular target could easily obtain the target

tissues compared with the margin target because the margin tar-

get should include the capsule of the nodule, nodular tissue, and

surrounding parenchyma. However, the intranodular target was

limited in its evaluation of the presence of the capsule of the nod-

ule, a major differential factor between nodular hyperplasia and

follicular neoplasm (which manifests as completely encapsu-

lated).24 Protocol A failed to achieve diagnostic ability for 19 first

specimens. Among these 19 failed cases, diagnostic ability was

achieved in 15 and 2 cases with protocols B and C, respectively.

Following the operation, these were confirmed as follicular ade-

noma (n � 11), follicular carcinoma (n � 4), and nodular hyper-

plasia (n � 2). In contrast, of the 25 malignancies, 19 papillary

thyroid carcinomas were diagnosed with the intranodular target

specimens (the first specimens). Therefore, a well-retrieved intra-

nodular target specimen is potentially sufficient for the diagnosis

of papillary thyroid carcinoma; the capsule of the nodule is there-

fore not critical for the diagnosis of papillary thyroid carcinoma.

In our protocols, the diagnostic ability was not obtained in 2 cases.

These patients were managed with a diagnostic operation and

were confirmed as having nodular hyperplasia after the operation.

In the current study, CNB results revealed that 80% of cyto-

logically inconclusive thyroid nodules were indicated for a subse-

quent operation. After the operation, the malignancy rates were

41.7% (25/60) in all nodules, 32.4% (11/34) in the follicular neo-

plasm or suspicious for follicular neoplasm group, 100% (7/7) in

the suspicious for malignancy group, and 100% (7/7) in the ma-

lignancy group. In the CNB-proved follicular neoplasm or suspi-

cious for follicular neoplasm group, 3 nodules were confirmed by

an operation as nodular hyperplasia. In the diagnosis of malig-

nancy, there were no false-positive cases of CNB. However, in

several previous studies of US-guided thyroid biopsy,15,16,18,27,28

variable false-positive and malignancy rates have been reported

(0%–18.2% and 14.3%–57.9%, respectively).

The limitations of our study include its retrospective design

and potential selection bias. However, we sympathize with the

idea of the modified CNB technique,24 and validated this tech-

nique.24 In addition, our subjects performed well under routine

CNB protocols because the guidelines for CNB procedures are

well-established.2,11,15,17-19,27,37-41 Another potential limitation

is that the diagnostic categories in the histologic diagnosis of CNB

have not yet been standardized. However, in this study, CNB re-

sults were categorized according to the 6 categories of the

Bethesda System. Furthermore, the adequacy of CNB may be

highly dependent on the skill and experience of the examiner.

However, US-guided CNB of the thyroid gland can be performed

safely with appropriate training and qualifications because the use

of thyroid-dedicated biopsy needles has been generalized since an

automated biopsy gun with an 18-ga needle was introduced.

CONCLUSIONS
US-guided CNB for cytologically inconclusive thyroid nodules

should obtain at least 2 core specimens. In cases of papillary thy-

roid carcinoma, optimum results can be expected when a single

biopsy retrieves well-targeted nodular tissue (intranodular tar-

get). However, obtaining a second core-containing nodular tis-

sue, the capsule of the thyroid nodule, and surrounding paren-

chyma (margin target) is essential for the diagnosis of follicular

neoplasm or nodular hyperplasia.
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Improved Diagnostic Accuracy Using Arterial Phase CT for
Lateral Cervical Lymph Node Metastasis from Papillary

Thyroid Cancer
X J.E. Park, X J.H. Lee, X K.H. Ryu, X H.S. Park, X M.S. Chung, X H.W. Kim, X Y.J. Choi, and X J.H. Baek

ABSTRACT

BACKGROUND AND PURPOSE: Contrast-enhanced CT protocols for papillary thyroid cancer are yet to be optimized. Our aim was to
compare the diagnostic accuracy of arterial phase CT and delayed-phase CT protocols for lateral cervical lymph node metastasis from
papillary thyroid carcinoma by using the lymph node tissue attenuation.

MATERIALS AND METHODS: This retrospective study included 327 lateral cervical lymph nodes (177 metastatic and 150 benign) from 131
patients with papillary thyroid carcinoma (107 initially diagnosed and 24 recurrences). Patients underwent CT by using 1 of 3 protocols: a
70-second (A) or a 35-second (B) delay with 100 mL of iodinated IV contrast or a 25-second delay with 75 mL of IV contrast (C). Two readers
independently measured and compared lymph node tissue attenuation between metastatic and benign lymph nodes. An area under the
receiver operating characteristic curve analysis was performed to differentiate metastatic and benign lymph nodes after multiple com-
parison correction for clustered data and was compared across the protocols.

RESULTS: The difference in mean lymph node tissue attenuation between metastatic and benign lymph nodes was maximum in protocol
C (P � .001 for both readers). Protocol C showed the highest diagnostic performance (area under the receiver operating characteristic
curve, 0.88 – 0.92) compared with protocol A (area under the receiver operating characteristic curve, 0.73– 0.74, P � .001 for both readers)
and B (area under the receiver operating characteristic curve, .63– 0.65, P � .01 for both readers). The sensitivity, specificity, positive
predictive value, and negative predictive value of lymph node tissue attenuation by using a 99-HU cutoff value were 83%– 87%, 93.7%–
97.9%, 95.1%–97.3%, and 81.2%– 87%.

CONCLUSIONS: A combination of 25-second delay CT and 75 mL of iodinated IV contrast can improve the diagnostic accuracy for lateral
lymph node metastasis from papillary thyroid carcinoma compared with a combination of a 35- or 70-second delay with 100-mL of
iodinated IV contrast.

ABBREVIATIONS: AUC � area under the receiver operating characteristic curve; CCA � common carotid artery; CTDIvol � volume CT dose index; DLP �
dose-length product; ICC � intraclass correlation coefficient; IJV � internal jugular vein; LN � lymph node; LNTA � lymph node tissue attenuation; PTC � papillary
thyroid carcinoma; US � ultrasound

Diagnosis of lateral cervical lymph node metastasis from pap-

illary thyroid carcinoma (PTC) is clinically important in

terms of preoperative surgical planning and predicting local tu-

mor recurrence, particularly in high-risk patients.1-4 In preoper-

ative planning, recent studies and guidelines have suggested that

CT is complementary to ultrasound (US) in selected patients with

locally invasive primary tumor or clinically apparent metastatic

lymph nodes.5-7 However, studies to test the diagnostic accuracy

with CT have failed to prove its benefit over US for detecting

lateral lymph node metastasis.8-11

Dynamic contrast-enhanced MR imaging and Doppler US stud-

ies have demonstrated increased tumor vascularity in metastatic

lymph nodes (LNs) from PTC.12,13 The CT protocols among previ-

ous studies varied greatly from a scan delay of 35–60 seconds after

contrast injection,8,9,14 and this delay might have resulted in hetero-

geneity of the diagnostic results. A CT protocol that best depicts in-

creased tumor vascularity has been suggested in a study of parathy-

roid hormone–secreting lesions.15 An arterial phase protocol with a

25-second delay maximized the difference in tissue attenuation of

parathyroid hormone–secreting lesions from the thyroid gland and

benign LNs; tissue attenuation itself increased in venous phase CT.
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Because metastatic LNs from PTC have increased tumor vascularity,

the use of the arterial phase CT might be better than venous phase CT

in depicting lateral cervical LN metastasis from PTC.

In this study, we hypothesized that arterial phase CT would

maximize the difference in tissue attenuation between metastatic

and benign LNs in patients with PTC. We also hypothesized that

quantification of LN tissue attenuation (LNTA) would be a useful

tool in detecting lateral cervical LN metastasis from PTC. The

purpose of this study was to compare the diagnostic accuracy

between arterial phase CT and delayed-phase CT protocols for

lateral cervical LN metastasis from PTC by using LNTA.

MATERIALS AND METHODS
Patient Selection
This study was approved by our institutional review board. Data

were collected retrospectively and were de-identified in compli-

ance with the regulations of the Health Insurance Portability and

Accountability Act. Informed consent was obtained from all pa-

tients before undergoing neck CT, US-guided biopsy, and/or an

operation.

Among the patients who underwent CT between February

2013 and March 2015 found in the data base of our institution,

151 patients were identified as having primary or recurrent PTC

with LN metastasis. Patients with recurrent PTC were those who

had been treated with an operation alone and were later diagnosed

as having a recurrence. The inclusion criteria were as follows: 1)

patients with lateral cervical LN metastasis from PTC confirmed

by US-guided aspiration/biopsy, 2) those who subsequently un-

derwent selective neck dissection or excisional biopsy for meta-

static lateral cervical LNs, and 3) those having available final his-

topathologic results. The exclusion criteria were as follows: 1)

patients with histopathologic results that lacked information on

the cervical level of the aspirated/biopsied LN (10 of 151 patients

[6.6%]), and 2) those with poor CT image quality because of

motion or beam-hardening artifacts (10 of 151 patients [6.6%]).

Finally, 131 patients were included in this study.

CT Protocols
Imaging was performed by using a 128-
channel CT scanner (Somatom Defini-
tion Flash; Siemens, Erlangen, Germany)
with tube voltages of 80 and 140 kVp.
CT scanning began at the aorticopulmo-
nary window and continued toward the
skull base. CT was performed with the
following parameters used consistently
in all patients: 32 � 0.6 mm detector col-
limation; 0.5-second gantry rotation

time; 1.0 pitch; 0.75-mm-thick sections;

0.7-mm-thick section increments; and a

256 � 256 matrix. An automated dose-

reduction technique (CARE Dose4D; Sie-

mens) was used. The volume CT dose

index (CTDIvol) and dose-length prod-

uct (DLP) were evaluated to assess radi-

ation exposure.

Three different protocols for con-

trast-injection strategy and image-ac-

quisition timing were used during CT.

The protocols for patients with PTC at our institution were up-

dated following a consensus among radiologists based on a liter-

ature review15-17; the change was from a 70-second delay protocol

to a 35- and 25-second scan delay. Protocol A consisted of a 70-

second scan delay after IV injection of 100-mL of iodinated con-

trast agent (February 2013 to September 2013; n � 42, 35 initially

diagnosed and 7 with recurrent disease). Protocol B used a 35-

second scan delay after IV injection of 100 mL of iodinated con-

trast agent (October 2013 to October 2014; n � 47, 40 initially

diagnosed and 7 with recurrent disease). Protocol C consisted of a

25-second scan delay after injection of 75 mL of iodinated con-

trast agent, followed by 50 mL of normal saline at the same rate to

compensate for the small volume of contrast medium and to im-

prove contrast medium use18 (November 2014 to March 2015;

n � 42, 32 initially diagnosed and 10 with recurrent disease). For

all scan delays, the same iodinated contrast agent, Ultravist (io-

promide; Bayer HealthCare, Berlin, Germany), was injected at the

same rate of 3.5 mL/s. The flowchart of patient enrollment is

shown in Fig 1.

Reference Standard and Histopathologic Assignment
The final histopathologic reports of the US-guided aspiration/

biopsy or surgical neck dissection samples served as the reference

standard for nodal metastasis. All cervical levels in a neck dissec-

tion specimen were labeled on the basis of the American Joint

Committee on Cancer cervical regional lymph node level sys-

tem19; cervical LN levels were assigned as benign, metastatic, or

mixed after correlation with the histopathologic reports. For ex-

ample, if all the LNs in 1 level were histologically positive for

metastasis, the cervical level was assigned as metastatic. If all the

LNs in 1 level were histologically negative, the level was assigned as

benign. If a level had both benign and metastatic LNs, the level

was assigned as mixed. The results of the histopathologic assign-

ment were subsequently used for LN matching and labeling on

CT.

FIG 1. Flowchart of patient enrollment.
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LN Matching and Labeling on CT
Lymph node matching and labeling on CT were performed on a

PACS by a radiologist (J.H.L., with 14 years of experience in head

and neck imaging), either by site-specific matching or surgical-

level matching. A LN confirmed by US-guided aspiration/biopsy

was chosen and labeled on CT images by matching the images and

reports of CT, US, and the final pathologic examination (“site-

specific matching”). When there was no site-specific information,

LNs measuring �5 mm in the minimum axis diameter and those

assigned as benign or metastatic according to the previous histo-

pathologic assignment were chosen and labeled on the CT images

(“surgical-level matching”). All cervical-level LNs assigned as

mixed were excluded from the final analysis.

Measurement of LN Tissue Attenuation
CT images with labeled LNs were transferred to ImageJ software

(National Institutes of Health, Bethesda, Maryland) for assess-

ment of LNTA (Hounsfield unit). Two readers (J.E.P. and K.H.R.,

with 2 years and 1 year of experience in head and neck imaging,

respectively) were blinded to the clinicopathologic results and

independently measured the LNTA of the labeled LNs and adja-

cent anatomic structures, including the common carotid artery

(CCA), internal jugular vein (IJV), and paraspinal muscles. The

ROI for the labeled LN was drawn to encompass the entire cortex,

except for cystic change, necrosis, hilar fat/vessels, and calcifica-

tion. A 60-mm2 circular ROI was also drawn on the ipsilateral

CCA, IJV, and paraspinal muscles at the same level as the labeled

LN (Fig 2). In addition, normalized LN-

TAs were calculated as the Hounsfield

unit value of the entire LN divided by the

Hounsfield unit value of the CCA, IJV,

or paraspinal muscles.

Qualitative CT features (ie, calcifica-

tion, cystic or necrotic change, and ex-

tranodal extension9,14) of the labeled

LNs were assessed by an independent ra-

diologist (Y.J.C., with 8 years of experi-

ence in head and neck imaging) who was

blinded to the clinicopathologic results.

An LN was categorized as positive when

at least 1 of the qualitative CT features

was present. We did not include the size

criterion because LN size alone is an in-

accurate criterion in young patients,

who often have hyperplastic LNs, partic-

ularly at cervical levels I and II.20

Statistical Analysis
One-way analysis of variance or the

Kruskal-Wallis test was performed to

compare the characteristics of patients,

LNs, and radiation exposure (CTDIvol

and DLP) among the 3 protocols. All pa-

rameters were initially assessed for nor-

mality by using the Kolmogorov-Smir-

nov test. The Student t test was used to

compare the parameters between be-

nign and metastatic LNs.

Interreader agreement was assessed by using the intraclass cor-

relation coefficient (ICC) with 95% confidence intervals and by

applying a 2-way ICC with a random rater’s assumption. On the

basis of common criteria, measurement reliability was classified

as excellent (ICC � 0.75), fair-to-good (ICC � 0.40 – 0.75), and

poor (ICC � 0.40).21

A receiver operating characteristic curve analysis was per-

formed for each parameter to calculate the area under the receiver

operating characteristic curve (AUC) and to determine the opti-

mal cutoff for differentiating benign and metastatic LNs by each

reader. To eliminate possible correlations from multiple mea-

surements in the same patient, we used a logistic regression model

with a generalized estimating equation model.22 We estimated the

predicted probabilities of metastatic or benign LNs, and the

estimated probability was then used as a marker for construct-

ing the receiver operating characteristic curve and computing

the area under the curve. We determined the cutoff values that

maximized the sum of the sensitivity plus specificity as the

points in the upper left-hand area for the receiver operating

characteristic curve analysis for each parameter. For comparison

of AUCs among protocols in different patient populations, a

2-sample Z-test for comparing 2 means was used. For cross-vali-

dation of each AUC, we used leave-one-out cross-validation with

bootstrap resampling on R statistical and computing software

(http://www.r-project.org/) and analyzed the results by using the

package pROC in R.

FIG 2. A, Contrast-enhanced CT scans obtained with protocol C, B, and A (from left to right) in
different patients with papillary thyroid cancer. Note the enhancing metastatic lymph node in
the right level III. B, A hyperenhancing lymph node in the right level III is shown in protocol C. The
ROI (ROI area, 23.8 mm2; mean tissue attenuation, 172 HU) is drawn for a labeled metastatic lymph
node. For normalization, a 60-mm2 circular ROI was drawn on the ipsilateral CCA (mean CT value,
389 HU), IJV (mean CT value, 370 HU), and paraspinal muscle (mean CT value, 71.5 HU) on the same
image. Lymph node tissue attenuation normalized to CCA, IJV, and paraspinal muscle was 0.44,
0.46, and 2.4, respectively.

784 Park Apr 2017 www.ajnr.org



To assess the diagnostic performance of qualitative LN CT

findings, we calculated the sensitivity, specificity, positive predic-

tive value, negative predictive value, and accuracy by level-by-

level analysis.

Statistical analyses were performed by using statistical soft-

ware (MedCalc, Version 10.2.0.0; MedCalc Software, Mariakerke,

Belgium). All tests were 2-sided. A P value � .05 was considered

significant.

RESULTS
Patients
The characteristics of the study patients are summarized in Table

1. Of 131 patients, 107 were initially diagnosed with PTC and 24

with recurrence. There were no significant differences among the

3 protocols in terms of age, sex, patient status, and median serum

thyroglobulin level at baseline. Of the total 786 cervical levels

(131 � 6 bilateral lateral neck levels), 110 mixed LN levels were

excluded from the analysis.

The study population comprised a total of 327 LNs, includ-

ing 177 metastatic LNs (149 initially diagnosed and 28 recur-

rent PTCs) and 150 benign LNs (135 initially diagnosed and 15

recurrent PTCs). Site-specific matching was found for 132

metastatic LNs and 22 benign LNs. Surgical-level matching was

found for 45 metastatic LNs and 128 benign LNs. Of 177 met-

astatic LNs, 55 lymph nodes were evaluated by using protocol

A; 67 lymph nodes, with protocol B; and 55 lymph nodes, with

protocol C.

Differences in LN Tissue Attenuations between Benign
and Metastatic Lymph Nodes
There was no significant difference in LNTA among the different

LN levels. LNTA showed a significant difference between benign

and metastatic LNs in all 3 protocols (all protocols, P � .0001 for

reader 1; protocol B and C, P � .0001; and protocol A, P � .03 for

reader 2) (Table 2). LNTAs normalized to the CCA, IJV, and

paraspinal muscle also showed a significant difference between

benign and metastatic LNs in all 3 protocols (all protocols, P �

.001 for reader 1; protocol B and C, P � .001; and protocol A, P �

.02 for reader 2).

When the differences in LNTA between benign and metastatic

LNs were compared among the 3 protocols, protocol C showed the

significantly largest LNTA of metastatic LNs as well as the signifi-

cantly largest difference of LNTA between metastatic and benign LNs,

followed by protocols B and A (P � .0001 for both readers, Fig 3).

The overall agreement in LNTA measurements in 2 readers

was excellent (ICC � 0.81). The ICC was 0.76 for metastatic LNs

and 0.60 for benign LNs.

Comparison of the Diagnostic Performance among the 3
Protocols Using LN Tissue Attenuation
In all tissue attenuation parameters assessed by both readers,

protocol C showed significantly higher diagnostic perfor-

mance compared with protocols B and A. With the LNTA,

protocol C had the highest AUC (0.8 – 0.92; 95% CI, 0.81–

0.96) compared with protocol B (AUC, 0.73– 0.74; P � .001 for

reader 1 and P � .012 for reader 2) and protocol A (AUC,

0.63– 0.65; P � .001 for both readers) (On-line Table and Fig

4). In protocol C, the optimal LNTA thresholds in differenti-

ating metastatic from benign LNs were 96 HU for reader 1 and

99 HU for reader 2, respectively. With the 99-HU cutoff from

the receiver operating characteristic analysis, the sensitivity,

specificity, positive predictive value, and negative predictive

value for detecting metastatic LNs were 87.0% (95% CI,

75.1%–94.6%), 97.9% (95% CI, 88.9%–99.9%), 97.3% (95%

CI, 88.0%–99.9%), and 87.0% (95% CI, 75.1%–94.6%) for

reader 1; the values for reader 2 were 83.0% (95% CI, 70.2%–

91.9%), 93.7% (95% CI, 82.8%–98.7%), 95.1% (95% CI,

82.8%–99.9%), and 81.2% (95% CI, 67.8%–93.1%), respec-

tively. With a leave-one-out cross-validation, the LNTA

Table 1: Demographic characteristics of patients with PTC with
lateral lymph node metastasis across 3 CT protocols

Variables Protocol A Protocol B Protocol C
P

Value
Age (mean) (yr) 49.40 � 13.07 48.25 � 14.28 44.31 � 14.41 .216
Sex (female/male) 28:14 34:13 30:12 .825
Patient status .524

Preoperative 35 40 32
Postoperative 7 7 10

Median serum Tg
level at baseline
(ng/mL)

11.3 4.7 11.15 .968

Note:—Tg indicates thyroglobulin.

Table 2: Parameters of tissue attenuation between benign and metastatic lymph nodes among 3 protocolsa

Variables

Protocol A Protocol B Protocol C

Metastatic
(n = 55)

Benign
(n = 55)

P
Value

Metastatic
(n = 67)

Benign
(n = 48)

P
Value

Metastatic
(n = 55)

Benign
(n = 47)

P
Value

LNTA
Reader 1 107.2 � 28.6 87.1 � 25.7 �.0001 109.1 � 40.2 79.68 � 39.8 �.0001 136.3 � 41.6 72.49 � 44.5 �.0001
Reader 2 109.8 � 27.5 94.0 � 27.4 .03 123.7 � 39.8 84.72 � 37.9 �.0001 133.2 � 43.8 83 � 38.0 �.0001

Normalized LNTA to CCA
Reader 1 0.63 � 0.23 0.49 � 0.13 �.0001 0.33 � 0.14 0.25 � 0.08 �.0001 0.47 � 0.16 0.26 � 0.05 �.0001
Reader 2 0.64 � 0.20 0.52 � 0.12 .008 0.35 � 0.12 0.28 � 0.12 �.0001 0.47 � 0.15 0.29 � 0.14 �.0001

Normalized LNTA to IJV
Reader 1 0.58 � 0.15 0.46 � 0.13 .0001 0.38 � 0.18 0.28 � 0.09 �.0001 0.59 � 0.26 0.33 � 0.17 �.0001
Reader 2 0.60 � 0.20 0.55 � 0.12 .009 0.43 � 0.16 0.30 � 0.15 �.0001 0.60 � 0.25 0.37 � 0.24 �.0001

Normalized LNTA to
paraspinal muscle

Reader 1 1.51 � 0.41 1.20 � 0.34 �.0001 1.76 � 0.84 1.26 � 0.31 �.0001 2.04 � 0.92 1.13 � 0.25 �.0001
Reader 2 1.51 � 0.41 1.36 � 0.29 .019 2.03 � 0.66 1.40 � 0.36 �.0001 2.05 � 0.72 1.28 � 0.49 �.0001

a LNTAs were expressed as means.
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showed the same trend of highest AUC

in protocol C in both readers.

Normalized LNTAs to the CCA and

paraspinal muscles showed the same

trend of diagnostic performance and

showed the highest AUC in protocol

C, compared with protocol B (normal-

ized to the CCA, P � .001; and to the

paraspinal muscles, P � .001 for

reader 1; and to the CCA, P � .003;

and to the paraspinal muscles, P � .02

for reader 2) and protocol A (normal-

ized to the CCA, P � .001; and to the

paraspinal muscles, P � .001 for

reader 1; and to the CCA, P � .001;

and to the paraspinal muscles, P �

.001, for reader 2). Normalized LNTAs

to the IJV showed higher AUC in pro-

tocol C, compared with protocol A in

both readers (P � .012 and P � .008,

respectively) and in protocol B in

reader 1 (P � .002), but were not sig-

nificant with protocol B in reader 2

(P � .065). In protocol C, the diagnos-

tic performance of the LNTA, when normalized to CCA, IJV,

or the paraspinal muscles, did not differ significantly from that

of the LNTA in both readers. All normalized parameters

showed the highest diagnostic performance in protocol C.

Diagnostic Performance of Qualitative CT Imaging
Features for Metastatic Lymph Nodes
Table 3 summarizes the characteristics and qualitative CT features

of metastatic lymph nodes on the scanning protocols. There was

no statistically significant difference among the protocols with

regard to mean size and location of the LNs. Qualitative CT find-

ings were absent in 46.8% (83 of 177) of the metastatic LNs. If we

used the qualitative CT features in all 327 LNs, the overall diag-

nostic accuracy, sensitivity, specificity, positive predictive value,

and negative predictive value for detecting metastatic LNs were

67.0% (95% CI, 62.0%–71.0%), 50.3% (95% CI, 45.7%–54.0%),

86.7% (95% CI, 81.3%– 87.7%), 81.7% (95% CI, 74.2%– 87.7%),

and 59.6% (95% CI, 55.9%– 62.6%), respectively.

Radiation Exposure
Both the mean CTDIvol and DLP were lowest in protocol C

(CTDIvol, 10.8 mGy; DLP, 313.8 mGy � cm) compared with pro-

tocol A (CTDIvol, 15.1 mGy; DLP, 458.8 mGy � cm) and protocol

B (CTDIvol, 11.8 mGy; DLP, 329.9 mGy � cm) (Table 4). Com-

pared with protocol A, both protocols B and C showed signifi-

cantly lower radiation exposure based on both the CTDIvol and

DLP (protocol B versus A, P � .0001; protocol C versus A, P �

.0001). No statistically significant difference was found in the ra-

diation exposure between protocols B and C.

DISCUSSION
Our study demonstrated that LNTA on protocol C, which com-

prised a combination of 25-second delay CT and 75 mL of iodin-

FIG 3. Comparison of the mean lymph node tissue attenuations assessed by reader 1 in protocols
A, B, and C. The red line represents lymph node tissue attenuations of metastatic lymph nodes,
and the blue line represents those of benign lymph nodes. The largest tissue attenuation of
metastatic lymph nodes and the difference in tissue attenuation between metastatic and benign
lymph nodes are seen with protocol C, which has a 25-second scan delay, followed by protocol
B (35-second delay) and protocol A (70-second delay) (P � .0001).

FIG 4. Graphs show receiver operating characteristic curves of the
scan delay with protocols C (25 seconds, red line), B (35 seconds, blue
line), and A (70 seconds, green line) assessed by reader 1, for differen-
tiating metastatic and benign lymph nodes in patients with PTC.

Table 3: Characteristics and qualitative CT features of metastatic
lymph nodes

Variables
(No. of Lymph Nodes)

Protocol A
(n = 55)

Protocol B
(n = 67)

Protocol C
(n = 55)

Mean LN size (mm)a 9.0 � 3.09 9.85 � 7.36 10.35 � 5.27
Negative findings on CT 31 (56.4%) 29 (43.3%) 23 (41.8%)
Positive findings on CT

Calcification 8 (14.5%) 2 (2.9%) 11 (20%)
Cystic/necrotic change 15 (27.3%) 15 (22.4%) 13 (23.6%)
Extranodal extension 7 (12.7%) 10 (14.9%) 10 (18.2%)

Level
II 6 9 5
III 18 18 21
IV 31 39 29

a Size of the lymph nodes were measured in the minimum axis diameter.
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ated IV contrast, showed the best diagnostic performance among

the other protocols for the assessment of lateral LN metastasis in

patients with PTC. The differences between metastatic and benign

LNs in both the LNTA and the normalized LNTAs were maxi-

mized with protocol C. The quantitative CT parameters with

LNTA showed significantly better sensitivity, specificity, positive

predictive value, and negative predictive value than the qualitative

CT features. Our results suggest that measurement of LNTA with

a 25-second scan delay can improve the diagnostic accuracy for

lateral cervical LN metastasis in patients with PTC. The protocol

is also potentially helpful in clinical practice, given its easy appli-

cability and lower radiation exposure than protocol A.

Previous studies on the diagnostic performance of CT for PTC

nodal disease showed a wide variation in sensitivity (63.5%–79%)

and specificity (83%–95%).8,14,20 The discrepancy in these stud-

ies may have been caused by the subjective interpretation of

strong cortical enhancement of metastatic LNs as well as the dif-

ferent CT examination protocols. We demonstrated that image

acquisition and the strategy of contrast injection can affect the

diagnostic performance of using LNTA on CT for detecting met-

astatic LNs from PTC. Our findings were also consistent with

those of the recent work by Liu et al11 on dual-energy CT, which

showed that quantitative measurement increased the diagnostic

performance in detecting PTC nodal disease. However, our study

had the advantage of easy applicability in daily clinical practice

without the need for postprocessing or additional software.

The maximum difference in LNTA on arterial phase CT be-

tween metastatic and benign LNs is associated with increased tu-

mor perfusion related to tumor angiogenesis and recruitment of

capsular vessels in metastatic LNs.23-25 Previous dynamic con-

trast-enhanced MR imaging showed the value of quantitative

analysis of tumor perfusion, which correlates with tumor re-

sponse in patients with metastatic thyroid cancer.13 In our study,

only 46.8% of metastatic LNs showed qualitative CT features sug-

gestive of metastasis; these features included calcification, cystic

or necrotic change, or extranodal extension. Relatively low

sensitivities by using qualitative features for the detection of

cervical lymph node metastasis can also be found on previous

MR imaging or 18FDG-positron-emission tomography stud-

ies, which ranged from 30% to 40%.26 In patients with PTC,

the use of quantitative LNTA parameters on arterial phase CT

may be particularly beneficial for detecting LNs that lack qual-

itative CT findings.

The distribution of LNTA, which was presented as an SD, was

greater in protocols C and B than in protocol A in both metastatic

and benign LNs. The SD decreased after normalization by CCA

and IJV, but not by the paraspinal muscles. A possible reason was

that LNTA measurement can be greatly affected by heterogeneous

patient hemodynamics, including cardiac output and local blood

supply.18 LNTA normalized to CCA or IJV might be useful given

that interindividual variation in perfusion factors might be de-

creased while maintaining high diagnostic performance.

The use of CT with iodinated contrast agents has been debated

because it may decrease the effect of subsequent radioiodine ther-

apy27 and increase the radiation exposure. However, in recent

guidelines, performing CT is supported because preoperative

knowledge would significantly influence the surgical plan and

outweighs a minor delay of up to 1 month in subsequent postop-

erative radioactive iodine ablation.7,28 In our study, the use of up

to 25% less contrast material in a 25-second scan delay protocol

could reduce the radiation exposure in terms of both the CTDIvol

and DLP, compared with the conventional head and neck CT of

protocol A (a 70-second scan delay after a 100-mL iodinated con-

trast injection). In addition, the strategy of saline flushing after

contrast injection not only decreased the radiation exposure but

also improved the bolus geometry because of the decreased intra-

vascular contrast medium dispersion18 and decreased artifacts

from stagnated contrast agent within the subclavian or innomi-

nate vein.14,18

This study has several limitations. First, in addition to the

retrospective nature of the study, each protocol was adminis-

tered during a different time period, when the results could be

influenced by factors outside the changes in the CT protocol.

However, the possible systematic bias might have been mini-

mized because the CT protocol used, except contrast-injection

strategies and acquisition time, has long been standardized and

strictly controlled by dedicated radiologists. Second, the sen-

sitivity of our results might have been overestimated because

we selected patients with PTC with lateral LN metastasis. Nev-

ertheless, we believe that our study results clearly showed that

compared with qualitative CT features, the quantitative pa-

rameter of LNTA might improve diagnostic accuracy and sup-

port visual analysis in the evaluation of lateral cervical LNs in

patients with PTC. A third limitation was the inclusion of a

relatively small number of benign LNs in level II, which fre-

quently contains reactive lymph nodes from sinonasal or pha-

ryngeal infection. Further studies might be necessary to com-

pare differences in LNTAs between reactive and normal LNs.

Finally, we did not study the same patients in all protocols;

instead, there were 3 different patient populations. Performing

all CT protocols in the same patient is unethical because of

the excessive radiation exposure. Nevertheless, the patients in

our study did not show any significant differences in clinical

features across protocols. Future large-scale studies with ran-

dom patient assignment to different protocols would further

strengthen the findings of our study.

CONCLUSIONS
With a maximum difference in tissue attenuation between meta-

static and benign LNs, the use of a combination of a 25-second

scan delay with 75-mL iodinated contrast injection can improve

the diagnostic performance of CT for detecting lateral lymph

node metastasis in patients with PTC. The use of arterial phase CT

may be helpful in improving the detection of lateral cervical LN

metastasis from PTC by providing higher sensitivity and specific-

ity, as well as potentially lower radiation exposure compared with

a CT protocol of a 70-second scan delay with a 100-mL iodinated

contrast injection.

Table 4: Mean radiation dose across the 3 protocols
Variables Protocol A Protocol B Protocol C P Value

CTDIvol (mGy) 15.1 � 2.2 11.8 � 2.6 10.8 � 2.1 �.0001
DLP (mGy � cm) 458.8 � 100.5 329.9 � 83.4 313.8 � 58.4 �.0001
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21. Büsing KA, Kilian AK, Schaible T, et al. Reliability and validity of MR
image lung volume measurement in fetuses with congenital dia-
phragmatic hernia and in vitro lung models. Radiology 2008;246:
553– 61 CrossRef Medline

22. Beam CA. Analysis of clustered data in receiver operating characteris-
tic studies. Stat Methods Med Res 1998;7:324–36 CrossRef Medline

23. Na DG, Lim HK, Byun HS, et al. Differential diagnosis of cervical
lymphadenopathy: usefulness of color Doppler sonography. AJR
Am J Roentgenol 1997;168:1311–16 CrossRef Medline

24. Wu CH, Chang YL, Hsu WC, et al. Usefulness of Doppler spectral
analysis and power Doppler sonography in the differentiation of
cervical lymphadenopathies. AJR Am J Roentgenol 1998;171:503– 09
CrossRef Medline

25. Ying M, Bhatia KS, Lee YP, et al. Review of ultrasonography of ma-
lignant neck nodes: grayscale, Doppler, contrast enhancement and
elastography. Cancer Imaging 2014;13:658 – 69 CrossRef Medline

26. Jeong HS, Baek CH, Son YI, et al. Integrated 18F-FDG PET/CT
for the initial evaluation of cervical node level of patients with
papillary thyroid carcinoma: comparison with ultrasound and
contrast-enhanced CT. Clin Endocrinol (Oxf) 2006;65:402– 07
CrossRef Medline

27. Nygaard B, Nygaard T, Jensen LI, et al. Iohexol: effects on uptake of
radioactive iodine in the thyroid and on thyroid function. Acad Ra-
diol 1998;5:409 –14 CrossRef Medline

28. Haugen BR, Alexander EK, Bible KC. 2015 American Thyroid Asso-
ciation management guidelines for adult patients with thyroid
nodules and differentiated thyroid cancer. Thyroid 2016;26:1–133
CrossRef Medline

788 Park Apr 2017 www.ajnr.org

http://dx.doi.org/10.3760/cma.j.issn.0529-5815.2012.08.002
http://www.ncbi.nlm.nih.gov/pubmed/23157897
http://dx.doi.org/10.1016/S1072-7515(03)00421-6
http://www.ncbi.nlm.nih.gov/pubmed/12892795
http://dx.doi.org/10.1007/s00268-004-7192-z
http://www.ncbi.nlm.nih.gov/pubmed/15085396
http://dx.doi.org/10.1016/j.surg.2004.06.045
http://www.ncbi.nlm.nih.gov/pubmed/15657574
http://dx.doi.org/10.1089/thy.2009.0110
http://www.ncbi.nlm.nih.gov/pubmed/19860577
http://dx.doi.org/10.1089/thy.2011.0312
http://www.ncbi.nlm.nih.gov/pubmed/22435914
http://dx.doi.org/10.1089/thy.2014.0096
http://www.ncbi.nlm.nih.gov/pubmed/25188202
http://dx.doi.org/10.1007/s00268-008-9588-7
http://www.ncbi.nlm.nih.gov/pubmed/18408961
http://dx.doi.org/10.2214/AJR.09.2386
http://www.ncbi.nlm.nih.gov/pubmed/19696304
http://dx.doi.org/10.1245/s10434-010-1469-2
http://www.ncbi.nlm.nih.gov/pubmed/21140231
http://dx.doi.org/10.1148/radiol.14140481
http://www.ncbi.nlm.nih.gov/pubmed/25521777
http://dx.doi.org/10.1053/crad.2000.0632
http://www.ncbi.nlm.nih.gov/pubmed/11286579
http://dx.doi.org/10.1200/JCO.2008.18.2717
http://www.ncbi.nlm.nih.gov/pubmed/19255327
http://dx.doi.org/10.1089/thy.2007.0269
http://www.ncbi.nlm.nih.gov/pubmed/18358074
http://dx.doi.org/10.3174/ajnr.A2885
http://www.ncbi.nlm.nih.gov/pubmed/22241395
http://dx.doi.org/10.1148/radiol.2015142393
http://www.ncbi.nlm.nih.gov/pubmed/26024308
http://dx.doi.org/10.3174/ajnr.A3978
http://www.ncbi.nlm.nih.gov/pubmed/24904051
http://dx.doi.org/10.1148/radiol.10090908
http://www.ncbi.nlm.nih.gov/pubmed/20574084
http://dx.doi.org/10.1002/hed.23277
http://www.ncbi.nlm.nih.gov/pubmed/23554058
http://dx.doi.org/10.1148/radiol.2462062166
http://www.ncbi.nlm.nih.gov/pubmed/18055874
http://dx.doi.org/10.1191/096228098669595619
http://www.ncbi.nlm.nih.gov/pubmed/9871950
http://dx.doi.org/10.2214/ajr.168.5.9129432
http://www.ncbi.nlm.nih.gov/pubmed/9129432
http://dx.doi.org/10.2214/ajr.171.2.9694484
http://www.ncbi.nlm.nih.gov/pubmed/9694484
http://dx.doi.org/10.1102/1470-7330.2013.0056
http://www.ncbi.nlm.nih.gov/pubmed/24434158
http://dx.doi.org/10.1111/j.1365-2265.2006.02612.x
http://www.ncbi.nlm.nih.gov/pubmed/16918964
http://dx.doi.org/10.1016/S1076-6332(98)80026-3
http://www.ncbi.nlm.nih.gov/pubmed/9615150
http://dx.doi.org/10.1089/thy.2015.0020
http://www.ncbi.nlm.nih.gov/pubmed/26462967


ORIGINAL RESEARCH
HEAD & NECK

Benign Miliary Osteoma Cutis of the Face: A Common
Incidental CT Finding

X D. Kim, X G.A. Franco, X H. Shigehara, X J. Asaumi, and X P. Hildenbrand

ABSTRACT

BACKGROUND AND PURPOSE: Osteoma cutis of the face represents a primary or secondary formation of ossific foci in the facial skin.
Its primary form has been sparsely described in the plastic surgery and dermatology literature. As radiologists, we routinely encounter
incidental, very small facial calcified nodules on CT studies performed for a variety of unrelated reasons. We hypothesized that this
routinely encountered facial calcification represents primary miliary osteoma cutis and is a common, benign, age-related finding.

MATERIALS AND METHODS: We retrospectively reviewed 1315 consecutive sinus CTs obtained during an 8-month period and their
associated demographics. The number of dermal radiopaque lesions with Hounsfield units of �150 was counted, and we analyzed the
association between the prevalence of these lesions and patients’ demographics with logistic regression methods.

RESULTS: Five hundred ninety-nine males and 716 females from 4 to 90 years of age were included in the study (mean, 52 versus 51 years;
P � .259). Among these, 252 males and 301 females had small facial calcified nodules (42.1% versus 42.0%, P � .971). The patient’s age was a
statistically significant predictor for having facial calcified nodules (odds ratio � 1.02, P � .001), while the patient’s sex was not (P � .826).

CONCLUSIONS: Facial calcified nodules, observed in routine head and face CT imaging, are common, benign, age-related findings, which
have been largely overlooked in the radiology literature. It is a manifestation of primary miliary osteoma cutis.

Osteoma cutis (cutaneous ossification) represents primary or

secondary formation of ossific foci in the skin. It was first

described by Martin Wilckens in 1858.1 It is distinguished radio-

graphically and pathologically from calcinosis cutis by the depo-

sition of organized bone matrix, while the latter is characterized

by the deposition of amorphous calcium salts within the skin.2-4

Some consider calcinosis cutis a precursor or the early manifesta-

tion of osteoma cutis.5 Similar to secondary cutaneous calcifica-

tion, the etiologies of secondary osteoma cutis have been well-

described in the radiology and dermatopathology literature and

are attributed to iatrogenic, traumatic, metabolic (eg, Albright

hereditary osteodystrophy), inflammatory (eg, acne or dermato-

myositis), and neoplastic (eg, basal cell carcinoma) processes.2,5-7

However, primary or idiopathic osteoma cutis has been sparsely

described as a rare disease entity in the plastic surgery and derma-

tology literature, mostly in the form of case reports.4,6,8-11

The most frequently reported subclass of primary osteoma cutis

occurs in the face and scalp soft tissues. It is reported as “miliary

osteoma cutis of the face.”4,10,12,13 Current literature agrees on its

idiopathic etiology and its benign, noninvasive, and asymptomatic

nature.4,6,10,12,13 However, there have been varying reports regarding

its epidemiology. While several authors describe it as a very rare dis-

ease6,9,12 with slightly increased incidence in elderly or middle-aged

women,2,14,15 other authors report it as a very common entity in the

general population,16 without sex or age predilection.6

As radiologists, we routinely encounter incidental, punctate

facial hypodermal calcifications on CT studies performed for a

variety of reasons in patients without clinically recognized under-

lying dermatopathology (Fig 1). Due to their benign and asymp-

tomatic nature, these incidental facial calcified nodules have been

largely overlooked in the imaging literature. We performed a ret-

rospective review of a large CT dataset. Our imaging technique

extended the results of a previously reported large, radiographic,

cadaveric case series,16 in an effort to establish that routinely en-

countered facial dermal calcification/ossification is primary mil-

iary osteoma cutis, a common, benign, age-related finding.
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MATERIALS AND METHODS
Patients
The study was approved by the institutional review board at Lahey

Hospital and Medical Center, which waived the requirement for in-

formed consent. A total of 1389 consecutive sinus CTs during an

8-month period and their associated demographics were retrospec-

tively reviewed. Seventy-four cases were excluded from the study be-

cause the most anterior portion of face was not imaged on coronal

sequences or there was excessive image degradation due to motion or

dental artifacts.

CT Technique
Direct coronal, nonhelical, sinus CT images were obtained on all

patients. Bone and soft-tissue algorithms, display field of view of 15

cm at a 520 � 520 matrix, provided an in-plane resolution of 0.29

mm (approximately 2 lp/mm). Section thickness was 3 mm. In ad-

dition, as a function of the deployed CT imaging device, nonhelical

1.5-mm-thick axial or axial multisection 0.6-mm volumetric CT

techniques were used with both bone and soft-tissue algorithms.

Imaging Analysis
The number of hypodermal radiopaque lesions with Hounsfield

units of �150 were counted (G.A.F.), and their distribution was

recorded for each sinus CT. Validation of positive case numbers

was subsequently performed (D.K.).

Statistical Analysis
To investigate the qualitative association between the subject’s

age/sex and the presence of facial calcified nodules, we performed

logistic regression analysis by using the presence of facial calcified

nodules as a binary dependent variable. To investigate the quan-

titative effect of the subject’s age and sex

on the number of facial calcified nod-

ules, we performed the Kruskal-Wallis

test with post hoc analysis (Dunn test),

with age decade and sex as qualitative

independent variables. The Kruskal-

Wallis test was chosen given the non-

parametric nature of our study popula-

tion. The prevalence of calcified nodules

and the mean ages between male and fe-

male sex were compared with the �2 and

Z-tests, respectively. All statistical calcula-

tion was performed with MedCalc for

Windows software (MedCalc Software,

Mariakerke, Belgium). P � .05 was con-

sidered a cutoff value for statistical

significance.

RESULTS
We included 599 males and 716 females

from 4 to 90 years of age in the study

(mean, 52 versus 51 years; P � .259).

Among the 1315 included cases, most

CTs were performed for sinusitis or up-

per respiratory infection (1112 cases,

84.6%) (Table 1).

Of 1315 sinus CT cases, 553 (42.1%)

patients had hypodermal calcifications. Most were punctate, �1

mm. In some cases, occasional 3- to 4-mm flocculent calcific foci

were encountered (Fig 1D). Facial involvement, particularly when

extensive, was conspicuously symmetric. The frontal hypodermis

was the most frequent distribution of facial calcified nodules (480

cases, 86.8%), followed by the maxillary hypodermis (255 cases,

46.1%). One hundred ninety-five cases (35.3%) demonstrated

calcifications in both the frontal and maxillary hypodermis. A few

cases demonstrated calcifications in the temporal (7, 1.3%), man-

dibular (4, 0.01%), and periorbital hypodermal tissue (2, 0.01%).

Table 2 summarizes the distribution of calcified nodules by

location.

Age and Facial Calcified Nodules
To investigate the possible association between the presence of

facial calcified nodules and the subject’s age, we dichotomized the

study population into 2 groups with and without facial calcifica-

tions. Logistic regression analysis demonstrated that increased

age of the subject was strongly associated with the presence of

facial calcified nodules (odds ratio � 1.02, P � .001).

For the association between the subject’s age and the severity

of facial calcified nodules, we used the number of calcified nod-

ules as a surrogate for the severity of disease. At first, linear regres-

sion was performed on 553 patients with facial calcified nodules.

It demonstrated no statistically significant, quantitative, linear re-

lationship between the subject’s age and the number of facial cal-

cified nodules [b�0.13, F(1,551) � 2.79, P � .095] with R2 � 0.01

(Fig 2).

Although there is a nonlinear relationship, the severity of facial

calcified nodules was also age-dependent. In an effort to investi-

FIG 1. Axial (A), sagittal (B), and coronal (C) CT images of 3 different representative patients demon-
strate multiple millimetric scattered facial and scalp hypodermal calcified nodules with varying de-
grees of severity. A 3D bone window reconstruction of a patient’s sinus CT (D) also demonstrates a
relatively large, 4- to 5-mm facial calcified nodule within the right premaxillary skin.
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gate any nonlinear effect of age decade and sex of the subjects on

the mean number of facial calcified nodules, the Kruskal-Wallis

test was performed, revealing a statistically significant difference

of the median number of facial calcified nodules among age de-

cade groups [H(8) � 27.46, P � .001]. Post hoc comparison anal-

ysis between each age decade group with the Dunn test revealed a

significantly higher median number of facial calcified nodules in

the sixth and seventh decades compared with the second, third,

and fourth decades (Fig 3). Additionally, subjects from the fifth,

eighth, and ninth decades also had a significantly higher median

number of facial calcified nodules than those in the second and

third decades (Fig 3).

Sex and Facial Calcified Nodules
In our study population, 252 males of 599 (42.1%) and 301 of 716

females (42.0%) had facial calcified nodules. There was no statis-

tically significant difference between the prevalence of facial cal-

cified nodules between male and female groups (P � .971). By

logistic regression, neither male nor female sex was shown to in-

crease the odds of having calcified nodules (odds ratio � 1.02, P �

.826). Similarly, the Kruskal-Wallis test did not reveal any signif-

icant effect of the subject’s sex on the median number of nodules

[H(1) � 0.032, P � .857] among 553 patients with nodules.

DISCUSSION
Our large-scale, retrospective review of 1315 sinus CT examina-

tions revealed that facial calcified nodules, observed in routine

head and face CT imaging, are a common, benign, age-related

finding. The prevalence of facial calcified nodules in our study

group was 42.1%, indicating that these nodules are a very com-

mon finding, compared with 2.3% in the most recent literature.13

The distribution of these facial nodules is symmetric and predom-

inantly involves the frontal and maxillary hypodermal tissue (540/

553 subjects, 97.6%).

Although there was no linear association between the age and

FIG 2. A scatterplot and linear regression between age and the num-
ber of facial calcified nodules among 553 patients with positive facial
calcified nodules. No significant linear quantitative relationship was
observed.

FIG 3. A, The average number of facial calcified nodules in each age
group by decade. B, The median number of facial calcified nodules in
each age group by decade. The Kruskal-Wallis test revealed a statis-
tically significant difference in the median number of nodules among
different age-decade groups. Post hoc analysis between each age
group in the overall population, including both males and females,
revealed a significantly higher (asterisk indicates P � .05) median num-
ber of nodules in the fifth–ninth decades compared with the second
and third decades. An additional statistically significant difference
was observed between the sixth and seventh decades and the fourth
decade.

Table 1: Study population and the distribution of CT indicationsa

Indications Cases %
Chronic sinusitis 823 62.6%
Upper respiratory infection/rhinitis 142 10.8%
Sinus pain/pressure 76 5.8%
Polyposis/mucocele 35 2.7%
Fungal infection 11 0.8%
Allergy 25 1.9%
Asthma 8 0.6%
Headache 115 8.8%
Obstructive sleep apnea 6 0.5%
Mass/cyst 9 0.7%
Head and neck cancer 8 0.6%
Pituitary mass 6 0.5%
Wegener granulomatosis 4 0.3%
Epistaxis 12 0.9%
CSF leak 6 0.5%
Trauma 3 0.2%
Facial infection 2 0.2%
Facial weakness 3 0.2%
Anosmia 5 0.4%
Vertigo/hearing loss 8 0.6%
Otalgia 1 0.1%
Acromegaly 1 0.1%
Unspecified 6 0.5%
Total 1315 100%

a The first 6 indications relate to sinusitis or upper respiratory symptoms, accounting
for the majority of indications (1112 cases, 84.6%; 1315 sinus CT cases; male, 599, 45.6%;
female, 716, 54.4%).

Table 2: Distribution of facial calcified nodules by location
Nodule

Distribution All Male Female
None 762 347 415
Frontal 285 126 159
Frontal-maxillary 195 87 108
Maxillary 60 31 29
Temporal 7 3 4
Mandibular/buccal 4 4 0
Orbital 2 1 1
Subtotal 1315 599 716
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the severity of facial calcified nodules, our study revealed a strong

association between the age and the likelihood of having facial

calcified nodules and their severity, supporting the age depen-

dency of these nodules (Fig 3). In contrast to some prior stud-

ies,2,14,15 we observed no female or male sex predilection for these

calcified nodules or their severity.

In 1998, Shigehara et al16 reported a cadaveric case series of 33

individuals. They analyzed facial skin specimens from 19 males

and 14 females, with ages ranging from 19 to 85 years. The cause of

death for these cadavers was not related to any disease predispos-

ing to secondary osteoma or calcinosis cutis. None of the cadavers

displayed obvious signs of changes in the skin (1 exception was

fatal burns without involving the face). Radiographic examina-

tion of these specimens demonstrated hypodermal, subcutaneous

calcified nodules in all 33 subjects (Fig 4A, -B). They reported that

the most frequently involved facial regions were the forehead (29

of 33, 87.9%) and zygomatic region of the cheek (30 of 33, 90.9%),

similar to the observation in our larger scale study (Table 2).

Pathologic and elemental analysis of these nodules revealed a be-

nign, mature bone-like morphology and characteristic and hy-

droxyapatite-like elemental composition (Fig 5). These nodules

demonstrated a concentric, multilamellated, peripheral osteoid,

and central adipose medulla, which correlated well with benign,

normal bone formation and appeared as well-circumscribed cal-

cified nodules with central lucency in radiographs (Fig 4B). In

addition, by obtaining dental radiographs, Shigehara et al de-

tected calcifications in 28% of 158 living subjects and 36% of

subjects older than 40 years of age. They recognized the potential

for underestimation due to the limited FOV of dental radio-

graphic techniques.

The radiographic appearance resembles the classic description

of benign breast skin calcification, which is believed to be second-

ary to sebaceous inspissations or low-grade infection.17 Routinely

encountered breast skin calcification was also described as a “cal-

cified nodule with central lucency”17 and appears similar to facial

calcified nodules identified in cadaveric specimens (Fig 4C).

While the demonstration of central lucency in most facial calci-

fied nodules by CT compared with mammography is limited due

to their very small size relative to the section thickness (Fig 4D,

-E), the appearance of some larger nodules was suggestive of a

subtle central lucency (Fig 4F).

In conclusion, combined evidence from our large-scale sinus

CT dataset of 1315 cases with previously reported dental radio-

graphic examinations of 158 patients and a cadaveric study of 33

patients supports our hypothesis that the commonly encountered

facial calcified nodules on routine head and neck CT examina-

tions are manifestations of primary miliary osteoma cutis as de-

FIG 4. Radiographic examination of cadaveric facial skin specimen (A) reveals multiple calcified nodules. A magnified view of inflated
buccal skin on an asymptomatic living patient (B) demonstrates multiple calcified nodules with central lucency. Benign breast skin
calcification detected in a routine screening mammogram in a middle-aged female subject (C) demonstrates classic imaging findings of
central lucency, which resemble the radiographic appearance of facial calcified nodules in (B). Axial (D) and coronal (E) CT images of the
buccal area of a patient demonstrate facial calcified nodules. A magnified axial CT image of a relatively large 5-mm maxillary hypodermal
calcified nodule (F) demonstrates a subtle central lucency. A and B, Images adapted from Shigehara et al16 and obtained from Dr Shigehara
with permission.
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scribed in dermatologic and plastic surgery literature, yet over-

looked in the radiologic literature. The discrepancy between

previous reports regarding the epidemiology of the disease is

likely due to its benign and asymptomatic nature. It is possible

that most cases have been overlooked until they are sufficiently

advanced or extensive to require dermatologic or surgical atten-

tion/intervention. This possibility may also explain the higher in-

cidence of reported cases in females who are more attuned to

facial cosmetics than males.

Due to the small, millimetric size of these nodules, it is tech-

nically challenging to identify and characterize them (Fig 4D–F).

The FOV in many dental series was restricted to the mandible and

maxillary jaw architecture without including the remaining face.

Because the forehead was most frequently involved in our series,

its exclusion also, in part, accounts for the discrepancy in preva-

lence from previous reports. Shigehara et al (1998)16 observed

that “the condition was detected in 28% (44/158) of the living

subjects by clinical dental radiographic examination (36% over

age 40).”

The major limitation of our study arises from its retrospective

design. Although the large number of subjects may have over-

come potential confounders, we did not obtain prospective data

such as dermatologic history or clinical evaluation. Correlative

full-thickness dermatopathology on asymptomatic patients was

clearly not possible; thus, we relied on our coauthors’ prior large

postmortem case series. Some studies suggested the history of

severe adolescent acne as a potential precursor of miliary osteoma

cutis,4,7,10,12 but this was not formally evaluated in our retrospec-

tive, informed-consent-waived study. In addition, because benign

breast skin calcification is thought to be

secondary to sebaceous inspissations

and low-grade infection, one can only

speculate that the idiopathic, primary

formation of these nodules may be sec-

ondary to subclinical or low-grade in-

flammatory, infectious, traumatic, or

environmental insults. The age depen-

dency of facial calcified nodules may,

thereby, be explained by longer poten-

tial exposure time to any of the above

insults than their younger counterparts.

In our study group, a small number of

subjects demonstrated �100 facial calci-

fied nodules (Fig 1C), while the average

number of these nodules in a subject was

14 (Figs 2 and 3), raising the possibility

of additional disease-exacerbating fac-

tors for these individuals with unusually

higher numbers of calcified nodules. A

prospective, cohort study with multi-

variable logistic regression could be de-

signed and performed to delineate any

of these potential inciting clinical factors

in the future.

CONCLUSIONS
Dermal calcified nodules, observed in

routine head and face CT imaging, are

common, benign, age-related findings, which have been largely

overlooked in the radiology literature. These are a manifestation

of primary miliary osteoma cutis.
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ORIGINAL RESEARCH
PEDIATRICS

Imaging Characteristics of Pediatric Diffuse Midline Gliomas
with Histone H3 K27M Mutation

X M.S. Aboian, X D.A. Solomon, X E. Felton, X M.C. Mabray, X J.E. Villanueva-Meyer, X S. Mueller, and X S. Cha

ABSTRACT

BACKGROUND AND PURPOSE: The 2016 World Health Organization Classification of Tumors of the Central Nervous System includes
“diffuse midline glioma with histone H3 K27M mutation” as a new diagnostic entity. We describe the MR imaging characteristics of this new
tumor entity in pediatric patients.

MATERIALS AND METHODS: We retrospectively reviewed imaging features of pediatric patients with midline gliomas with or without
the histone H3 K27 mutation. We evaluated the imaging features of these tumors on the basis of location, enhancement pattern, and
necrosis.

RESULTS: Among 33 patients with diffuse midline gliomas, histone H3 K27M mutation was present in 24 patients (72.7%) and absent in 9
(27.3%). Of the tumors, 27.3% (n � 9) were located in the thalamus; 42.4% (n � 14), in the pons; 15% (n � 5), within the vermis/fourth
ventricle; and 6% (n � 2), in the spinal cord. The radiographic features of diffuse midline gliomas with histone H3 K27M mutation were
highly variable, ranging from expansile masses without enhancement or necrosis with large areas of surrounding infiltrative growth to
peripherally enhancing masses with central necrosis with significant mass effect but little surrounding T2/FLAIR hyperintensity. When we
compared diffuse midline gliomas on the basis of the presence or absence of histone H3 K27M mutation, there was no significant
correlation between enhancement or border characteristics, infiltrative appearance, or presence of edema.

CONCLUSIONS: We describe, for the first time, the MR imaging features of pediatric diffuse midline gliomas with histone H3 K27M
mutation. Similar to the heterogeneous histologic features among these tumors, they also have a diverse imaging appearance without
distinguishing features from histone H3 wildtype diffuse gliomas.

The 2016 World Health Organization Classification of Tumors

of the Central Nervous System reorganizes diffuse astrocytic

tumors on the basis of their genetic alterations in addition to

histopathologic features, with inclusion of a new entity, the “dif-

fuse midline glioma, histone H3 K27M mutant.”1 The histone H3

K27M missense mutation is present in most adult and pediatric

diffuse gliomas arising in midline CNS structures, including the

thalamus, hypothalamus, third ventricle, pineal region, cerebel-

lum, brain stem, and spinal cord.2-6 The K27M mutation occurs

in either of 2 genes, H3F3A or HIST1H3B, which encode the his-

tone H3 variants, H3.3 and H3.1, respectively.7,8 While the K27M

mutation appears quite specific for diffuse gliomas arising in mid-

line structures, a separate missense variant (G34R or G34V) in

H3F3A can sometimes be found within peripheral cerebral

hemispheric gliomas predominantly in teenage and young

adult patients.2,3,8 These mutations result in decreased meth-

ylation of the histone tails, resulting in altered gene expression

patterns thought to block glial differentiation and promote

gliomagenesis.2,3

Here, we characterize the imaging features of this new tumor

entity, diffuse midline gliomas with histone H3 K27M mutation.

We also compare the imaging characteristics of histone H3 K27M

mutant and wildtype diffuse midline gliomas to determine whether
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any specific imaging features correlate with histone H3 K27M muta-

tional status.

MATERIALS AND METHODS
We identified 33 pediatric patients with diffuse midline gliomas

that were tested for the presence of the histone H3 K27M mu-

tation and underwent primary work-up or tumor board review

at our institution. This retrospective study was performed in

compliance with Health Insurance Portability and Account-

ability Act regulations and was approved by our institutional

review board.

Formalin-fixed, paraffin-embedded tumor tissue was ana-

lyzed by a University of California, San Francisco neuropatholo-

gist (D.A.S.). Immunohistochemistry for histone H3 K27M mu-

tant protein was performed by using a rabbit polyclonal antibody

(ABE419; EMD Milipore, Billerica, Massachusetts), which detects

histone H3.3 and H3.1 tails, as previously described.6,9 Immuno-

histochemical staining was performed in a BenchMark XT Auto

Stainer (Ventana Medical Systems, Tucson, Arizona) by using the

Cell Conditioning 1 (Ventana Medical Systems) antigen retrieval

buffer for 30 minutes at 95°C, incubation with a primary antibody

at 1:500 dilution for 32 minutes, and the ultraView Universal DAB

Detection Kit (Ventana Medical Systems).

All patients underwent MR imaging of the brain on either 1.5T

or 3T clinical scanners by using the following protocol: 3-plane

localizer, axial T2-weighted (TR/TE, 2500/80 ms), 3D fluid-atten-

uated inversion recovery (TR/TE/TI, 5500/136/2200 ms), T1-

weighted (TR/TE, 10/4 ms) without and with and intravenous

gadolinium, and axial diffusion-weighted imaging (TR/TE, 7000/60

ms) sequences.

Pretreatment MR imaging of each patient was reviewed by a

neuroradiology attending physician (S.C.) and a neuroradiology

fellow (M.S.A.) for the following tumor characteristics: location,

size, multifocality, involvement of the subventricular zone, corti-

cal invasion, pattern of contrast enhancement, solid or cystic

components, necrosis, edema, infiltrative pattern, mass effect,

and border characteristics. Type of tumor spread (local or distant)

was also characterized on follow-up MRIs if available. Compara-

tive analysis of imaging-pattern difference between histone H3

K27M wildtype and mutant diffuse gliomas with the Pearson cor-

relation coefficient was performed. Statistical analysis was per-

formed on STATA (StataCorp, College Station, Texas).

RESULTS
Patient age, tumor location, and histone H3 K27M mutant

protein status for the 33 patients with diffuse midline gliomas

included in this study are shown in Table 1. The histone H3

K27M mutant protein was found in 24 of the 33 (72.7%) stud-

ied tumors.

Long-term follow-up was available in 21 patients, with time of

resection/biopsy to date of death available for 10 patients, includ-

ing 2 patients with K27M mutant cervical spine tumors (10.4 and

17.4 months), 4 patients with K27M mutant pontine tumors (5.1–

16.5 months), 1 of 3 deceased patients with K27M mutant verm-

ian/fourth ventricle tumors (7.5 months), 2 patients with K27M

mutant thalamic tumors (5.6 –14.5 months), and 1 patient with

histone H3 wildtype pontine tumor (9.6 months). Both of the

patients with tectal tumors are presently alive at 23.3 and 78

months’ follow-up after diagnosis. There were 11 total living pa-

tients on follow-up. Short-term imaging follow-up was available

in 7 patients, but due to lack of clinical follow-up, these were not

included in the analysis.

Diffuse Midline Gliomas Centered within the
Posterior Fossa
Nineteen patients had infratentorial tumors, with 14 centered

within the pons and 5 located within the vermis/fourth ventricle

(Fig 1). Of these patients, 11/14 (78.6%) pontine tumors were

positive for histone H3 K27M mutant protein and 4/5 (80%) of

the vermis/fourth ventricle tumors were positive for histone H3

K27M mutant (Table 1).

Histone H3 K27M mutant tumors were centered within either

the pons or cerebellar peduncle, and most demonstrated contrast

enhancement (67%) (Fig 1 and Table 2). Five tumors were cen-

tered within the vermis/fourth ventricle and extended into the

posterior pons, and they demonstrated uniform contrast en-

hancement. Ten tumors were centered within the pons and had

heterogeneous enhancement characteristics (Fig 1 and Table 2).

Two patients with histone H3 K27M mutant posterior fossa tu-

mors had a multifocal appearance at presentation.

Posterior fossa histone H3 wildtype diffuse midline gliomas

(n � 4) were heterogeneous in their imaging characteristics (Ta-

ble 2). One of these tumors was centered within the subependy-

mal surface of the cerebellar hemisphere and was extending into

the fourth ventricle, resulting in hydrocephalus. Another tumor

was centered predominantly within the left cerebellar hemisphere

with minimal extension into the fourth ventricle and no associ-

ated hydrocephalus. The third patient’s tumor was centered

within the pons with extension into the cerebral peduncles and

into the right posterior limb of the internal capsule. This tumor

demonstrated mild central enhancement and greatly resembled

the histone H3 K27M mutant tumors.

Of 15 posterior fossa gliomas with histone H3 K27M muta-

tion, 14 patients had follow-up that ranged from 3 to 32 months.

Ten patients developed tumor recurrence within the treatment

bed at 3.8 –18.4 months of follow-up. Two of these patients dem-

onstrated CSF-based spread within 10.7 and 4.9 months of fol-

low-up. Only 4 of these patients had no tumor progression on

Table 1: Patient demographicsa

All
Patients
(n = 33)

Histone H3
K27M Mutant

(n = 24)

Histone H3
Wildtype

(n = 9)
Age

Mean 115.8 mo 108.5 mo 135.2 mo
Range 8.2–232 mo 32–232 mo 8.2–211 mo

Sex
Male 25 17 8
Female 8 7 1

Anatomic location
Subcallosal 1 1 0
Thalamus 9 6 3
Midbrain tectum 2 0 2
Pons 14 11 3
Vermis/fourth ventricle 5 4 1
Cervical spine 2 2 0

a Data are number and age.
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follow-up, ranging from 3 to 8.5 months. In histone H3 wildtype

pontine gliomas (n � 4), 2 patients demonstrated local progres-

sion at 4.9 and 9.5 months, while 1 patient developed distal

metastatic disease at 3.3 months of follow-up. One of the pa-

tients with a histone H3 wildtype glioma did not have available

follow-up. Aggressive patterns of tumor progression, includ-

ing local infiltrative tumor growth and distal CSF-based tumor

spread, were seen in both histone H3 K27M mutant and wildtype

tumors (Figs 2 and 3).

Comparison of Histone H3 K27M Mutant and Wildtype
Posterior Fossa Diffuse Midline Gliomas
No significant difference on imaging at presentation was noted

between the histone H3 K27M mutant and wildtype posterior

fossa tumors. There were only 4 histone H3 wildtype posterior

fossa tumors; therefore, comparison with the K27M mutant tu-

mors (n � 15) is limited. Overall, the K27M mutant tumors were

centered in either the pons or vermis/fourth ventricle, with exten-

sion into the pons. Fourth ventricle/vermian K27M mutant tu-

mors were mostly enhancing (4/5), while tumors centered within

the pons were heterogeneous in appearance in regard to their

enhancement characteristics. Two of the K27M mutant tumors

centered within the pons were multifocal, with an additional fo-

cus of an infiltrative masslike FLAIR hyperintense lesion within

the cerebellar hemisphere. The histone H3 wildtype tumors in the

posterior fossa were also located within the pons, the vermis with

extension into the fourth ventricle, and the cerebellar hemisphere.

Three of the 4 wildtype tumors demonstrated enhancement at

diagnosis. Imaging comparison of the histone H3 wildtype with

K27M mutant tumors is shown in Fig 1, demonstrating no signif-

icant differences between the 2 groups.

Diffuse Midline Gliomas Centered within the Thalamus
In 9 patients, tumors were centered within the thalamus, with

6 of these patients having histone H3 K27M mutations. Of the

patients having histone H3 K27M mutations, 3 had contrast

enhancement of the tumor and 3 did not (Fig 4). One of the

patients had tumor involving the bilateral thalami, and imag-

ing did not demonstrate contrast enhancement. Of the patients

with wildtype tumors, 1 had prominent enhancement, 1 had

punctate enhancement, and 1 did not have preoperative imag-

ing (data not included).

Four of the patients with K27M mutant thalamic gliomas had

follow-up, with 2 patients demonstrating distant CSF-based met-

astatic disease and 1 having local recurrence (images not shown).

One of the patients did not have any progression at 5.8 months’

follow-up. None of the patients with wildtype histone H3 had

clinical follow-up to ascertain recurrent disease.

Comparison of histone H3 K27M mutant and wildtype tumors

centered within the thalamus is limited due to low numbers, with 6

patients having K27M mutation and 3 with wildtype histone H3.

This limited comparison did not identify any specific features that

differentiated the K27M mutant from wildtype tumors.
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FIG 1. Diffuse midline gliomas within the posterior fossa. A, FLAIR, T1 postgadolinum, and ADC maps of infratentorial diffuse gliomas demon-
strate 2 distinct appearances, with the first type being centered within the pons with expansion of the pons and engulfment of the basilar artery
(14 patients). The second type was centered within the vermis and cerebellar peduncle with extension into the fourth ventricle and involvement
of the posterior pons (5 patients). B, Imaging features of both the histone H3 K27M and wildtype tumors were heterogeneous with respect to
necrosis, patterns of enhancement, edema, and infiltrative features. Black bars represent the presence of the feature; white bars represent lack
of the feature.

Table 2: MRI characteristicsa

All
Patients
(n = 33)

Histone H3
K27 Mutant

(n = 24)

Histone H3
Wildtype

(n = 9)
Multifocality 5 5 0
Contrast enhancement 22 16 6
Cystic component or

necrosis
18 15 3

Edema 4 4 0
Infiltrative pattern 27 18 9
Mass effect 32 24 8
Irregular border 27 18 9
CSF-based metastases 7 6 1
Direct cortical invasion 12 9 3

a Data are number.
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Other Midline Locations for Diffuse Midline Gliomas:
Subcallosal Area and Tectum
One patient with subcallosal diffuse glioma was identified. This

tumor was strongly enhancing and had regions of reduced diffu-

sion. The patient underwent gross total resection and did not have

evidence of tumor progression after 3.8 months of follow-up.

In addition, 2 patients had diffuse

gliomas centered within the tectum.

Both of these patients were alive at 23.3

and 78 months’ follow-up after biopsy.

On contrast administration, these tu-

mors were heterogeneous, with 1 tumor

demonstrating contrast enhancement

and a second tumor being nonenhanc-

ing. Both patients presented with symp-

toms due to hydrocephalus.

Diffuse Midline Gliomas of the
Cervical Spinal Cord
Cervical spine tumors had expansile

FLAIR hyperintense signal within the

spinal cord with evidence of internal

enhancement and reduced diffusion

on initial imaging (Fig 5). One of the

patients had FLAIR hyperintense ex-

pansile regions within the folia of the

cerebellar hemispheres at the time of

initial imaging, which was suspicious

for metastatic spread via the sub-

ependymal route (Fig 5). The second

patient presented with tumor localized

to the cervical cord but developed sub-

ependymal metastatic disease to the

posterior fossa subependymal region

of the fourth ventricle approximately 5

months after the original scan (data not shown).

DISCUSSION
The 2016 CNS World Health Organization classification intro-

duced a new entity of “diffuse glioma with histone H3 K27M

mutation.”1 In this study, we describe the MR imaging features of

diffuse midline gliomas with respect to their appearance within

the thalamus, pons, vermis/cerebellum, cervical spine, and other

sites based on histone H3 K27M mutation status.

The presence of the histone H3 K27M mutation results in

decreased methylation of histone tails of the histone H3 family

proteins, mainly H3.1 and H3.3. Previous studies demon-

strated that in patients with diffuse intrinsic pontine gliomas

with lysine 27 mutation in the H3.3 protein tail, overall sur-

vival was worse compared with H3.1-mutated subgroup.8 Sta-

tistical modeling demonstrated that the type of histone carry-

ing the K27M mutation was the most important predictive

factor of overall survival in this group of patients, while MR

imaging criteria of contrast enhancement alone did not play a

significant role in predicting overall survival.8 In addition, Jan-

sen et al10 reported the overall risk score of new diffuse intrin-

sic pontine gliomas, which depends on patient age, symptom

duration, treatment type, and radiologic presence of contrast

ring enhancement within diffuse intrinsic pontine gliomas.

Our analysis is based on clinical assessment of the presence of

histone H3 mutation status with immunohistochemistry as de-

scribed by the new World Health Organization criteria.1 This

assessment does not distinguish H3.1 from H3.3 mutation but

FIG 2. Imaging of tumor progression in histone H3 K27M mutant tumors. FLAIR and T1-weighted
contrast-enhancing images demonstrate local infiltrative (A) and CSF-based progression (B) in
histone H3 K27M mutants.

FIG 3. Imaging of tumor progression in histone H3 wildtype tumors.
FLAIR and T1-weighted contrast-enhancing images demonstrate
mixed local infiltrative progression with CSF-based metastatic disease
(A) and local infiltrative progression (B).
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defines a subgroup of midline gliomas with poor clinical prog-

nosis. This provides an important clinical context to interpre-

tation of clinical pathology reports.11,12

Imaging features of histone H3 K27M mutant gliomas were

heterogeneous, with thalamic gliomas demonstrating contrast

enhancement and necrosis in 50% of patients, pontine gliomas

demonstrating contrast enhancement to a variable degree in

67% of patients, and cervical spine

gliomas being uniformly enhancing.

Cervical spine gliomas with histone H3

K27M mutation demonstrated promi-

nent CSF-based metastatic spread, while

thalamic and pontine gliomas demon-

strated a variety of progressive patterns,

most commonly local recurrence.

Comparison of the histone H3 K27M

mutant glioma with the wildtype is lim-

ited due to the infrequent occurrence

of histone H3 wildtype diffuse gliomas

within the midline in pediatric pa-

tients. In our series, we had only 3

thalamic and 4 pontine histone H3

wildtype diffuse gliomas. In addition,

evaluation of diffuse gliomas based on

tumor location is limited due to the

low number of representative tumors

in the thalamus,9 tectum,2 subcallosal re-

gion,1 and cervical spine.2 This limited

analysis did not identify differentiat-

ing features based on imaging charac-

teristics that would help distinguish

histone H3 K27M mutant from

wildtype tumors.

CONCLUSIONS
Our MR imaging characteristics of pediatric diffuse midline glio-

mas are based on histone H3 K27M mutational status. We found

that midline gliomas with histone H3 K27M mutation centered

within the thalamus and posterior fossa were more likely to be

solid or infiltrative with infrequent necrosis. Tumor progression

patterns between histone H3 K27M and wildtype tumors were

similar, with local infiltrative tumor growth and distal CSF-based

metastatic disease. Limited evaluation of 2 spinal cord diffuse

gliomas with H3 K27M mutation showed distant and early me-

tastasis to the brain.
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ORIGINAL RESEARCH
PEDIATRICS

Diffusion Tensor Imaging of White Matter in Children Born
from Preeclamptic Gestations

X E.A. Figueiró-Filho, X B.A. Croy, X J.N. Reynolds, X F. Dang, X D. Piro, X M.T. Rätsep, X N.D. Forkert, X A. Paolozza, X G.N. Smith,
and X P.W. Stroman

ABSTRACT

BACKGROUND AND PURPOSE: Individuals born from pregnancies complicated by preeclampsia have an elevated risk for cognitive
impairment. Deviations in maternal plasma angiokines occur for prolonged intervals before clinical signs of preeclampsia. We hypothesized
that fetal brain vascular and nervous tissue development become deviated during maternal progression toward preeclampsia and that
such deviations would be detectable by MR imaging.

MATERIALS AND METHODS: In this pilot study, 10 matched (gestational and current ages) pairs (5 boys/5 girls, 7–10 years of age) from
preeclampsia or control pregnancies were examined by using diffusion tensor MR imaging. An unbiased voxel-based analysis was con-
ducted on fractional anisotropy and mean diffusivity parametric maps. Six brain ROIs were identified for subsequent analysis by tractog-
raphy (middle occipital gyrus, caudate nucleus and precuneus, cerebellum, superior longitudinal fasciculus, and cingulate gyrus).

RESULTS: Statistical differences were present between groups for fractional anisotropy in the caudate nucleus (offspring from pre-
eclamptic gestation � controls), volume of the tract for the superior longitudinal fasciculus (offspring from preeclamptic gestation �

controls) and the caudate nucleus (offspring from preeclamptic gestation � controls), and for parallel diffusivity of the cingulate gyrus
(offspring from preeclamptic gestation � controls).

CONCLUSIONS: These novel preliminary results along with previous results from the same children that identified altered cerebral vessel
calibers and increased regional brain volumes justify fully powered MR imaging studies to address the impact of preeclampsia on human
fetal brain development.

ABBREVIATIONS: FA � fractional anisotropy; MD � mean diffusivity; PE � preeclampsia; PE-F1 � offspring from preeclamptic gestation; PGF � placental growth
factor

Hypertensive disorders during human pregnancy include

acute-onset emergency preeclampsia (PE), seen at a fre-

quency of 2%– 8% of all gestations.1 PE is a systemic vascular

inflammatory syndrome occurring between midpregnancy and

term and is the leading cause of maternal and fetal morbidity and

mortality. Up to 12% of annual maternal deaths2 and up to 25%

of annual fetal and neonatal deaths globally3 are PE-associated.

Leading hypotheses addressing the pathophysiology of PE focus

on progressive deficits in uteroplacental angiogenesis and mater-

nal vascular remodeling well before the onset of clinical signs, due

to an imbalance in angiokines and soluble angiokine receptors,

which are predominantly products of the placenta.4

A recent systematic review of the impact of maternal hyper-

tension (all forms) during pregnancy on offspring addressed out-

comes after 6 months of life. The review identified cardiovascular,

immune, metabolic, and behavioral/neurologic effects on indi-

viduals born from preeclamptic mothers (PE-F1s). For PE-F1s,

lower cognitive function was the prominent, reliable association.5
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The deficits in cognitive functions reported for PE-F1s5-7 include

lower intelligence quotient scores,8,9 reduced verbal and nonver-

bal abilities,10,11 and reduced arithmetic reasoning.12,13

Recently, we conducted a pilot study to determine whether

clinical cognitive function test outcomes and brain MR imaging

findings differed between PE-F1s and typical 7- to 10-year-old

children.14 The hypothesis driving this research posits that the

progressive dysregulation of angiokines that is clinically associ-

ated with maternal PE development reflects conditions occurring

not only in placental but also in all fetal tissues and impacts fetal

cerebrovascular development. This hypothesis15 predicts that

brain anatomy and function differ between PE-F1s and children

born from normotensive mothers due to the use of common mo-

lecular pathways during vascular and neuronal cell differentiation

(vascular endothelial growth factor pathways) and to the impor-

tance of cerebral blood flow for anatomic and functional brain

development. Our pilot study suggested specific deficits in cogni-

tive testing and in eye-movement control.16 Initial volumetric

analyses of brain anatomic regions by using high-resolution T1-

weighted MR imaging datasets identified 5 regions of anatomic

enlargement in PE-F1s (cerebellum, temporal lobe, left amygdala,

right amygdala, and brain stem). In addition, reduced vascular

radii were identified from time-of-flight MR angiography datasets

in the occipital and parietal lobes.14 These preliminary results

were the first reported MR imaging/MRA findings in PE-F1s of

any age group.

The aim of the current study was to determine whether

microstructural properties, including myelination patterns

and white matter connectivity analyzed by diffusion tensor MR

imaging, differ between PE-F1s and matched typical children.

A further goal was to assess whether DTI findings overlapped

the previously identified anatomic or vascular deviations in

these children.14

MATERIALS AND METHODS
Participants
Twenty white children were recruited between July 2014 and Feb-

ruary 2015 from the established Preeclampsia New Emerging

Team birth cohort developed at Kingston General Hospital be-

tween September 2003 and October 2009.17 Race was not a con-

dition for recruitment. Half of the children had experienced a PE

gestation, while typical controls, matched for sex (5 males/5 fe-

males), gestational age, and current age, had experienced a nor-

mal pregnancy. PE was clinically defined by using the 2002 criteria

of American College of Obstetricians and Gynecologists.17 All

births were singleton and not complicated by diabetes and preex-

isting cardiovascular or other diseases. Lower weight was the sole

difference between the participant groups.14,16 During a single

half-day of study, each participant undertook multiple cognitive

function tests and eye-movement control testing to analyze re-

gional brain function, plus MR imaging and angiography proto-

cols, including DTI, that did not require sedation or contrast me-

dium enhancement.14 These participants have been fully

described previously.14,16 Here, analyses of the DTI data collec-

tion are reported. The study was reviewed and approved by the

Human Research Ethics Board, Queen’s University and Kingston

General Hospital.

MR Imaging/DTI
Brain MR imaging was performed by using a 3T Magnetom Trio

MR imaging scanner (Siemens, Erlangen, Germany) as reported

previously.14 DTI used in this work was a single-shot balanced

echo-planar imaging sequence with timing parameters of TR �

6000 ms and TE � 94 ms and flip angle � 90°. Fifty contiguous

transverse sections with a section thickness of 2.2 mm were

aligned parallel to the anterior/posterior commissure plane and

covered the entire brain. The FOV was 211 � 211 mm, and the

acquisition matrix was 96 � 96, giving a reconstructed in-plane

resolution of 2.2 � 2.2 mm. For each section, 1 image without

diffusion gradients (b�0 s/mm2) and 30 images with diffusion

gradients (b�1000 s/mm2) applied along 30 noncollinear direc-

tions were acquired.

Voxel-Based Analysis, ROIs, and Tractography
DTI data were analyzed by using custom software developed

in Matlab (R2009b; MathWorks, Natick, Massachusetts) and

ExploreDTI (http://exploredti.com/).18 A 3-step analytic proto-

col was developed because no previous workflow has been re-

ported for DTI analysis of juvenile PE-F1s, to our knowledge.

In the first step, to compensate for any potential motion arti-

facts, we registered the 30 DTI acquisitions for each subject to the

first b�0 s/mm2 dataset by using an affine transformation by

maximization of the mutual information cost function and linear

interpolation. After motion correction, parametric maps of frac-

tional anisotropy (FA) and mean diffusivity (MD) were calcu-

lated. To enable voxelwise statistical analysis, we transformed the

FA and MD parametric maps for each subject nonlinearly to a

common reference space by registering the b�0 s/mm2 dataset.

For this purpose, a custom brain atlas was created on the basis of

the anatomic images from all 20 children enrolled in this study by

using the Individual Brain Atlases Using Statistical Parametric

Mapping Software (http://thomaskoenig.ch/Lester/ibaspm.htm)

atlas-based automatic segmentation toolbox19 to account for the

pediatric population.

In the second step, voxel-based analysis was performed to

compare white matter measurements between PE-F1s and con-

trol children. Voxelwise statistical comparisons of FA and MD

parameters between the 10 PE-F1s and 10 typical children were

performed by using Matlab and analysis of variance. Differences

were considered statistically significant at P � .01 (Fig 1). From

the voxel-based analysis, 6 ROIs were identified and used as seeds

for subsequent tractography analysis by using ExploreDTI18 with

standard parameters. More precisely, the 3 largest connected re-

gions of significant voxels visible in at least 3 adjacent sections,

determined by voxel-based analysis, were selected for each pa-

rameter (FA or MD) and used for further analysis after back-

propagation to the original DTI space.

In the third step, tracts identified in ExploreDTI18 were used to

calculate average FA, MD, parallel diffusivity, perpendicular dif-

fusivity, and tract volume (averaging across all voxels in a given

tract). The results between PE-F1s and typical children were com-

pared in Matlab by using 1-way analysis of covariance, with age as

a covariate. At this third step, differences in tractography were

considered significant at P � .05.

At a significance level of P � .05, voxel-based analysis isolated
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too many tracts of interest. Therefore, voxel-based analyses in the

second step were evaluated at a significance level of P � .01 to

narrow down the search to white matter regions of possible inter-

est. In the third step, tractography was performed at the P � .05

level as a standard value, because these data represent the first

study of this kind on this defined group of individuals of any age

and there were no previously published analyses for guidance.

RESULTS
Voxel-Based Analysis
Voxel-based analysis of differences between PE-F1s and typical

children statistically identified 10 regions of difference in FA and

8 regions of difference in MD. The final ROIs selected for tractog-

raphy analysis were the 3 most different on the basis of voxel-

based analysis of FA (middle occipital gyrus, caudate nucleus, and

precuneus) and the 3 most different identified by voxel-based

analysis of MD (cerebellum, superior longitudinal fasciculus, and

cingulate gyrus; Fig 1).

Tractography in ROIs
From the 6 identified ROIs, 3 differed between PE-F1s and con-

trol children. The regions for which statistical differences in any

tractography parameter could not be established with this small

study group were the middle occipital gyrus (P � .26 – 0.47), pre-

cuneus (P � .12– 0.48), and cerebellum (P � .47– 0.77). The re-

gions showing differences were the caudate nucleus, superior lon-

gitudinal fasciculus, and cingulate gyrus. Multivariate statistical

analysis revealed differences for FA in the caudate nucleus (PE-

F1 � control, P � .008), tract volumes for the caudate nucleus

(PE-F1 � control, P � .05) and the superior longitudinal fascic-

ulus (PE-F1 � control, P � .03), and parallel diffusion for the

cingulate gyrus (PE-F1 � control, P � .04). Complete compari-

sons of the DTI parameters between the PE-F1 and typical chil-

dren are summarized in the On-line Table.

Integration with MR Imaging/MRA Outcomes
The Table summarizes the overlap in findings between the DTI

analyses and our previous analyses of brain images from these

PE-F1s.14 The independent DTI analyses identified differences in

brain areas between the groups that corresponded with results

from our previous analyses. For example, the larger brain ana-

tomic areas described previously in PE-F1 (temporal lobe, right

and left amygdalae) were coincident with a higher volume of bun-

dles of white matter (superior longitudinal fasciculus and caudate

nucleus) and also with higher values of FA (caudate nucleus).

Most important, the right and left amygdalae are part of the limbic

area, and they are localized at the end point of the caudate nu-

cleus. Although larger tissue volumes were described in the cere-

FIG 1. Voxel-based analysis comparing the brains of children born from preeclamptic pregnancies with the brains of children born from typical
healthy pregnancies (controls). A custom template was created on the basis of the anatomic images of all 20 children enrolled in this study.
Voxel-based analysis was performed to compare white matter measurements in PE-F1s and control children. The blue and red dots represent
areas where there might have been differences between the fractional anisotropy values (A and C) or mean diffusivity values (B and D). From the
voxel-based analysis, areas in which a cluster of voxels persisted through at least �3 sections were identified and used to define the specific ROIs
to be used as seeds for tractography. Magnification of an area (C and D) is used as an example of how ROIs were defined. The 3 most
dot-clustered regions in voxel-based analysis for FA and MD were selected, yielding 6 ROIs for more detailed analysis. The ROIs identified on FA
were the following: 2, middle occipital gyrus; 7, caudate nucleus; and 9, precuneus. The ROIs identified on MD were the following: 1, cerebellum;
6, superior longitudinal fasciculus; and 7, cingulate gyrus.
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bellum, and smaller vascular radii in the parietal and occipital

lobes, we did not find any significant deviations in these regions in

the advanced DTI analysis. However, the voxel-based analysis of

FA and MD parametric maps did identify regions that are part of

or correspond to the cerebellum, parietal lobe, and occipital lobe.

DISCUSSION
This is the first report of DTI analyses of the PE-F1 brain. In this

small pilot study, unbiased comparisons identified some brain

areas with significant differences in DTI parameters between PE-

F1s and children matched except for gestationally experienced

maternal health status.

The origins of the impacts of PE defined in our study are un-

clear. Possibilities include effects that are direct consequences of

maternal hypertension or that result from disturbed placental

metabolism or function. However, we postulate that the effects

arise from angiogenic dysregulation in the fetus itself that mirrors

the angiogenic dysregulation displayed in the conceptus-derived

placenta and are reflected in measurements of maternal gesta-

tional plasma. Thus, we predict that the legacy effects of the pre-

eclamptic gestational experience are not restricted in brains of

PE-F1 but are present in multiple vascular beds. This postulate

was recently supported by studies of capillaries in early postnatal

infant skin.20

The PE-F1 deviations of increased brain regional volumes or

globally reduced vascular diameters suggest that the legacy impact

of PE occurred in regions associated with memory and visual

spatial processing.14,16 Our previous findings that the temporal

lobe and right and left amygdalae in PE-F1 are larger than in

control children were coincident with the larger DTI volume of

white matter in 2 ROIs: the caudate nucleus and superior longi-

tudinal fasciculus (Table).

In our PE-F1 study participants, increased tract volumes were

identified in the superior longitudinal fasciculus, which is a large

bundle of association fibers in the white matter that connects

the parietal, occipital, and temporal lobes with the frontal lobe.21 The

superior longitudinal fasciculus is strongly related to language and

communication pathways.21 Due to a small sample, we could not

establish a statistical correlation between these findings; larger, future

studies are needed to address possible relationships.

PE-F1s had higher FA values and thicker white matter bundles

over tracts in the caudate nucleus. The limbic area, represented

mainly by the caudate nucleus, has an important role in learning

and memory involving goal-directed actions.22 The brain circuits

that underlie spatial working memory include the prefrontal cor-

tex, anterior cingulate cortex, basal ganglia, thalamus, and cere-

bellum.23 PE-F1 presented with higher parallel diffusion values in

the cingulate gyrus (On-line Table), which corresponds to addi-

tional support for differences in the PE-F1 limbic area. DTI

identification of higher FA values and a higher volume of white

matter tracts on the caudate nucleus plus higher parallel diffusion

on the cingulate gyrus predict an impact on spatial working mem-

ory in PE-F1 compared with control children. Again, due to the

limited sample size, it is not possible to infer whether the observed

changes would have a positive or negative impact on this group of

children. Similarly, future assessment of a larger number of indi-

viduals will be needed to verify possible associations between the

limbic area and spatial working memory.

In animal models, placental growth factor (PGF)– deficient

mice (PGF mutant knockout mice) display altered fetal brain vas-

cular development from midpregnancy.24 Key deviations identi-

fied were in vessels of the hindbrain and circle of Willis.25 PGF is

expressed in all stages of mouse and human preimplantation em-

bryos and throughout brain development.26,27 In women who

proceed to PE, subnormal maternal plasma levels of PGF, pre-

dominantly a placental product, are reported by the end of first

trimester when significant elevations first appear in healthy preg-

nancies.28,29 Consistent with this finding, PGF was deficient in the

available term plasma samples of the mothers of the children

studied in this report while soluble fms-like tyrosine kinase-1 and

soluble endoglin were comparable (n � 4 PE/8 controls).14 Our

hypothesis is that in PE, downregulation of PGF and/or related

angiogenic signaling molecules is initiated at or before embryo

implantation. This predicts PGF downregulation in both the pla-

centa and embryo/fetus during the interval of brain development.

Indeed, in cattle blastocysts in which data are available, PGF tran-

scripts are more than twice as numerous in the inner cell mass

(fetal primordium) than in the trophectoderm, the primordium

for the placenta.30

We speculate that neurologic and vascular development of the

embryonic/fetal brain is already deviated before differences in

PGF and/or other molecules regulating angiogenesis are detect-

able in maternal plasma or before maternal hypertension is clin-

Comparison of DTI, MRI, and MRA findings by brain region for PE-F1

Brain Anatomic
Regions

DTI Findings in PE-F1 Brains (Present Study) MRI/MRA, Previous Findings in PE-F1 Brains14

ROIs

Comparisons with Significant
Differences between
PE-F1s and Controls

Morphologic Findings
in PE-F1

Vascular Findings
in PE-F1

Temporal lobe Superior longitudinal
fasciculus

Volume of tract: PE-F1s �
controls (P � .03)

Larger volume in temporal
lobe

NS

Limbic area Caudate nucleus FA: PE-F1s � controls (P � .008);
volume of tract: PE-F1s �
controls (P � .05)

Larger volume in right and
left amygdalae

NS

Cingulate gyrus Parallel diffusion: PE-F1s �
controls (P � .0.04)

NS NS

Parietal lobe Precuneus NS NS Smaller radii globally
Occipital lobe Middle occipital gyrus NS NS Smaller radii globally
Cerebellum Cerebellum NS Larger volume in cerebellum NS

Note:—NS indicates that no significant correlation or comparison was found.
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ically observed. Vascular and neurologic imaging of neonatal hu-

man and mice brains has identified early life capacities for

significant structural reorganization. If validation studies with a

large number of participants confirm our pilot data, development

of preclinical models to assess methods of stimulating neonatal

brain angiogenesis to reduce cognitive impairment may be appro-

priate.31-34 It will also be important to compare PE-F1 brain im-

ages and functioning with similar data associated with other types

of pediatric brain developmental anomalies to understand

whether the PE-F1 brain is unique and whether imaging data

could be clinically valuable for long-term health management of

these individuals.

CONCLUSIONS
Our continuing analyses of brain MR imaging datasets from a

small number of 7- to 10-year-old PE-F1s strongly suggest that

neurologic differences underlie the intellectual deviations re-

ported in pediatric and adult PE-F1 populations.5-14 The brain

regions with statistically significant DTI differences were previ-

ously identified in an independent analysis as having anatomic

variances in volume or global vessel width compared with chil-

dren born from typical pregnancies.14 Our studies, though lim-

ited by a small sample size and racial homogeneity (white),

strongly suggest that PE causes deviation of fetal brain structures

during early development before the onset of maternal hyperten-

sion and that these deviations might have functional conse-

quences postpartum.
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30. Khan DR, Fournier É, Dufort I, et al. Meta-analysis of gene expres-
sion profiles in granulosa cells during folliculogenesis. Reproduc-
tion 2016;151:R103–10 CrossRef Medline

31. Harb R, Whiteus C, Freitas C, et al. In vivo imaging of cerebral mi-
crovascular plasticity from birth to death. J Cereb Blood Flow Metab
2013;33:146 –56 CrossRef Medline

32. Whiteus C, Freitas C, Grutzendler J. Perturbed neural activity dis-
rupts cerebral angiogenesis during a postnatal critical period. Na-
ture 2014;505:407–11 CrossRef Medline
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ORIGINAL RESEARCH
PEDIATRICS

Diagnostic Performance of Ultrafast Brain MRI for Evaluation
of Abusive Head Trauma

X S.F. Kralik, X M. Yasrebi, X N. Supakul, X C. Lin, X L.G. Netter, X R.A. Hicks, X R.A. Hibbard, X L.L. Ackerman, X M.L. Harris, and
X C.Y. Ho

ABSTRACT

BACKGROUND AND PURPOSE: MR imaging with sedation is commonly used to detect intracranial traumatic pathology in the pediatric
population. Our purpose was to compare nonsedated ultrafast MR imaging, noncontrast head CT, and standard MR imaging for the
detection of intracranial trauma in patients with potential abusive head trauma.

MATERIALS AND METHODS: A prospective study was performed in 24 pediatric patients who were evaluated for potential abusive head
trauma. All patients received noncontrast head CT, ultrafast brain MR imaging without sedation, and standard MR imaging with general
anesthesia or an immobilizer, sequentially. Two pediatric neuroradiologists independently reviewed each technique blinded to other
modalities for intracranial trauma. We performed interreader agreement and consensus interpretation for standard MR imaging as the
criterion standard. Diagnostic accuracy was calculated for ultrafast MR imaging, noncontrast head CT, and combined ultrafast MR imaging
and noncontrast head CT.

RESULTS: Interreader agreement was moderate for ultrafast MR imaging (� � 0.42), substantial for noncontrast head CT (� � 0.63), and nearly
perfect for standard MR imaging (� � 0.86). Forty-two percent of patients had discrepancies between ultrafast MR imaging and standard MR
imaging, which included detection of subarachnoid hemorrhage and subdural hemorrhage. Sensitivity, specificity, and positive and negative
predictive values were obtained for any traumatic pathology for each examination: ultrafast MR imaging (50%, 100%, 100%, 31%), noncontrast head
CT (25%, 100%, 100%, 21%), and a combination of ultrafast MR imaging and noncontrast head CT (60%, 100%, 100%, 33%). Ultrafast MR imaging was
more sensitive than noncontrast head CT for the detection of intraparenchymal hemorrhage (P � .03), and the combination of ultrafast MR
imaging and noncontrast head CT was more sensitive than noncontrast head CT alone for intracranial trauma (P � .02).

CONCLUSIONS: In abusive head trauma, ultrafast MR imaging, even combined with noncontrast head CT, demonstrated low sensitivity
compared with standard MR imaging for intracranial traumatic pathology, which may limit its utility in this patient population.

ABBREVIATIONS: AHT � abusive head trauma; nHCT � noncontrast head CT; stMRI � standard MR imaging; ufMRI � ultrafast MR imaging

The incidence of abusive head trauma (AHT) in the United

States from 2000 to 2009 was 39.8 per 100,000 children

younger than 1 year of age and 6.8 per 100,000 children 1 year of

age.1 The outcomes of patients with AHT are worse than those of

children with accidental traumatic brain injury, including higher

rates of mortality and permanent disability from neurologic im-

pairment.2-5 The diagnosis of AHT is frequently not recognized

when affected patients initially present to a physician, and up to

28% of children with a missed AHT diagnosis may be re-injured,

leading to permanent neurologic damage or even death.6 Because

neuroimaging plays a central role in AHT, continued improve-

ment in neuroimaging is necessary.

Common neuroimaging findings of AHT include intracranial

hemorrhage, ischemia, axonal injury, and skull fracture, with ad-

vantages and disadvantages for both CT and MR imaging for the

detection of AHT.7 A noncontrast head CT (nHCT) is usually the

initial imaging study in suspected AHT due to its high sensitivity

for the detection of acute hemorrhage and fracture and the high

level of accessibility from the emergency department, and it can be

performed quickly and safely without the need for special moni-

toring equipment.8,9 The disadvantages of CT include ionizing
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radiation, particularly in children, and the reduced sensitivity in

detecting microhemorrhages, axonal injury, and acute ischemia

compared with MR imaging.10

MR imaging is frequently performed in AHT and adds addi-

tional information in 25% of all children with abnormal findings

on the initial CT scan.11 Brain MR imaging can also be useful for

identifying bridging vein thrombosis, differentiating subdural

fluid collections from enlarged subarachnoid spaces, characteriz-

ing the signal of subdural blood, and demonstrating membrane

formation within subdural collections.12-16 Brain MR imaging

findings have correlated with poor outcomes associated with

findings on diffusion-weighted imaging and susceptibility-

weighted imaging in AHT; however, disadvantages of MR imag-

ing continue to include the need for sedation in children and

compatible monitoring equipment.17-22 Although there is greater

accessibility of CT compared with MR imaging, the availability of

MR imaging is relatively high and imaging techniques that allow

neuroimaging in patients with potential AHT without sedation

would be valuable, particularly given the potential adverse effects

of sedation on the developing brain.23,24

A potential solution for diagnostic-quality brain MR imaging

without sedation in AHT is the use of ultrafast MR imaging

(ufMRI) sequences, also termed “fast MR imaging,” “quick MR

imaging,” or “rapid MR imaging.” Ultrafast MR imaging uses

pulse sequences that rapidly acquire images, potentially reducing

motion artifacts and the need for sedation. ufMRI has been most

commonly used in pediatric neuroradiology for the evaluation of

intracranial shunts in children with hydrocephalus, and most of

the reported ufMRI brain protocols include only multiplanar T2-

weighted HASTE sequences.25-34 Consequently, previously re-

ported limitations of ufMRI in detecting intracranial hemorrhage

is primarily due to the lack of blood sensitive sequences.35

Recently, an ufMRI protocol incorporating sequences in addi-

tion to T2 sequences has been reported in pediatric patients with

trauma.36 This study did not compare findings with those of a

standard MR imaging (stMRI) and included a wider age range of

pediatric patients, so the value of ufMRI in pediatric abusive head

trauma remains uncertain.36 Therefore, the purpose of our study

was to evaluate an ufMRI brain protocol performed without se-

dation for feasibility in terms of scanning time and diagnostic

value as well as diagnostic accuracy compared with nHCT and

stMRI of the brain for the detection of intracranial traumatic pa-

thology in patients with suspected AHT.

MATERIALS AND METHODS
Following institutional review board ap-

proval, a prospective study was per-

formed from March 2014 through

March 2015, evaluating the diagnostic

performance of an ufMRI of the brain

performed at a tertiary children’s hospi-

tal in 24 infants who underwent MR im-

aging for the indication of potential

AHT. Infants were eligible for enroll-

ment if they had presented acutely to an

emergency department, had undergone

an nHCT within the preceding 48 hours

either performed at a referring institu-

tion or our institution, and were not intubated or sedated for

clinical reasons and MR imaging of the head had been requested

to further evaluate the patient for potential AHT. The following

clinical data were collected for each subject: age, sex, and presen-

tation pediatric Glasgow Coma Scale score. For all patients, an

ufMRI brain protocol was performed without sedation and, de-

pending on age, with or without an MRI compatible immobilizer

(MedVac Infant Immobilizer; CFI Medical, Fenton, Michigan).

At our institution, an immobilizer is routinely used for infants

younger than 3 months of age. The ufMRI was immediately fol-

lowed by an stMRI of the brain with continued use of an immo-

bilizer or with general anesthesia, with a maximum of time inter-

val between the completion of ufMRI and the start of stMRI of 25

minutes in patients requiring sedation. Patients were not ex-

cluded if the ufMRI was nondiagnostic but were excluded if stMRI

sequences were nondiagnostic.

MR imaging was performed with 1.5T or 3T scanners (Avanto

and Verio; Siemens, Erlangen, Germany). The ufMRI and stMRI

protocol details are shown in Tables 1 and 2. MR imaging tech-

nologists were instructed to repeat an ufMRI sequence only once

if there were severe motion artifacts. Technical parameters for

nHCT were the following: 100 –120 kV(peak); 145–185 mA; and

CT dose index, 17.1–29.4 mGy.

Two board-certified fellowship-trained pediatric neuroradi-

ologists (S.F.K., C.Y.H.) with Certificates of Added Qualification

in neuroradiology with 3 and 8 years of experience, respectively,

independently reviewed the ufMRIs followed by a review of the

stMRIs. Reviewing the ufMRI first without the results of the

stMRI allowed a blinded evaluation of the ufMRI. These were

reviewed by the same 2 pediatric neuroradiologists at a separate

time following a 2-month interval from the MR imaging analysis,

to avoid memory bias for nHCT. Axial soft-tissue-algorithm

nHCTs at 5-mm section thickness were included for review. Cor-

onal and sagittal reformats were not available in all cases and were

not included in the evaluation. The pediatric neuroradiologists

were aware that the clinical indication was for evaluation of po-

tential AHT but were otherwise blinded to the final clinical inter-

pretation and additional clinical and radiologic information of

the patient, including skeletal survey results.

UfMRIs, nHCTs, and stMRIs were reviewed for subjective di-

agnostic quality (diagnostic versus nondiagnostic), and specific

assessment was recorded for the following: subdural fluid collec-

tion (unilateral, bilateral, tentorial, presence of subdural fluid-

Table 1: Ultrafast MRI brain protocols

Sequence

Parameters

Total Time:
1.5T: 1m 43s;
3T: 1m 54s

Magnet
Strength TE (ms) TR (ms) Matrix

Section
Thickness

(mm)
Axial T2 HASTE 1.5T 96 550 192 � 154 4 23s

3T 98 536 192 � 154 4 19s
Coronal T2 HASTE 96 550 123 � 192 4 23s

98 536 123 � 192 4 19s
Axial DWI 77 4508 128 � 128 4 36s

78 12,600 128 � 128 4 46s
Axial EPI T2* 39 4190 192 � 154 4 21s

39 3350 192 � 154 4 30s

Note:—m indicates minute; s, second.
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fluid levels, presence of subdural membrane formation/subdural

septation), subarachnoid hemorrhage, epidural hemorrhage, in-

traventricular hemorrhage, intraparenchymal hemorrhage, cyto-

toxic edema, nonhemorrhagic vasogenic parenchymal edema, pa-

renchymal lacerations, hydrocephalus, midline shift, herniation

(uncal, subfalcine, tonsillar), enlarged subarachnoid spaces, and

encephalomalacia.

Subdural fluid collections were defined as fluid collections lo-
cated under the dura along the convexities, falx, or tentorium.
Fluid-fluid levels were defined as a difference in signal intensity or
density that had a meniscus/layering pattern. Subdural mem-
brane formation was defined as an identifiable line/band that sep-
arated a subdural fluid collection into �1 compartment. Sub-
arachnoid hemorrhage was identified as blood localized within
the subarachnoid space including the basal cisterns or that was
identified as hyperattenuation on CT and hyperintense signal on
FLAIR imaging or hypointense signal on T2*/susceptibility-
weighted imaging. Intraparenchymal hemorrhage was defined as
intraparenchymal hyperattenuation on CT and focal intra-axial
signal abnormality with either low signal on T2-weighted, T2*, or
susceptibility-weighted images or high signal intensity on T1-
weighted images. Cytotoxic edema was defined as an area dem-
onstrating low attenuation on CT involving gray matter and high
signal intensity on DWI with low signal intensity on the corre-
sponding apparent diffusion coefficient map and included diffuse
axonal injury and vascular infarct. Nonhemorrhagic vasogenic
parenchymal edema was defined as low attenuation on CT spar-
ing the gray matter and abnormal T2 signal hyperintensity with-
out associated intraparenchymal hemorrhage or cytotoxic edema
as defined above. Parenchymal lacerations were defined as a pa-
renchymal cleft containing CSF and/or hemorrhage that did not
correspond to a normal anatomic structure such as a sulcus. En-
larged subarachnoid spaces were defined as subarachnoid spaces
measuring �4 mm in thickness. Encephalomalacia was defined as
a focal loss of brain volume involving the cortex identified on any
sequence.

On completion of review of the nHCTs, ufMRIs and stMRIs,
discrepancies between neuroradiologists were resolved by discus-
sion to establish a consensus interpretation. For the calculation of
concordance, an examination was considered “concordant” if all
findings were in agreement and “discordant” if there was any

disagreement for any of the pathologic
categories. � values � 0 were considered
no agreement; 0 – 0.20, as slight agree-
ment; 0.21– 0.40, as fair agreement;
0.41– 0.60, as moderate agreement;
0.61– 0.80, as substantial agreement; and
0.81–1, as almost perfect agreement.37

Sensitivity, specificity, and positive and
negative predictive values for consensus
interpretation for ufMRI, nHCT, and
ufMRI combined with nHCT, respec-
tively, were calculated compared with
consensus stMRI as the criterion stan-
dard. The McNemar test was used to as-
sess significance of the discordance rate
compared with the criterion standard
for each pathologic entity and the

changes in sensitivity among ufMRI, nHCT, and combined

ufMRI with nHCT. Statistics were performed by using MedCalc

statistical software, Version 14.12.0 (MedCalc Software, Mari-

akerke, Belgium), with P � .05 considered statistically significant.

RESULTS
The median subject age was 4 months (range, 9 days to 31

months), and the male/female ratio was 2:1. The median presen-

tation pediatric Glasgow Coma Scale score was 15 (range, 13–15).

As per study protocol, no sedation was performed during ufMRIs

of the brain for all 24 patients. stMRI was performed with an

immobilizer in 15/24 (63%) patients and with general anesthesia

for 9/24 (37%) patients. ufMRI was performed without sedation

in all 24 patients, required less than 2 minutes to acquire all of the

imaging sequences, and was of diagnostic quality in all patients,

while stMRI required general anesthesia in 9 of 24 patients to

achieve diagnostic quality and required approximately 15 min-

utes to acquire all of the imaging sequences. ufMRI sequences and

stMRI sequences were considered diagnostic in all patients by

both neuroradiologists. Four individual ultrafast MRI sequences

were repeated in 3/24 scans compared with a repeat of 11 stMRI

sequences in 6/24 scans. All nHCTs were of acceptable diagnostic

quality.

A summary of the prevalence of imaging findings identified on

stMRI is listed in Table 3. The overall prevalence of patients with

an abnormal intracranial trauma finding on stMRI was 83.3%.

Binary interreader agreement for complete agreement versus any

discrepant finding was moderate for ufMRI (� � 0.42; 95% CI,

0 – 0.87), substantial for nHCT (� � 0.63; 95% CI, 0.30 – 0.96),

and nearly perfect for stMRI (� � 0.86; 95% CI, 0.60 –1). Only 1

patient had an interreader discrepancy on stMRI, which involved

the presence of old blood products along the tentorium.

Discrepancy rates for individual findings on the consensus in-

terpretation for ufMRI and nHCT compared with stMRI are

listed in Table 4. The only significant discrepancy rate by pathol-

ogy was the detection of intraparenchymal hemorrhage on nHCT

compared with stMRI (P � .03). For the total discrepancy rates

per examination type, there was significance for consensus ultra-

fast MRI (P � .004), nHCT (P � .0003), and combined ufMRI

and nHCT (P � .01) compared with the criterion standard stMRI.

Table 2: stMRI brain protocols

Sequence

Parameters

Total Time:
1.5T: 17m 15s;
3T: 14m 42s

Magnet
Strength TE (ms) TR (ms) Matrix

Section
Thickness

(mm)
Sagittal 3D T1 1.5T 2.98 2180 192 � 256 1.2 3m 53s
MPRAGE 3T 2.18 1460 251 � 256 0.9 3m 16s
Axial T2 TSE 99 3950 320 � 320 2 1m 51s

116 3980 307 � 384 2 2m 12s
Coronal T2 TSE 109 3870 320 � 320 2 2m 12s

116 3520 320 � 320 2 4m 6s
Axial T2 FLAIR 152 10,000 256 � 256 4 3m 0s

107 7000 180 � 320 4 1m 24s
Axial DWI 77 4508 128 � 128 4 36s

78 12,600 128 � 128 4 46s
Axial SWI 40 49 195 � 320 1.5 5m 43s

40 27 182 � 256 1.5 2m 58s

Note:—m indicates minute; s, second.
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Discrepancies that consensus ufMRI missed but consensus

stMRI detected included the following: 4 patients with subarach-

noid hemorrhage, 3 patients with bilateral subdural fluid collec-

tions in which 1 collection was not identified, 2 patients with a

fluid-fluid level in a subdural collection, and 3 patients with ten-

torial subdural hemorrhage. ufMRI demonstrated complete

agreement between both reviewers; and the stMRI, for the pres-

ence of at least 1 subdural collection, intraventricular hemor-

rhage, parenchymal laceration, enlarged subarachnoid spaces, en-

cephalomalacia, intraparenchymal hemorrhage, herniation or

midline shift, and hydrocephalus. There were no abnormal find-

ings described on ultrafast MRI that were normal findings on

stMRI. Examples of ufMRI findings compared with stMRI find-

ings are seen in Figs 1–3.

The diagnostic accuracy of consensus comparisons for each test

for detecting any intracranial traumatic pathology with the criterion

standard stMRI is listed in Table 5. The differences in the resulting

sensitivity of ufMRI versus nHCT and ufMRI versus combined

ufMRI with nHCT were not statistically significant (P � .13, P �

.48); however, the difference in the sensitivity of combined ufMRI

with nHCT versus nHCT alone was statistically significant (P � .02).

DISCUSSION
In this study, we demonstrate that an ufMRI can be reproducibly

performed in pediatric patients referred for potential AHT, with

subjective diagnostic quality and without sedation. The lack of the

need for sedation is considered a pri-

mary advantage of ufMRI, and this may

allow more institutions to perform

brain MRIs on these patients without

the requirement of anesthesiology. In-

deed, at many institutions that have an

MR imaging scanner and even those

with 24/7 MR imaging technologist

availability, anesthesiology can be-

come a limiting factor for MR imaging

in pediatric patients. However, ufMRI

may be of little benefit if patients are

intubated for clinical reasons because

stMRI sequences could be performed

without loss of spatial resolution.

Although feasible, ufMRI demon-

strated decreased interreader concordance

between the reviewers compared with

stMRI. Several of the discrepancies could

be identified in retrospect on the ufMRI

but were likely missed due to thicker sec-

tioning. The most frequent discrepant

finding involved detection and localiza-

tion of subarachnoid hemorrhage, which

was better appreciated on SWI than ultra-

fast axial T2* images, likely due to differ-

ences in both spatial resolution and signal

intensity. Although many missed findings

on ufMRI can be retrospectively ap-

preciated, given that both reviewers

have experience in pediatric neuroim-

aging, the decreased interreader con-

cordance is a limitation of ufMRI

compared with stMRI.

Compared with nHCT, ultrafast

MRI demonstrated similar discrepancy

FIG 1. A 4-month-old infant with suspected abusive head trauma found to have bilateral subdural
collections identified on coronal T2 TSE (A); however, the right subdural collection was not
prospectively identified on ultrafast coronal T2 HASTE (B).

Table 3: Prevalence of imaging findings per patient on stMRI
Finding Prevalence

Subdural collection 11/24 (46%)
Bilateral subdural collection 10/11 (44%)
Subarachnoid hemorrhage 8/24 (33%)
Intraparenchymal hemorrhage 7/24 (29%)
Intraventricular hemorrhage 1/24 (4%)
Epidural hemorrhage 3/24 (13%)
Cytotoxic edema 4/24 (17%)
Parenchymal laceration 0/24 (0%)
Vasogenic edema 2/24 (8%)
Herniation or midline shift 0/24 (0%)
Hydrocephalus 0/24 (0%)
Encephalomalacia 2/24 (8%)
Large subarachnoid spaces 5/24 (21%)
Total No. of patients with any

abnormal finding
20/24 (83%)

Table 4: Discrepancy rates for consensus ufMRI, nHCT, and combined versus stMRI

Ultrafast vs stMRI nHCT vs stMRI
Ultrafast + nHCT

vs stMRI
Subdural collection 0/24 (0%) 0/24 (0%) 0/24 (0%)
Bilateral subdural collection 3/24 (13%) 1/24 (4%) 1/24 (4%)
Tentorial subdural hemorrhage 3/24 (13%) 3/24 (13%) 3/24 (13%)
Subdural membrane formation 0/24 (0%) 2/24 (8%) 0/24 (0%)
Subdural fluid-fluid level 2/24 (8%) 2/24 (8%) 2/24 (8%)
Subarachnoid hemorrhage 4/24 (17%) 4/24 (17%) 4/24 (17%)
Intraparenchymal hemorrhage 0/24 (0%) 6/24 (25%)a 0/24 (0%)
Intraventricular hemorrhage 0/24 (0%) 1/24 (4%) 0/24 (0%)
Epidural hemorrhage 0/24 (0%) 0/24 (0%) 0/24 (0%)
Cytotoxic edema 0/24 (0%) 4/24 (17%) 0/24 (0%)
Parenchymal laceration 0/24 (0%) 0/24 (0%) 0/24 (0%)
Vasogenic edema 0/24 (0%) 1/24 (4%) 0/24 (0%)
Herniation or midline shift 0/24 (0%) 0/24 (0%) 0/24 (0%)
Hydrocephalus 0/24 (0%) 0/24 (0%) 0/24 (0%)
Encephalomalacia 0/24 (0%) 0/24 (0%) 0/24 (0%)
Large subarachnoid spaces 0/24 (0%) 1/24 (4%) 0/24 (0%)
Any discrepancy 10/24 (42%)a 15/24 (63%)a 8/24 (33%)a

a Statistically significant McNemar test (P � .05).
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rates for the detection of subdural and subarachnoid blood, but

had significantly improved detection of intraparenchymal hema-

toma. These findings are likely due to T2* sequences, which detect

not only acute blood, which would be bright on nHCT, but also

chronic hemosiderin, which would be essentially undetectable on

nHCT. Although signal loss on T2* cannot differentiate the chro-

nicity of blood, the detection of blood products not seen on nHCT

indicates previous injury and would be helpful when assessing

AHT. We did not find differences in the detection of intraparen-

chymal hemorrhage between ufMRI and stMRI in these patients;

however, previous reports have demonstrated a greater sensitivity

of SWI compared with gradient recalled-echo for the detection of

cerebral microhemorrhage; therefore, we suspect similarly that

the ultrafast T2* images will be less sensitive to the detection of

cerebral microhemorrhage compared with SWI in a larger co-

hort.38 The lack of significance for the detection of cytotoxic

edema and enlarged subarachnoid spaces between ufMRI and

nHCT was not expected because DWI is more sensitive to cyto-

toxic edema than CT, and T2 HASTE images show the bridging

veins within the subarachnoid space more clearly. This unex-

pected finding may be due to the lower prevalence of these entities

in our patient cohort.

Our rationale for combining nHCT and ufMRI is the theoretic

algorithm of using both examinations as a potential replacement

for stMRI, with nHCT providing greater sensitivity for skull frac-

tures and ufMRI, for parenchymal injury. While this combination

does improve sensitivity compared with nHCT alone and raises

sensitivity slightly for intracranial pathology compared with ul-

trafast MRI alone, the overall low sensitivity likely reflects the high

sensitivity of SWI on stMRI to small hemorrhages overall, partic-

ularly in the subarachnoid space. The decreased sensitivity of

ufMRI, nHCT, and the combination of the 2 compared with cri-

terion standard stMRI limits our ability to recommend the use of

ufMRI in potential AHT. Institutions that incorporate ufMRI for

pediatric patients with trauma should be aware of this potential

limitation, and we suggest that if an alternative ufMRI protocol is

used, a comparison should be made with an stMRI to assess the

accuracy of the ufMRI.

Discrepancies with ufMRI findings may be reduced if these

studies are performed more frequently, allowing increased fa-

miliarity of the radiologist to the subtleties of ufMRI findings,

or they could be avoided by reviewing these studies in consen-

sus. Another possibility would be limiting the use of ufMRI for

specific indications such as differentiation of enlarged sub-

arachnoid spaces versus chronic subdural hematomas on

nHCT or screening for intracranial trauma in patients with low

clinical suspicion for AHT, which can be followed by a later

conventional MR imaging if necessary. ufMRI was very accu-

rate for the differentiation of enlarged subarachnoid spaces

from subdural collections, a common difficulty with nHCT. If

ufMRI is incorporated into clinical use, we recommend a pe-

riod in which side-by-side analysis with stMRIs is performed

before completely replacing stMRI sequences and a low thresh-

old for recommending stMRI.

We could have chosen a broader population to study, partic-

ularly any child who came into the emergency department for

head trauma, accidental or abusive. However, the included pa-

tients in our study are an ideal patient population because of the

younger age range, with a higher likelihood of requiring sedation

for MR imaging. However, the goal of MR imaging in AHT is not

necessarily for acute patient management but for a highly sensi-

tive imaging technique to document intracranial injury in a med-

icolegal context. One could argue that needing a high level of

sensitivity requires neuroimaging with the least amount of error

in this patient population and is an ideal challenge to the concept

of a fast MR imaging not needing sedation. Because of the need for

detail with regard to medicolegal issues, we did not theorize

whether the misses on ufMRI without an stMRI would lead to

immediate poor patient outcome. Because most of the discrepan-

cies were smaller findings, we would expect a limited effect on

FIG 2. A 31-month-old child with a suspected abusive head trauma
with a subdural hematoma (not shown) found to have subarachnoid
hemorrhage in the sulci of the left superior frontal and parietal lobes
on axial SWI (A), which was prospectively detected by only 1 reviewer
on ultrafast axial EPI T2* (B).

FIG 3. A 10-month-old child with suspected abusive head trauma found to have subtle parenchymal edema identified in the left parietal lobe
on axial and coronal T2 TSE (A and B), which was not prospectively identified on ultrafast axial or coronal HASTE (C and D).
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immediate patient outcome, not considering the known poor

long-term outcomes of a child at risk for abuse. In this regard,

ufMRI could play a larger role in screening for intracranial pathol-

ogy when AHT is unlikely.

Limitations
One limitation of this study is the relatively small sample size. A

larger number of patients or a multicenter study may help further

the understanding of findings on ufMRI that are reproducibly

identified or missed compared with stMRI. Also, the nHCT tech-

nique was variable due to inclusion of examinations from refer-

ring institutions rather than repeating the nHCT and exposing the

patient to additional radiation. Decreasing doses on head CT

lessen the signal-to-noise ratio and possibly sensitivity to intra-

cranial pathology. However, our institution is a firm adherent to

the Image Gently pledge of the Alliance for Radiation Safety in

Pediatric Imaging39 and has a consistently lower dose than our

referring institutions. Increasing the radiation dose at the cost of

potential increased risk of malignancy seems counterproductive

in this sensitive patient population. Finally, the study was per-

formed across both 1.5T and 3T scanners, which have signal-to-

noise differences. Because the ultrafast MRI and stMRI examina-

tions were performed on the same magnet, this dichotomy in

methodology likely has less effect on our results.

A few of our pathologic categories had zero prevalence in this

small patient sample, particularly hydrocephalus, herniation and

midline shift, and parenchymal lacerations. This is likely due to the

exclusion criterion of intubation, resulting in a neurologically intact

patient cohort. Hydrocephalus and mass effect causing herniation

and midline shift would not be expected to be missed on ufMRI,

given the gross morphologic changes to the brain. However, paren-

chymal lacerations or subcortical tears are uncommon-but-specific

injuries for AHT in very young infants due to immature myelination

of the subcortical white matter. Given the small size of these lesions,

the sensitivity of ufMRI for this finding is uncertain.

Finally, T1- and T2-weighted FLAIR sequences were conspicu-

ously absent in our ultrafast protocol. These would likely increase

both concordance and sensitivity for intracranial pathology. How-

ever, these sequences are also sensitive to patient motion due to the

length of the acquisition, even with decreasing NEX and matrix size.

Optimization of time-versus-image signal and resolution by altering

these parameters is a further area of study. Furthermore, motion-

correction techniques, such as radial k-space acquisition, may also be

beneficial despite the longer time for acquisition.

CONCLUSIONS
Diagnostic-quality ufMRI of the brain can be reliably obtained

without sedation in patients with potential AHT, and ufMRI

requires a very short amount of time to

acquire compared with stMRI. How-

ever, ufMRI of the brain, as evaluated

in our study, demonstrated greater

discrepancy between neuroradiolo-

gists and had a low sensitivity for in-

tracranial trauma findings, particu-

larly subarachnoid hemorrhage, even

when combined with nHCT. These

findings limit the use of ufMRI, or a

combination of ufMRI and nHCT, as a replacement examina-

tion for an stMRI in the imaging work-up of AHT.
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White Matter Tract Pathology in Pediatric Anoxic Brain Injury
from Drowning

X M. Ishaque, X J.H. Manning, X M.D. Woolsey, X C.G. Franklin, X F.S. Salinas, and X P.T. Fox

ABSTRACT

BACKGROUND AND PURPOSE: Although drowning is a leading cause of mortality and morbidity in young children, the neuropathologic
consequences have not been fully determined. The purpose of this article was to quantitatively characterize white matter microstructural
abnormalities in pediatric anoxic brain injury from nonfatal drowning and investigate the correlation with motor function.

MATERIALS AND METHODS: Whole-brain T1-weighted and diffusion-weighted MR imaging datasets were acquired in 11 children with
chronic anoxic brain injury and 11 age- and sex-matched neurotypical controls (4 –12 years of age). A systematic evaluation form and
scoring system were created to assess motor function. Tract-Based Spatial Statistics was used to quantify between-group altera-
tions in the diffusion tensor imaging indices of fractional anisotropy and mean diffusivity and to correlate with per-subject
functional motor scores.

RESULTS: Group-wise Tract-Based Spatial Statistics analyses demonstrated reduced fractional anisotropy in the bilateral posterior limbs
of the internal capsule and the splenium of the corpus callosum (P � .001). Mean diffusivity was more diffusely increased, affecting the
bilateral superior corona radiata, anterior and posterior limbs of the internal capsule, and external capsules (P � .001). Individual-subject
fractional anisotropy and mean diffusivity values derived from the ROIs of the bilateral posterior limbs of the internal capsule strongly
correlated with motor scores and demonstrated more potent between-group effects than with ROIs of the entire corticospinal tract.

CONCLUSIONS: These data particularly implicate the deep white matter, predominantly the posterior limbs of the internal capsule, as
targets of damage in pediatric anoxic brain injury with drowning. The substantial involvement of motor-system tracts with relative sparing
elsewhere is notable. These results localize white matter pathology and inform future diagnostic and prognostic markers.

ABBREVIATIONS: ABI � anoxic brain injury; CST � corticospinal tract; FA � fractional anisotropy; MD � mean diffusivity; PLIC � posterior limb of the internal
capsule; TBSS � Tract-Based Spatial Statistics

Drowning is a leading global cause of unintentional injury and

death and the most important cause in children younger

than 4 years of age.1 Drowning followed by successful cardiopul-

monary resuscitation (nonfatal drowning) is also most important

in young children, with an estimated 2 of 3 surviving.2,3 In these

patients, anoxic brain injury (ABI) ensues from the particular

dependence of the brain on a continuous oxygen supply, thereby

leading to varying levels of neurologic morbidity and, typically,

substantial motor dysfunction.1

Although the full extent of neuropathologic consequences

from ABI in drowning remains to be established, the resultant

injury has been characterized as predominantly affecting gray

matter (over white matter), largely on the basis of the metabolic

demand profiles of the tissues.4,5 In our recent voxel-based mor-

phometric analyses of T1-weighted MR imaging data in children

with drowning-related ABI, however, we observed central subcorti-

cal tissue loss (in the lenticulostriate arterial distribution) affecting

both gray and white matter.6 We now aim to specifically assess white
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matter microstructural integrity in this population by using an im-

aging technique and analysis method more robust for this purpose.

DTI allows in vivo assessment of white matter microstructure

by measuring water diffusion properties. Tract-Based Spatial Sta-

tistics (TBSS; http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/TBSS) is an op-

timized DTI method that mediates group-wise, voxelwise, quan-

titative white matter analysis.7 Here, we used TBSS to measure

whole-brain white matter abnormalities and assess motor function

correlates in pediatric patients who sustained ABI from drowning.

To our knowledge, this is the first study to quantitatively char-

acterize white matter microstructural damage in drowning.

MATERIALS AND METHODS
Participants
Data were acquired from 22 subjects: 11 children with chronic

ABI from nonfatal drowning and 11 age- and sex-matched neu-

rotypical controls. Inclusion criteria for patients with ABI were

the following: 1) a medically stable state, 2) at least 6 months

postinjury, 3) no contraindications to MR imaging, and 4) nor-

mal sleep-wake cycles (because children were imaged during

sleep). Participant information is shown in Table 1.

All participants’ parents provided written consent to the pro-

tocol of the study, approved by the institutional review board of

the University of Texas Health Science Center at San Antonio. All

participants received a stipend.

Image Acquisition
MR imaging data were obtained on a 3T Tim Trio scanner (Sie-

mens, Erlangen, Germany) with a standard 12-channel head coil

as a radiofrequency receiver and the integrated circularly polar-

ized body coil as the radiofrequency transmitter. T1-weighted im-

ages were acquired during mildly sedated sleep (1–2 mg/kg of

diphenhydramine HCl) with the MPRAGE pulse sequence (TR/

TE � 2200/2.72 ms, flip angle � 13°, TI � 766 ms, volumes �

208, and 0.8-mm isotropic voxel size). A single-shot, single refo-

cusing spin-echo, EPI sequence was used to acquire diffusion-

weighted data with a spatial resolution of 1.7 � 1.7 � 3 mm. The

sequence parameters were the following: TR/TE � 7800/88 ms,

FOV � 220 mm, 55 isotropically distributed diffusion-weighted

directions, 2 diffusion-weighting values (b�0 and 700 s/mm2),

and 3 b�0 (non-diffusion-weighted) images.

DTI Preprocessing and Tract-Based Spatial Statistics
Diffusion-weighted data were preprocessed by using the FMRIB

Diffusion Toolbox (http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FDT)

part of FSL (http://www.fmrib.ox.ac.uk/fsl).8 Raw diffusion MR

imaging data were corrected for eddy currents and head motion

by using the Eddy Current Correction tool. Voxelwise statistical

analyses of fractional anisotropy (FA) and mean diffusivity (MD)

data were successively performed by using Tract-Based Spatial

Statistics7 within FSL. FA/MD images were created by fitting a

tensor model to the raw diffusion data with DTIFIT and then

brain-extracted with the FSL Brain Extraction Tool (http://fsl.

fmrib.ox.ac.uk/fsl/fslwiki/BET).9 All subjects’ FA/MD data were

aligned into a common space (Montreal Neurological Institute)

first with linear registration in the FMRIB Linear Image Registra-

tion Tool (FLIRT; http://www.fmrib.ox.ac.uk/)10,11 external to

the TBSS environment, and then by using the FMRIB Nonlinear

Registration Tool (FNIRT; http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/

FNIRT).12,13 FNIRT uses a b-spline representation of the regis-

tration warp field.14 The mean FA/MD images were created and

thinned to create mean FA/MD skeletons, which represent the cen-

ters of all tracts common to the group. Each subject’s aligned FA/MD

data were projected onto this skeleton, and the resulting data were fed

into voxelwise cross-subject statistics. The MELODIC mixture mod-

eling tool (http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/MELODIC)15 was ap-

plied to raw Tstat images to produce false discovery rate– corrected,

thresholded statistical images (Fig 1). For visual purposes, skele-

tonized results were thickened by using the tbss_fill tool in FSL (http://

fsl.fmrib.ox.ac.uk/fsl/fslwiki/TBSS/UserGuide#Displaying_

TBSS_Results). Maxima locations were derived from the Johns

Hopkins University ICBM-DTI-81 atlas (http://neuro.debian.

net/pkgs/fsl-jhu-dti-whitematter-atlas.html).16

Table 1: Participant information

Group
Sex

(M/F)

Age at
Injury

(yr) (Mean)
Age at Scan
(yr) (Mean)

Time since
Injury

(yr) (Mean)
All ABI (n � 11) 8/3 2.5 � 1.1 7.7 � 2.9 5.2 � 3.1
All controls (n � 11) 8/3 – 7.2 � 2.2 –
Incl. ABI (n � 5) 3/2 2.4 � 0.8 6.7 � 2.8 4.3 � 2.2
Incl. controls (n � 8) 6/2 – 6.9 � 2.4 –

Note:—All indicates all participants scanned for our investigation; Incl., participants
included in the present study.

FIG 1. TBSS results. A, TBSS-derived t-map of decreased fractional
anisotropy in the anoxic brain injury group relative to the neurotypi-
cal control group is shown in red-yellow (P � .001, corrected for
multiple comparisons). B, TBSS-derived t-map of increased mean diffu-
sivity in the ABI group relative to the neurotypical control group is shown
in blue–light blue (P � .001, corrected for multiple comparisons). Results
were thickened with tbss_fill and are overlaid onto the study-specific
white matter skeleton (green) and the Montreal Neurological Institute–
152 template. Section position (given by y or z location) corresponds to
Montreal Neurological Institute–152 template space.
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The final sample consisted of 8 neurotypical and 5 children

with ABI after exclusion of datasets with excessive motion and/or

inadequate registration to the standard template. See Table 1 for

participant data.

Functional Assessment
A systematic assessment form with a Likert-type (1–5) scoring

system probing motor, sensory, and cognitive aspects of behavior

was created, with 1 denoting the lowest

function and 5 denoting normal func-

tion. Data on the functional abilities of

the children with ABI were collected

through initial assessments by a neurol-

ogist (P.T.F.) at the time of imaging and

subsequently through extensive inter-

views with the children’s family mem-

bers, nurses, teachers, therapists, and so

forth. In the present study, motor func-

tion data were used to assess correlation

of behavioral measures with per-subject

diffusion imaging parameters (FA and

MD) in motor tracts. The motor-system

assessment, as follows, was largely de-

rived from extant cerebral palsy gross

motor function classification systems17:

1) no self-mobility, wheelchair trans-

ported; 2) self-mobility in managed

situations, wheelchair transported; 3)

effective self-mobility otherwise, not

walking (wheelchair, rolling, scooting,

and so forth); 4) walking with limita-

tions, including hand-held mobility de-

vices (cane or walker); and 5) walking

without limitations. See the On-line Ta-

ble for individual subject measures.

Correlation Analysis
Two sets of ROI analyses were con-

ducted to study motor tract integrity.

The first focused on the right and left

posterior limbs of the internal capsule

(PLICs), with regions derived from our

TBSS analysis of FA data (Fig 2A). The

second focused on the right and left cor-

ticospinal tracts (CSTs) within the

brain, with regions derived from the

Johns Hopkins University white matter

tractography atlas16 and restricted to the

white matter skeleton (Fig 2B). Because the corticospinal tracts

carry motor information from the cortex to the spinal cord, they

traverse and form a large part of the PLICs. Thus, both sets of

ROIs query motor pathway integrity. Individual subjects’ mean

FA and MD values were extracted from the respective right and

left portions of each ROI by using the fslstats tool (https://fsl.

fmrib.ox.ac.uk/fsl/fslwiki/Fslutils). Correlations of these values

with motor functional scores were measured as Spearman rank

correlation coefficients in the R statistical and computing soft-

ware environment (http://www.r-project.org). Individual subject

motor function scores and DTI indices for the PLICs and CSTs are

depicted in Fig 2; correlation coefficients are reported in Table 2.

RESULTS
Voxelwise TBSS Analyses
Significant regions with decreased FA in the ABI group relative to

the neurotypical control group were localized to bilateral PLICs

FIG 2. Motor function scores versus diffusion indices. Scatterplots of per-subject motor func-
tion scores versus per-subject mean fractional anisotropy and mean diffusivity values from ROI
analyses of the right and left posterior limbs of the internal capsule (A, red) and the right and left
corticospinal tracts (B, blue) are shown. Motor scores are derived from our functional assessment
forms, PLIC ROIs were derived from clusters in our TBSS analysis of FA data, and CST ROIs were
derived from the Johns Hopkins University white matter tractography atlas. ABI patient data are
color-coded per subject for bilateral PLICs and CSTs: Blue indicates patient A; green, patient B;
yellow, patient C; orange, patient D; red, patient E. C, Motor function scores versus FA, right and
left PLICs. D, Motor function scores versus FA, right and left CSTs. E, Motor function scores versus
MD, right and left PLICs. F, Motor function scores versus MD, right and left CSTs. Analysis of FA
data in the bilateral PLICs demonstrates the strongest between-group effects (at the individual
subject level), fully differentiating control (CON) and subjects with anoxic brain injury.

Table 2: Motor function correlation with diffusion indicesa

ROI

Spearman �

FA MD
Right PLIC 0.807 (P � .001) �0.827 (P � .001)
Left PLIC 0.814 (P � .001) �0.827 (P � .001)
Right CST 0.845 (P � .005) �0.776 (P � .005)
Left CST 0.807 (P � .005) �0.777 (P � .005)

a Spearman rank correlation coefficients (�) between per-subject motor scores and
FA or MD values from ROI analyses of the right and left posterior limbs of the internal
capsule (P � .001) and corticospinal tracts (P � .005) are reported.
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and the splenium of the corpus callosum (right hemisphere) (P �

.001; Fig 1A and Table 3). Significant regions with increased MD

in the ABI group relative to the neurotypical control group were

localized to the bilateral superior corona radiata, posterior and

anterior limbs of the internal capsules, and external capsules (P �

.001; Fig 1B and Table 3). When the statistical threshold was re-

laxed (P � .01), the output FA and MD differences remained

predominately localized to the aforementioned anatomic regions

(On-line Figure). There were no significant regions of increased

FA or decreased MD in the ABI group relative to the neurotypical

control group.

ROI Analyses and Correlations
With both sets of PLIC and CST ROIs, high correlations were

observed with individual subject FA and MD values and motor

function (Table 3). Higher FA and lower MD in the bilateral

PLICs and CSTs notably correlated with higher motor function

scores. The strongest correlation with motor function (� � 0.845)

was measured by using FA values in the right CST. The weakest

correlations with motor function were measured by using MD

values in the right (� � �0.776) and left (� � �0.777) CSTs. The

test most effective in dissociating patient and control groups was

FA analysis of the right and left PLICs, with discrete clusters cor-

responding to each respective group (Fig 2C).

DISCUSSION
White matter microstructural abnormalities in children with ABI

from drowning were found to largely implicate deep, central

white matter regions. Focal differences in fractional anisotropy

were detected in the bilateral PLICs and the splenium of the cor-

pus callosum. Focal differences in mean diffusivity were detected in

the bilateral superior corona radiata, internal capsules, and external

capsules. Regions of the white matter skeleton demonstrating signif-

icant abnormalities in both diffusion metrics were thus within the

internal capsules and specifically in the posterior limbs. In individual

subjects, FA and MD values from both the PLICs and CSTs highly

correlated with corresponding motor function scores, but the PLICs

were generally more robust as ROIs.

DTI is a powerful, highly clinically relevant, and readily avail-

able method for detecting microscopic changes in tissue architec-

ture. Disruption or loss of white matter structural integrity most

often manifests as decreased directional-
ity of diffusion or decreased fractional
anisotropy, and increased water mobil-
ity or increased mean diffusivity.18 Al-
though a single DTI index (ie, FA) can be
a sensitive biomarker for neuropathol-
ogy, the use of multiple diffusion indices
and knowledge of the underlying disease
mechanism mitigate its relatively low
specificity.18,19

In pediatric drowning, there is lim-
ited knowledge of the extent of brain in-
jury from anoxia, especially in white
matter. ABI or hypoxic-ischemic brain
injury is most often thought to selec-
tively target gray matter due to its in-
creased metabolic demands and higher

concentrations of excitatory neurotransmitter receptors.4,20

White matter involvement has been much more variable in most
anoxic etiologies.20 Despite the important role of structural neu-
roimaging in the clinical management of children with ABI, its
utility in exposing consistent damage across patients and identi-
fying potential prognostic markers has been stunted by heavy re-
liance on visual inspection (of usually subtle/nonspecific pathol-
ogy) and a lack of quantitative, group-wise analyses. Diffusion
MR imaging is the most sensitive of the structural imaging mo-
dalities for detection of ABI. It could especially benefit from more
rigorous analysis to better localize injury and ascertain prognostic
and therapeutic correlates.20

Our previous voxel-based morphometric analyses in this co-
hort demonstrated gray and white matter loss in children with
ABI that was highly convergent on central subcortical regions,
chiefly comprising the basal ganglia nuclei and the PLICs and
extending to the thalamus, superior corona radiata, and external
capsules.6 This topography implicates the distribution of the per-
forating lenticulostriate arteries, an end-arterial system, and thus
suggests an important vascular component to the pathophysiology of
pediatric drowning.

The present analysis of TBSS in diffusion MR imaging data
entirely supports our white matter voxel-based morphometry
findings. In children with ABI, the most affected regions—with
reduced FA, increased MD, and the highest average t-statistic val-
ues—were within the bilateral PLICs. This data-driven analysis
independently confirms the pathology of the PLICs by using the
imaging technique/pulse sequence (DTI) and analytic tool (TBSS)
most suited and standardized for the study of white matter struc-
tures.7 Infarct of the lenticulostriate arteries, from cardiovascular
dysfunction and systemic hypotension, thus needs to be seriously
considered as a factor in the pathophysiology of pediatric drowning
due to the corresponding distribution of tissue damage. Alter-
natively, however, the white matter tissue loss and microstruc-
tural disturbances we have observed could be secondary de-
generation to predominant injury in the basal ganglia (ie, gray
matter) from the hypoxic-ischemic insult. Primary-versus-
secondary axonal damage could be differentiated with acute
and longitudinal imaging. Primary white matter injury would
be appreciated with DWI acutely. Secondary white matter in-
jury would be appreciable after a delay period, likely in the

Table 3: TBSS resultsa

Anatomic Location Hemisphere

MNI Coordinates
of Global Maxima

X Y Z
Fractional anisotropy, control � ABI

PLIC L �22 �12 7
PLIC R 20 �8 8
Corpus callosum, splenium R 20 �38 31

Mean diffusivity, ABI � control
Superior corona radiata R 27 �8 44
Superior corona radiata L �21 �24 43
Internal capsule R 25 2 20
Internal capsule L �26 �2 22
External capsule R 29 �6 18
External capsule L �32 �11 9

Note:—MNI indicates Montreal Neurological Institute; L, left; R, right.
a Location and coordinates of peaks of significant white matter abnormalities in FA and MD are reported (P � .001;
clusters, �100 mm3). White matter tissue labels derived from the Johns Hopkins University ICBM-DTI-81 atlas.

AJNR Am J Neuroradiol 38:814 –19 Apr 2017 www.ajnr.org 817



subacute phase, following the process of gray matter damage.
This distinction is not possible in the present cohort with
chronic hypoxic-ischemic brain injury.

Regardless of the causality of the observed tissue-pathology
distribution, the involvement of motor-system components is
distinctly striking. The basal ganglia nuclei are integral in motor-
information transmission and voluntary movement, and the
PLICs largely comprise corticospinal tract fibers carrying motor
information from the primary motor cortex to the spinal cord.6,21

Most important, the prevalent insult to cerebral motor networks
reported here is concordant with motor impairment characteris-
tically observed both in the pediatric drowning patient popula-
tion and in our patient cohort. The ages of children at highest risk
for drowning (1– 4 years; 2.4-year average in our cohort) may
explain these observations to some extent. The maturation of ar-
eas serving motor (and sensory) functions is thought to precede
that of brain regions underlying higher cognitive functions.22

Thus, younger children (ie, as in this population) may sustain less
direct injury to higher order cerebral networks, which remain
relatively immature, and greater damage to the more “primitive”
and developed motor networks. Nonetheless, the relative sparing
of other cerebral networks raises the possibility that these children
retain substantial cognitive, perceptual, and emotional capabili-
ties and that they are unable to effectively convey this functional
integrity due to motor-system damage. Further examination of
this hypothesis with functional neuroimaging methods is strongly
indicated.

In addition to localizing the most consistent pathology in
drowning-related pediatric ABI and characterizing the functional
correlates group-wise, we report extremely high correlations of
imaging metrics with motor function at the individual-subject
level. Furthermore, with FA and MD values from right and left
PLIC ROIs (derived from FA TBSS analysis) and subjects’ motor
function scores, complete dissociation of subjects in the patient
and control groups was possible. This was most effectively con-
ducted in FA data (Fig 2). Evaluation of FA and/or MD values by
using PLIC ROIs may help prognosticate and monitor therapeu-
tic effects in children recovering from drowning. This would be
especially powerful because each subject could serve as his or her
own baseline reference, and longitudinal changes in white matter
microstructure could be evaluated for response with time and to
interventions. In a perinatal anoxia study, TBSS and diffusion
metrics in internal capsule ROIs were indeed able to detect the
therapeutic efficacy of hypothermia in infants with neonatal en-
cephalopathy.23 In another study of patients with chronic stroke,
FA measurements in the corticospinal tracts correlated with the
potential for motor functional recovery.24 Such analyses would
also be feasible and potentially quite useful in the patient popula-
tion herein described.

To assess the specificity of injury in this cohort, ROI analyses
were also implemented in the corticospinal tracts. CST ROIs were
derived from a white matter atlas and subjected to the same anal-
ysis as the PLIC ROIs. Although high correlations with motor
function scores were also measured by using the CSTs, they were
not as effective in delineating patient and control subjects. This
finding is not surprising considering the origin of the ROIs: The
PLIC regions used in the correlation analysis represent the most
significant between-group differences in FA (and MD), while the

CST regions encompass proximal and distal areas as well. The
presence (or relative greater quantity) of crossing fibers in the
CST ROIs may also, in part, contribute to this disparity. Injury in
pediatric ABI from drowning, nevertheless, does appear to be

most specific to the PLICs.
Several future directions are important. Probabilistic diffusion

tractography studies are indicated and quite well-informed by the
findings reported here. Probabilistic tractography can be imple-
mented at the per-subject level to obtain connectivity indices re-

flecting intact fiber organization.25 Although the typical method

entails seed-to-target connectivity measurements across a tract

(ie, the entire CST), our results suggest that it would be more

powerful to measure connectivity across the PLICs. Our findings

also prompt future clinical applications in targeted MR spectros-

copy and endovascular therapies to the lenticulostriate arteries via

the middle and/or anterior cerebral arteries, as described in

Ishaque et al.6 Further testing is warranted via treatment trails in

an anoxic brain injury model in nonhuman primates.

This study has limitations. Diffusion-weighted MR imaging is

known to be extremely sensitive to subject motion, eddy currents,

and magnetic field inhomogeneities.18 Additionally, we were

rather stringent with data inclusion to ensure quantitative analy-

sis of high-quality data. This accordingly resulted in the exclusion

of 3 control and 6 ABI datasets, either due to excessive motion in

the first instance or inadequate registration within the TBSS anal-

ysis thereafter. Thus, we acknowledge that our findings are from a

small sample size. Diffusion MR imaging data acquisition would

likely benefit from increased sedation of pediatric subjects. We

emphasize, however, that substantial (and focal) between-group

differences were nevertheless observed at quite high statistical sig-

nificance levels. We are thereby confident that our findings reflect

underlying disease-specific white matter pathology. Nevertheless,

we interpret our results as specific to pediatric ABI from drowning

and recognize that they may not generalize to other anoxic etiol-

ogies or age groups. For clinical purposes, the group-wise study

design we use is also a limitation. An alternative for future explo-

ration would be per-subject probabilistic tractography, as dis-

cussed above. The most promising method as we see it would

involve tractography of the PLICs.

CONCLUSIONS
This study reports the first quantitative, whole-brain, voxelwise

characterization of white matter microstructural changes in pedi-

atric ABI from drowning. TBSS analysis of FA and MD indices

demonstrated substantial disruption of the deep, central white

matter, predominantly implicating motor tracts; these results

largely correlated with motor functional abilities at the individu-

al-subject level. Other white matter tracts were observed to be

relatively preserved. These findings support our recent gray and

white matter voxel-based morphometry analyses that localized

structural pathology to the basal ganglia and internal capsules

and, together, suggest primary motor-system damage in this pop-

ulation. The prospect of motor nuclei/motor pathway injury

masking relatively intact cognitive, perceptual, and emotional

abilities in children with ABI from drowning must be further

investigated. Additionally, our reported results motivate impor-

tant diagnostic, prognostic, and therapeutic considerations.
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ORIGINAL RESEARCH
PEDIATRICS

Patterns of Brain Injury in Newborns Treated with
Extracorporeal Membrane Oxygenation

X M.A. Wien, X M.T. Whitehead, X D. Bulas, X M. Ridore, X L. Melbourne, X G. Oldenburg, X B.L. Short, and X A.N. Massaro

ABSTRACT

BACKGROUND AND PURPOSE: Neonates treated with extracorporeal membrane oxygenation are at risk for brain injury and subsequent
neurodevelopmental compromise. Advances in MR imaging and improved accessibility have led to the increased use of routine MR imaging
after extracorporeal membrane oxygenation. Our objective was to describe the frequency and patterns of extracorporeal membrane
oxygenation–related brain injury based on MR imaging findings in a large contemporary cohort of neonates treated with extracorporeal
membrane oxygenation.

MATERIALS AND METHODS: This was a retrospective study of neonatal patients treated with extracorporeal membrane oxygenation
from 2005–2015 who underwent MR imaging before discharge. MR imaging and ultrasound studies were reviewed for location and type of
parenchymal injury, ventricular abnormalities, and increased subarachnoid spaces. Parenchymal injury frequencies between patients
treated with venoarterial and venovenous extracorporeal membrane oxygenation were compared by �2 tests.

RESULTS: Of 81 neonates studied, 46% demonstrated parenchymal injury; 6% showed infarction, mostly in vascular territories (5% anterior
cerebral artery, 5% MCA, 1% posterior cerebral artery); and 20% had hemorrhagic lesions. The highest frequency of injury occurred in the
frontal (right, 24%; left, 25%) and temporoparietal (right, 14%; left, 19%) white matter. Sonography had low sensitivity for these lesions.
Other MR imaging findings included volume loss (35%), increased subarachnoid spaces (44%), and ventriculomegaly (17% mild, 5% moderate,
1% severe). There were more parenchymal injuries in neonates treated with venoarterial (49%) versus venovenous extracorporeal mem-
brane oxygenation (29%, P � .13), but the pattern of injury was consistent between both modes.

CONCLUSIONS: MR imaging identifies brain injury in nearly half of neonates after treatment with extracorporeal membrane oxygenation.
The frontal and temporoparietal white matter are most commonly affected, without statistically significant laterality. This pattern of injury
is similar between venovenous and venoarterial extracorporeal membrane oxygenation, though the frequency of injury may be higher
after venoarterial extracorporeal membrane oxygenation.

ABBREVIATIONS: CUS � cranial ultrasound; ECMO � extracorporeal membrane oxygenation; VA � venoarterial; VV � venovenous

Extracorporeal membrane oxygenation (ECMO) is a therapy

for neonates with severe cardiac and/or respiratory failure

caused by conditions such as congenital diaphragmatic hernia,

persistent pulmonary hypertension, meconium aspiration syn-

drome, and sepsis. Intracranial injury is a major complication and

cause of mortality from treatment with ECMO. ECMO-related

brain injury can be attributed to hypoxic-ischemic insults caused

by cardiopulmonary instability in the pre-ECMO period, se-

quelae of carotid artery ligation, and hemorrhagic injury related

to systemic anticoagulation.1-3 The incidence of brain injury after

ECMO varies in the literature, but has been estimated to range

between 10%–59%.4 However, these estimates are limited be-

cause of the variability in neuroimaging modalities used to iden-

tify injuries, the small sample sizes included in most reports, and

the description of historical cohorts who underwent care decades

ago.

Initial studies focusing on the documentation and description

of neurologic injury from ECMO focused mainly on cranial ul-

trasound (CUS). More recently, the added utility of head CT over
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CUS for identifying brain injury in neonates treated with ECMO

has been reported.5 Although advances in MR imaging and

improved accessibility have led to increased use of routine

posttreatment MR imaging, few studies have described pat-

terns of post-ECMO brain injury on MR imaging. Further-

more, most studies have imaged a relatively small cohort of

patients4,6-11 and do not reflect the current era of care, when

time changes and advances have been made with regard to

equipment (eg, centrifugal pump, hollow-fiber oxygenator,

and cerebral oximetry) and management strategies (eg, ap-

proach to anticoagulation) used to provide ECMO life sup-

port. Current estimates of the amount of post-ECMO cerebral

injury are essential for counseling families regarding the risk-

benefit ratio of this life-saving therapy.

The main objective of our study was to describe the frequency

and patterns of ECMO-related brain injury based on MR imaging

in a relatively large contemporary cohort of neonates treated with

ECMO. Secondarily, we aimed to compare the sensitivities of MR

imaging and CUS for post-ECMO brain injury and to evaluate

whether the type and frequency of brain injury differ between

patients undergoing venoarterial (VA) ECMO and those treated

with venovenous (VV) ECMO.

MATERIALS AND METHODS
Study Population and Data Collection
This institutional review board–approved, Health Insurance Por-

tability and Accountability Act compliant retrospective study in-

cluded neonatal patients treated with ECMO, admitted to a

single-center level IV neonatal intensive care unit in a free-stand-

ing academic children’s hospital, between July 2005 and February

2015, who underwent brain MR imaging before discharge ac-

cording to unit protocol. At our institution, all neonatal pa-

tients treated with ECMO undergo MR imaging before dis-

charge when they are deemed clinically stable enough to

tolerate the procedure. Demographic and clinical data were

compiled from the Extracorporeal Life Support Organization

registry and medical records including demographic and pre-

senting characteristics as well as mode and duration of ECMO.

Assessment of Brain Injury with MR Imaging
MRIs were reviewed for location and type of parenchymal injury

by using a method similar to that described by Bulas et al.5 Infarc-

tions were classified as minor (small [�1 cm] foci of signal abnor-

mality [Fig 1A, -B]) or major (�1 cm, including large vascular

territories [Fig 1C, -D]). Hemorrhages classified as minor in-

cluded extra-axial hemorrhages without mass effect, parenchymal

hemorrhages (single or multiple) smaller than 1 cm (Fig 1F), and

grade 1 or 2 intraventricular hemorrhage. All other hemorrhages

were classified as major (Fig 1G). Lesions were also assessed based

on their acuity, taking into account the proximity to ECMO de-

cannulation. Specifically, attention was paid to signal character-

istics on diffusion, T1, and T2 sequences to classify infarcts and

hemorrhages as acute, subacute (early and late in the case of hem-

orrhage), or chronic by methods previously described.12,13 En-

largement of the subarachnoid spaces (Fig 1H, -I) was assessed by

measuring the space anterior to the frontal poles. If greater than or

equal to 6 mm, the spaces were labeled “enlarged.”

All MR images were performed on either a 1.5T or 3T MR

scanner (GE Healthcare, Milwaukee, Wisconsin). Scans were per-

formed with a “feed and bundle” protocol during the patients’

natural sleep. Sedation was used at the discretion of the clinical

provider, typically in cases where the baby was weaning from sed-

FIG 1. Types of intracranial injury associated with ECMO. Acute infarct within the right thalamus on DWI (arrow, A) and ADC (arrow, B) is
classified as minor. Subacute infarct within the left MCA territory on T1 (arrows, C) and T2 (arrows, D) is classified as major. Punctate hemorrhage
within the right frontal subcortical white matter on T2*-weighted angiography (arrow, E) is classified as minor. Hemorrhage within the cerebel-
lum on T1 (arrow, F) and T2*-weighted angiography (arrow, G) is classified as major. Enlarged subarachnoid spaces are visible on axial T2 (H) and
coronal T2 (I) views. Narrowing of the right ICA is visible on TOF MRA (arrows, J).

AJNR Am J Neuroradiol 38:820 –26 Apr 2017 www.ajnr.org 821



atives or failed a prior nonsedated examination. Technical param-

eters varied throughout the 10-year imaging period, though most

scans included T1 fast-spoiled gradient-echo, T2, proton density,

DWI, susceptibility-weighted angiography, or T2* gradient-echo

sequences. Spectroscopy was performed in some neonates, all

with a 2 � 2 cm voxel placed in the left basal ganglia. The TE

varied from intermediate (144 ms) in most patients to short (35

ms) and long (270 ms or 288 ms) in others. Some patients also

underwent arterial spin-labeling perfusion imaging as part of a

newer protocol. All MR imaging examinations were also assessed

for evidence of a right distal ICA flow void of asymmetrically

decreased caliber (narrowing [Fig 1J]), a common, albeit nonspe-

cific, finding suggesting carotid stenosis, occlusion, or slow flow

in patients who have undergone right carotid decannulation after

VA ECMO.

Images were reviewed on a PACS workstation by a board-

certified neuroradiologist with a clinical practice of 100% pediat-

ric neuroradiology and more than 5 years of clinical experience

(M.T.W.) as well as by a pediatric neuroradiology fellow (M.A.W.).

Interpretations were determined in consensus. Reviewers were

blinded to the clinical data and the clinical radiology reports cor-

responding to each examination.

Assessment of Brain Injury by CUS
CUS is routinely performed before ECMO to assess for major

abnormalities or injuries that would exclude patients from

ECMO, then daily to every other day during ECMO to monitor

for hemorrhagic complications that would prompt discontinua-

tion of ECMO. The CUS studies we used were reviewed by a

board-certified pediatric radiologist with a clinical practice of

100% pediatric radiology and more than 25 years of clinical expe-

rience (D.B.). Because more than 1 CUS

per study patient was typically available

for review, the cumulative assessment of

imaging was included for analysis. In

other words, of serial sonography exam-

inations, those with the most severe

findings were used to document injury

and compare with subsequent MR im-

aging. As with MR imaging, these exam-

inations were also reviewed for location

and type of parenchymal injury by using

a method similar to that described by

Bulas et al.5

Data Analysis
Descriptive statistics included standard

measures of central tendency/variance

and frequencies for continuous and cat-

egoric variables, respectively. Paren-

chymal injury frequencies were mapped

by brain region using Matlab software

(MathWorks, Natick, Massachusetts).

Frequencies of injury between patients

treated with VA ECMO and those

treated with VV ECMO were compared

by �2 tests.

RESULTS
Study Population
One hundred sixty-one neonates underwent ECMO in the period

from July 2005 to February 2015. Overall ECMO mortality was

13%. Of 140 total survivors, 81 (58%) underwent imaging with

both CUS and MR imaging. Of the 81 neonates who underwent

imaging, mean birth weight was 3.16 � 0.76 kg, gestational age at

birth was 38.0 � 3.12 weeks, and 59% were male. The most com-

mon diagnosis on admission was meconium aspiration syndrome

(42%), followed by congenital diaphragmatic hernia (21%), per-

sistent pulmonary hypertension of the neonate (16%), and sepsis

(14%). Most neonates were started on ECMO within 1 week of

birth, most commonly on the second day of life. Median duration

of ECMO was 7 days (range, 2–18 days), and median age at MR

imaging was 26 days (Table 1).

Frequency, Type, and Location of Brain Injury by
MR Imaging
Of the 81 neonates studied, 37 (46%) demonstrated imaging evi-

dence of intracranial injury. Hemorrhagic lesions were identified

in 19 patients (23%). Of these, most (84%) were classified as mi-

nor and 16% were classified as major. Most hemorrhages demon-

strated signal intensities that were not specific for timing in terms

of association with ECMO. In other words, these hemorrhages

could have occurred either before ECMO, during ECMO, or in

the interim between ECMO decannulation and MR imaging. In-

farction was seen in 18 patients (22%), mostly in vascular territo-

ries (5% anterior cerebral artery, 5% MCA, 1% posterior cerebral

artery). Of these, 56% were classified as minor and 44% were

classified as major. Only approximately half of these lesions could

Table 1: Clinical characteristics of patient populationa

Characteristics
Total

(n = 81)
VA ECMO

(n = 67)
VV ECMO

(n = 14)
P

Valueb

Gestational age (wk) 38.12 � 3.12 37.98 � 2.82 38.79 � 4.35 .382
Birth weight (kg) 3.16 � 0.76 3.12 � 0.72 3.35 � 0.94 .303
Male, no. (%) 48 (59) 39 (81) 9 (19) .674
Race, no. (%)

White 16 (20) 13 (81) 3 (19) .804
Black 41 (50) 35 (85) 6 (15)
Other 24 (30) 19 (79) 5 (21)

Apgar scorec

1 mind 5 (5) 5 (4) 4 (5) .699
5 mind 7 (3) 7.5 (2) 7 (3) .691

Diagnosis, no. (%)
MAS 34 (42) 25 (37) 9 (64) .033
CDH 17 (21) 17 (25) 0 (0)
PPHN 13 (16) 12 (18) 1 (7)
Sepsis 11 (14) 7 (10) 4 (29)
Other 6 (7) 6 (9) 0 (0)

Age on ECMO (d)c,e 2 (2) 2 (3) 1.5 (1.5) .645
ECMO hoursc 168 (127) 190 (128) 103 (98) .006
Age at MRI (d)c 26 (24) 32 (24) 16 (10) .560
Time from decannulation

to MRI (d)c
12 (16) 13 (19) 8 (4) .034

Note:—CDH indicates congenital diaphragmatic hernia; MAS, meconium aspiration syndrome; PPHN, persistent pul-
monary hypertension of the newborn.
a Data presented as mean � SD or proportions except where noted.
b Comparison between VA and VV.
c Data presented as median (interquartile range).
d Data available for 79/81 patients.
e Data available for 67/81 patients.
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be definitively associated with ECMO based on timing from signal

intensity. Distribution of hemorrhagic and ischemic injuries are

described in Table 2.

Overall, the highest frequency of injury occurred in the frontal

(right, 24%; left, 25%) and temporoparietal (right, 14%; left,

19%) white matter (Fig 2A). There was a slight left-sided predom-

inance of injury, but this difference was not statistically significant

(P � .05). Other MR imaging findings included volume loss

(35%), increased subarachnoid spaces (44%), and ventriculo-

megaly (17% mild, 5% moderate, 1% severe; Table 3).

MR Spectroscopy and Arterial Spin-Labeling
MR spectroscopy was performed on 25 neonates. Fifteen under-

went intermediate TE only (144 ms). Nine underwent short TE

(35 ms) and long TE (270 or 288 ms). One underwent only long

TE (288 ms). Six (24%) had evidence of lactate. Age at MR imag-

ing was similar between infants with and without lactate (median

age, 17 days [interquartile range, 4 days] versus 17 days [inter-

quartile range, 23 days], respectively; P � .05), as was proximity of

scan to day of decannulation (median, 7 days [interquartile range,

16 days] versus 8.5 days [interquartile range, 9 days]; P � .05). Of

the 6 infants with lactate who underwent MR spectroscopy, 2 had

histories of perinatal asphyxia and 3 had significant postnatal

events requiring cardiopulmonary resuscitation. All neonates had

normal ratios of NAA/Cr and Cho/Cr for their ages.

A total of 24 neonates underwent arterial spin-labeling perfu-

sion imaging. Most images were normal (n � 18; 75%). Three

infants (13%) had symmetrically increased perfusion, and 1 in-

fant had symmetrically decreased perfusion. Asymmetric perfu-

sion (left side greater than right) was observed in 2 infants.

Comparison of MR Imaging and CUS Assessments of
Brain Injury
Compared with MR imaging, CUS had low sensitivity for intra-

parenchymal lesions (Fig 2B). CUS missed 15 of 16 (94%) minor

hemorrhages and 1 of 3 (33%) major hemorrhages. The missed

major hemorrhage was located in the right parietotemporal cor-

tex and subcortical white matter. CUS missed all minor infarc-

tions and 3 of 8 (38%) major infarctions. Of the major infarctions

missed, all 3 involved MCA territories.

Comparison of Brain Injury in VA ECMO Versus VV ECMO
Most (82%) patients were treated with VA ECMO. Distribution

of diagnoses differed between the 2 groups, with babies with con-

genital diaphragmatic hernia being exclusively treated with VA

ECMO. Patients treated with VA ECMO spent significantly more

time on ECMO compared with those treated with VV ECMO (7.9

days versus 4.3 days, respectively; P � .006). Otherwise, baseline

characteristics were similar between the 2 groups (Table 1). Com-

parison of MR imaging findings based on mode of ECMO is sum-

marized in Table 3. More parenchymal injuries were seen in pa-

tients treated with VA ECMO (49%) compared with those treated

with VV ECMO (29%), though this difference was not statistically

significant (P � .16). The pattern of injury was consistent between

the 2 modes (Fig 2C, D). All major hemorrhages and major in-

farcts were seen in patients on VA ECMO. Patients treated with

VA ECMO had higher frequency of increased subarachnoid

spaces (51%) compared with those treated with VV ECMO (14%;

P � .01). Right ICA narrowing was present in 73% of patients

(n � 59). However, as expected, narrowing was much more com-

mon in patients treated with VA ECMO than those treated with

VV ECMO (85% versus 14%; P � .001). Of the patients on VA

ECMO who had arterial spin-labeling as part of their scan, most

(14/17 [82%]) showed symmetric perfusion.

DISCUSSION
In the largest, most comprehensive study to date, we used MR

imaging to describe the frequency and patterns of brain injury in

neonates who have undergone therapy with ECMO. Nearly half of

surviving neonatal patients treated with ECMO had intracranial

injury detected by MR imaging, and these lesions were largely

missed by CUS. We describe both structural changes (such as

parenchymal hemorrhage and infarction, enlarged subarachnoid

spaces, and ventriculomegaly) and physiologic changes (such as

differences in cerebral perfusion by arterial spin-labeling and

metabolic profiles by MR spectroscopy). There was a higher fre-

quency of injury in patients treated with VA ECMO compared

with those treated with VV ECMO, but the differences were not

statistically significant. The patterns of injury were similar be-

tween the 2 modes of cannulation. These data can serve as impor-

tant benchmarks that can be used when counseling families about

the risks, benefits, and potential outcomes of ECMO support

in the modern era of care.

Our findings are overall in concert with, and serve to comple-

ment, those of prior studies examining ECMO-associated pat-

terns of intracranial injury on CUS, CT, and MR imaging. The

prevalence of injury reported in the current study (46%) is similar

compared with prior CT-based studies performed at our institu-

Table 2: Distribution of hemorrhagic and ischemic brain injuries
by MRIa

Description of Injury
Hemorrhagic
Injury (n = 19)

Ischemic
Injury (n = 18)

Focality
Unifocal (total) 4 (21) 4 (22)

Unilateral right 3 (16) 3 (17)
Unilateral left 1 (5) 1 (6)

Multifocal (total) 15 (79) 14 (78)
Unilateral right 1 (5) 1 (6)
Unilateral left 2 (10) 4 (22)
Bilateral 12 (63) 9 (50)

Supratentorial 16 (84) 16 (89)
Infratentorial 6 (32) 1 (6)

Anatomic location
Cortex and white matter 2 (10) 12 (67)
White matter only 10 (52) 5 (28)
Deep gray nuclei 2 (10) 7 (39)
Brain stem 3 (16) 1 (6)
Cerebellum 5 (26) 0 (0)

Vascular territory
ACA NA 4 (22)
MCA NA 4 (22)
PCA NA 1 (6)

Extra-axial
Minor (no mass effect) 7 (37) NA
Major (mass effect) 1 (5) NA

Note:—ACA indicates anterior cerebral artery; NA, not applicable; PCA, posterior
cerebral artery.
a Data presented as no. of patients (%).
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tion.5,14 Likewise, similar rates of injury have been reported by

prior studies evaluating injury on MR imaging.6,9 We used a clas-

sification scheme previously devised by our group that specifically

describes injuries known to occur in patients with ECMO.5 It

should be noted that studies that did not include volume loss

or increased subarachnoid spaces as a form of injury have

described lower rates of injury (17%–26%).15,16 That CUS is less

sensitive than MR imaging (or CT) is also consistent with prior

studies.5,6,9,14-16 Although we used the cumulative assessment

of brain injury across serial CUS to optimize the sensitivity of

this technique,16 it is acknowledged that the direct comparison

of sensitivities between CUS and MR imaging is limited be-

cause these studies were not performed at the same time. We

cannot exclude that injuries occurring between the last CUS

and performance of the MR imaging could impact our esti-

mates of injury frequencies.

The most common type of injury involved intraparenchymal

ischemic or hemorrhagic lesions, most frequently in the frontal,

parietal, and temporal subcortical white matter, without signifi-

cant laterality. Ischemic lesions or infarctions likely result from a

combination of risk factors, including pre-ECMO hemodynamic

instability and hypoxia as well as potential cerebral blood flow

alterations associated with cannulation. The increased risk of

hemorrhage in patients treated with ECMO may relate to treat-

ment with systemic anticoagulation as well as to increased cere-

bral venous pressure resulting from cannulation/ligation of the

right internal jugular vein causing venous outflow obstruction.17

The same alteration in venous physiology has been implicated in

causing the enlarged subarachnoid spaces in these patients as a

result of decreased CSF resorption.18 The relatively high fre-

quency of increased subarachnoid spaces in our study (44%) is

overall similar to the prevalence reported in prior studies.5,6

FIG 2. Location and frequency of brain injury. Heat maps demonstrate frequency of parenchymal injury on MR imaging (A) and sonography (B)
in addition to comparison between VA (C) and VV (D) ECMO based on MR imaging lesions. MR imaging region key: 1, frontal cortex (left); 2, frontal
cortex (right); 3, temporoparietal cortex (left); 4, temporoparietal cortex (right); 5, occipital cortex (left); 6, occipital cortex (right); 7, frontal white
matter (left); 8, frontal white matter (right); 9, temporoparietal white matter (left); 10, temporoparietal white matter (right); 11, occipital white
matter (left); 12, occipital white matter (right); 13, caudate (left); 14, caudate (right); 15, putamen (left); 16, putamen (right); 17, globus pallidus (left);
18, globus pallidus (right); 19, thalamus (left); 20, thalamus (right); 21, cerebellum (left); 22, cerebellum (right); and 23, brain stem. Sonography region
key: 1, frontal (left); 2, frontal (right); 3, temporoparietal (left); 4, temporoparietal (right); 5, occipital (left); 6, occipital (right); 7, basal ganglia (left);
8, basal ganglia (right); 9, thalamus (left); 10, thalamus (right); and 11, posterior fossa.
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Of the neonates who had MR spectroscopy of the left basal

ganglia included as part of their MR imaging protocol, 24% dem-

onstrated evidence of anaerobic metabolism with the presence of

lactate. NAA/Cr and Cho/Cr ratios were normal in all patients,

suggesting retained neuronal/cell membrane integrity within the

areas of interest. Only 1 prior study evaluated MR spectroscopy in

9 neonates who had undergone ECMO and reported similar re-

sults regarding normal NAA/Cr and Cho/Cr ratios, though only 1

of their patients had mildly elevated lactate.10 It is important to

note that observation of lactate may be dependent upon the tem-

poral proximity of imaging to the precipitating hypoxic-ischemic

event. Because the presence of lactate on MR spectroscopy has

been associated with poor outcomes in neonates with hypoxic-

ischemic encephalopathy and in other high-risk populations,19,20

evaluating infants with MR spectroscopy after ECMO may allow

for identification of a subset of infants with the most significant

brain injury.

Similarly, although most neonates had normal perfusion by

arterial spin-labeling, 3 (13%) had symmetrically increased per-

fusion, which can be seen as a postischemic reperfusion re-

sponse.21 It is uncertain why most patients treated with VA

ECMO had normal, symmetric cerebral blood flow. This finding

may relate to compensation by collateralization, such as from the

vertebrobasilar system. Both of the neonates with asymmetric

perfusion in our study demonstrated left side greater than right. It

is possible that these infants had compromise to their right hemi-

spheric perfusion related to carotid ligation. Some patients were

sedated for MR imaging. However,

given the small number of patients with

abnormal arterial spin-labeling results

who were sedated (4 of 25 total neo-

nates), the exact impact is difficult to

determine. Furthermore, the perfusion

pattern in these neonates was quite vari-

able. Of these 4 neonates, 2 had asymmet-

ric perfusion (left side more pronounced

than right), 1 had symmetrically increased

perfusion, and 1 had symmetrically de-

creased perfusion.

Our findings of increased number

and severity of injuries seen with VA

ECMO are in accordance with prior lit-

erature.22 It should be noted that those

neonates who undergo VA ECMO gen-

erally demonstrate inherently increased

disease severity compared with those on

VV ECMO, necessitating both cardio-

vascular and respiratory support. We

have shown that decreasing caliber of

the distal right ICA is a common finding

in those neonates who have undergone

VA ECMO, likely as a result of altered

vascular anatomy after carotid cannula-

tion. It is uncertain why some patients

treated with VA ECMO had no evidence

of ICA narrowing. This finding may re-

late to collateralization of flow (such as

external carotid to ICA collateral vascularization beyond the

point of ligation).

Neuroimaging findings may prove useful in the prediction of

neurodevelopmental outcomes in neonates who have undergone

ECMO. Unfortunately, we were unable to collect robust long-

term neurodevelopmental outcome data in this retrospective

study, and therefore, we were not able to assess the relationship of

reported imaging findings with functional deficits. Prior studies

have shown that intracranial injury diagnosed on neuroimaging

studies can predict future neurologic deficits in other high-risk

neonatal patients,23 including patients treated with VA ECMO.7,24

However, a recent study questioned the prognostic value of MR

imaging in neonatal patients treated with ECMO, though this

study included a relatively small number of patients with outcome

data.6 Future studies are needed in larger populations of neonatal

ECMO survivors to establish functional correlates of specific MR

imaging findings because this information can help guide family

counseling and the direction of rehabilitative care.

Our study has several limitations. Our results have an inherent

survivorship bias in that only those neonates who survived ECMO

were included in our study. Therefore, it is more than likely that

overall injury from ECMO is worse than what we have reported.

However, it is this survivorship data that will be most useful for

correlation with neurodevelopmental outcomes and subsequent

use for counseling of families of ECMO survivors. Another limi-

tation is the fact that the MR imaging protocols were not stan-

Table 3: Comparison of intracranial injuries seen on MRI by type of ECMOa

MRI Findings
Total

(n = 81)
VA ECMO

(n = 67)
VV ECMO

(n = 14)
P

Valueb

Any injury (hemorrhage, infarction,
volume loss, increased
subarachnoid spaces)

37 (46) 33 (49) 4 (29) .157

Any hemorrhage 19 (23) 15 (22) 4 (26) .247
Major hemorrhage 3 (4) 3 (4) 0 (0) .420
Minor hemorrhage 16 (20) 12 (18) 4 (29) .362
Any infarction 18 (22) 16 (24) 2 (14) .432
Major infarction (total including

arterial,c venous infarcts,
and others)

8 (10) 8 (12) 0 (0) .173

Arterial: ACA territory 4 (5) 4 (6) 0 (0) .879
Arterial: MCA territory 4 (5) 4 (6) 0 (0) .879
Arterial: PCA territory 1 (1) 1 (1) 0 (0) .646
Minor infarctions (total) 10 (13) 8 (12) 2 (14) .808
Cerebellar injury 5 (6) 5 (7) 0 (0) .291
Volume loss

Any 28 (35) 25 (37) 3 (21) .256
Cortical 5 (6) 5 (7) 0 (0) .291
White matter 27 (33) 24 (36) 3 (21) .299
Deep gray nuclei 3 (4) 3 (4) 0 (0) .420
Cerebellum 3 (4) 3 (4) 0 (0) .420
Brain stem 3 (4) 3 (4) 0 (0) .420

Ventricular size
Normal 60 (74) 49 (73) 11 (79) .673
Slit 2 (3) 2 (3) 0 (0) .513
Mild ventriculomegaly 14 (17) 11 (16) 3 (21) .652
Moderate ventriculomegaly 4 (5) 4 (6) 0 (0) .879
Severe ventriculomegaly 1 (1) 1 (1) 0 (0) .646
Increased subarachnoid spaces 36 (44) 34 (51) 2 (14) .012

a Data presented as no. of patients (%).
b Comparison between VA and VV.
c There was overlap among arterial territories on some studies.
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dardized across our research population. The variability in the

timing of MR imaging after ECMO decannulation precluded the

ability to precisely time lesions to determine acuity and relation-

ship to ECMO. This study spanned a 10-year period, practically

an eternity when it comes to the rapid pace of innovation in radi-

ology. In keeping pace with such innovation, MR imaging proto-

cols and sequence parameters were updated on a continuous ba-

sis. Although our cohort of patients was larger than that of most

previous studies, our study remains limited by the relatively small

overall sample size, especially in the evaluation of arterial spin-

labeling and MR spectroscopy.

CONCLUSIONS
In a large contemporary cohort of neonatal patients treated with

ECMO, MR imaging identified brain injury in nearly half of the

patients after treatment, with increased sensitivity compared with

sonography. The frontal and temporoparietal white matter are

most commonly affected, without significant laterality. This pat-

tern of injury is similar between VV ECMO and VA ECMO,

though frequency of injury may be higher after VA ECMO. Future

studies should strive to correlate post-ECMO injury with neuro-

developmental outcomes.
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Measurement of Lactate Content and Amide Proton
Transfer Values in the Basal Ganglia of a Neonatal Piglet

Hypoxic-Ischemic Brain Injury Model Using MRI
X Y. Zheng and X X.-M. Wang

ABSTRACT

BACKGROUND AND PURPOSE: As amide proton transfer imaging is sensitive to protein content and intracellular pH, it has been widely
used in the nervous system, including brain tumors and stroke. This work aimed to measure the lactate content and amide proton transfer values
in the basal ganglia of a neonatal piglet hypoxic-ischemic brain injury model by using MR spectroscopy and amide proton transfer imaging.

MATERIALS AND METHODS: From 58 healthy neonatal piglets (3–5 days after birth; weight, 1–1.5 kg) selected initially, 9 piglets remained
in the control group and 43 piglets, in the hypoxic-ischemic brain injury group. Single-section amide proton transfer imaging was performed
at the coronal level of the basal ganglia. Amide proton transfer values of the bilateral basal ganglia were measured in all piglets. The ROI of
MR spectroscopy imaging was the right basal ganglia, and the postprocessing was completed with LCModel software.

RESULTS: After hypoxic-ischemic insult, the amide proton transfer values immediately decreased, and at 0 –2 hours, they remained at
their lowest level. Thereafter, they gradually increased and finally exceeded those of the control group at 48 –72 hours. After hypoxic-
ischemic insult, the lactate content increased immediately, was maximal at 2– 6 hours, and then gradually decreased to the level of the
control group. The amide proton transfer values were negatively correlated with lactate content (r � �0.79, P � .05).

CONCLUSIONS: This observation suggests that after hypoxic-ischemic insult, the recovery of pH was faster than that of lactate homeostasis.

ABBREVIATIONS: APT � amide proton transfer; APTw � amide proton transfer–weighted; HI � hypoxic-ischemic; HIBI � hypoxic-ischemic brain injury

The neonatal brain is in a process of continuous development

and maturation and has a great demand for oxygen. Nor-

mally, brain activities are primarily supported by energy pro-

duced from the aerobic metabolism of glucose.1-3 In a physiologic

state, 90%–95% of brain energy is consumed by neurons, but 80%

of glucose use happens in astrocytes, which suggests that a glucose

mesostate released by astrocytes is absorbed and used by neurons

to support their high energy consumption. A study4 has shown

that during glucose metabolism in the brain, lactate is a carrier of

energy and facilitates interaction between astrocytes and neurons.

Astrocytes absorb glucose and transform it into lactate and then

provide lactate to neurons. Therefore, lactate is an important me-

sostate during energy metabolism in the brain.

Normally, this astrocyte-neuron-lactate shuttle maintains a

dynamic balance. However, when the brain is exposed to a hypoxic-

ischemic (HI) environment, aerobic energy metabolism is inter-

rupted5-7 and becomes anaerobic. During anaerobic metabolism,

lactate is produced, causing an increase of lactate in brain tissue.

As a result, the accumulated lactate suppresses glucose metab-

olism and uses up adenosine triphosphate, thus exacerbating

intracellular acidosis.8,9 Meanwhile, lactate is a crucial sub-

strate for neurons that restores aerobic energy metabolism af-

ter an HI insult and plays an important role in the early stage of

HI insult. Therefore, the study of lactate metabolism changes

in the brain after HI insult furthers the understanding of neu-

ronal energy metabolism and post-hypoxic-ischemic brain in-

jury (HIBI) neuronal energy recovery and neuron protection

mechanisms.

Brain acidosis often occurs after HI insult, for which the ad-

justment of the brain pH is critical. pH is especially important for

protein structure and enzyme activity in the brain. Therefore, it is

essential to timely detect and regulate the intracellular pH of brain

tissues.

Amide proton transfer (APT) imaging is a recently developed

MR imaging technique. In theory, APT signal intensity primarily
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depends on the exchange rate between amide protons and water

protons10-12; this exchange rate is associated with the protein

content, pH, and temperature. If it is assumed that other vari-

ables remain unchanged, when the pH decreases, the exchange

rate slows and APT signal intensity weakens.13-15 Thus, APT

imaging can also be considered pH-weighted imaging. The

magnetization transfer ratio asymmetry (3.5 ppm) is called the

amide proton transfer–weighted (APTw) intensity, to reflect

the APT effect, which is contaminated by the conventional

magnetization transfer ratio asymmetry and nuclear Over-

hauser enhancement.

In the normal physiologic state, lactate is absent or rare,16 but

in an HI environment, lactate is increased; this change indicates

enhanced anaerobic metabolism. To date, studies that explore the

role of lactate in energy metabolism, particularly in neuron recov-

ery after hypoxic-ischemic brain injury, and investigate the non-

invasive detection of intracellular pH in brain tissues are few but

promising. In the present study, we simulated pathophysiologic

changes by using a neonatal piglet HIBI model and simultane-

ously evaluated the time course of lactate and APT changes in

hypoxic-ischemic injury.

MATERIALS AND METHODS
Experimental Animals
Initially, 58 healthy piglets (Yorkshire piglets or Large White pigs,

3–5 days after birth; weight, 1–1.5 kg) were selected; then, 6 ani-

mals were excluded because of in-process death, modeling failure,

and motion artifacts. Data were collected from the remaining 52

animals, and they were randomly assigned to the control group

(n � 9) and model group (n � 43). On the basis of the MR

imaging time after the HI procedure, the model group was further

divided into 6 subgroups (0 –2 hours, n � 8; 2– 6 hours, n � 8;

6 –12 hours, n � 6; 12–24 hours, n � 10; 24 – 48 hours, n � 5; and

48 –72 hours, n � 6). All experiments in animals were performed

in compliance with the Regulations for the Administration of Af-

fairs Concerning Experimental Animals (http://www.asianlii.org/

cn/legis/cen/laws/rftaoacea704/) and Measures for the Adminis-

tration of Licenses Concerning Experimental Animals

(http://www.chinalawedu.com/news/23223/23228/24345.htm).

Establishment of Experimental
Models

Control Group. In the operating room

with a temperature of 28°�30°C, 0.6

mL/Kg of Su-mian-xin,16 an anesthetic

agent (Changchun Military Veterinary

Institute, Academy of Military Medical

Science, Beijing, China), was intramuscu-

larly injected; then tracheal intubation
(2.5-mm cannula) was performed, and

the tracheal intubation was connected to

a TKR-200C small-animal ventilator (Ji-
angxi TELI Anesthesia & Respiration
Equipment, Jiangxi Province, China) for
mechanical ventilation (100% oxygen
ventilator parameters: inspiratory/expi-
ratory ratio, 1:1.5; respiratory frequency,

30 breaths/minute; pressure, 0.05– 0.06 MPa). The heart rate and
blood oxygen saturation were monitored with a TuffSat hand-held
pulse oximeter (GE Healthcare, Milwaukee, Wisconsin). A catheter
was inserted via an ear vein and then fixed in position. Thereafter, the
neck skin was disinfected with iodophors, a median incision was
made, and the bilateral common carotid arteries were isolated. Fi-
nally, the incision was sutured. During the operation, the piglet’s
body was covered with a quilt. After the surgery was completed, it was
immediately put into an incubator (Shenzhen Reward Life Technol-
ogy 912–005; Guangdong Province, China). Rectal temperature was
maintained between 38° and 40°C.

HIBI Model Group. The same procedures as in the control group

were performed on model piglets. In addition, when their statuses

became stable after 30 minutes of rest, the bilateral common ca-

rotid arteries were clamped with artery clamps to occlude blood

flow and 6% oxygen was mechanically delivered (Dalian Special

Gases, Liaoning Province, China) for 40 minutes; then 100% ox-

ygen (Dalian Special Gases) was inhaled, the blood supply of bi-

lateral common carotid arteries was restored, and the neck inci-

sion was sutured. After the model was established, the piglet was put

into the incubator. The heart rate and blood oxygen saturation were

monitored throughout the process. Intraoperative and postoperative

shock and convulsion were treated promptly.17,18 After the animals

resumed spontaneous breathing, the ventilator was withdrawn.

MR Imaging Protocol
1H-MR Spectroscopy Scanning and Data Processing. The scan-

ning was performed by using a 3T MR imaging scanner (Achieva

3.0T TX; Philips Healthcare, Best, the Netherlands) with pencil

beams, second-order shimming, body coils for emission, and

8-channel head coils (sensitivity encoding) for receiving. MR

spectroscopy was implemented with a point-resolved spectros-

copy single-voxel sequence, and the sequence was performed with

the following parameters: TR/TE � 2000/37 ms, number of signal

averaged � 64, VOI � 10 mm � 10 mm � 10 mm. The right basal

ganglia were selected as the ROI (Fig 1A). Before scanning, fluid

attenuation and shimming were finished automatically by the

scanner. Conventional MR imaging was performed before MR

spectroscopy to obtain T1WI and T2WI for brain morphology

FIG 1. Definition of ROIs in MR spectroscopy and APT images. A, Illustration of the ROI in MR
spectroscopy. For all animals, the right basal ganglia were selected as the ROI. B and C, Illustra-
tions of ROIs in APT images (the T2WI serves as reference for the selection of ROIs in this study).
In the control and HIBI groups, the bilateral basal ganglia were selected as ROIs, as shown by the
areas marked with a solid line in B and C.
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observation and MR spectroscopy positioning. After HI insult,

MR imaging was performed at the time points specified for each

group (time � 0 was defined as control group). The raw image

data were postprocessed by Linear Combination Model (LCModel;

http://www.lcmodel.com/) software.19 NAA is at 2.02 ppm; Cr, at

3.02 ppm; Cho, at 3.2 ppm; and lactate, at 1.33 ppm. When MR

imaging was performed, the piglet was carefully wrapped with a thick

quilt to maintain body temperature. If spontaneous breathing was

not restored after the operation, MR imaging was performed with

artificial balloon breathing instead of mechanical ventilation.17,20,21

APT Data Acquisition and Processing

Acquisition of APT Data. The coil used for the APT experiments

was the same as that used for the 1H-MR spectroscopy. All piglets

were positioned at the level of the basal ganglia by using coronal

T2WI. An off-resonance continuous-wave radiofrequency satu-

ration pulse was used. APT single-section imaging was per-

formed, and the saturation time, at 2 �T excitation power, was

500 ms (the maximum time available for this body coil22-24). The

acquisition mode was TSE, and the factor was 38. We used the

following settings: TR � 4000 ms, TE � 8.1 ms, matrix � 108 �

71, FOV � 170 mm � 145 mm, section thickness � 5 mm, scan

time � 4 minutes 16 seconds. For APT imaging, the multiacqui-

sition method with multiple radiofrequency pulses was per-

formed to enhance the signal-to-noise ratio.25 During acquisi-

tion, saturated radiofrequency pulses of 31 frequencies were

acquired at different offsets from the water resonance frequency

(0, �0.25, �0.5, �0.75, �1, �1.5, �2, �2.5, �3 [2], �3.25 [4],

�3.5 [8], �3.75 [4], �4 [2], �4.5, �5, �6 ppm), where the

number in brackets represents the number of repeat acquisitions

when different from 1, and the images acquired without radiofre-

quency saturation served as normalized images. This acquisition

protocol enabled the correction of the B0 field and the acquisition

of APT images with a high SNR. When the experimental animals

were scanned, a constant body temperature was maintained to

avoid signal changes caused by temperature fluctuations.

Postprocessing of APT Data. The acquired APT raw data were

imported into the IDL application (Research Systems, Boulder,

Colorado) for analysis, measurement, and reconstruction of

pseudocolor images. First, voxel-based Z-spectra were obtained

and then fitted by using a 12-order polynomial to identify the

trough of the Z-spectrum and construct B0 heterogeneity; this

process completed the field correction. In the corrected Z-spec-

trum, the symmetric data points at �3.5 ppm were selected for

asymmetry analysis (magnetization transfer ratio asymmetry, [3.5

ppm] � Ssat[�3.5 ppm] / S0 �Ssat[�3.5 ppm] / S0, where Ssat

denotes the signal intensity with the radiofrequency pulse and S0

represents the signal intensity without the radiofrequency pulse).

APT Imaging: Selection of ROIs. After the raw data were analyzed

automatically by the software, the acquired APT images were eval-

uated by 2 senior radiologists and then quantified. After we com-

bined the conventional coronal T2WI, ROIs (bilateral basal gan-

glia, Fig 1B) were manually drawn carefully on the APT images.

The APT value of this ROI indicates the signal intensity. The ROIs

should avoid the interference of the skull, CSF, and cerebral

ventricles.

Statistical Analysis
The statistical analysis of data was performed by using SPSS for

Windows (Version 17.0; IBM, Armonk, New York). Data were

presented as mean � SD (X� � SD). The difference in APT values

between the left and right basal ganglia was analyzed with the

independent-samples t test. The statistical differences in APT val-

ues and lactate content between the control and HIBI groups at

different time points were analyzed by ANOVA. The correlation

between APT values and lactate content was analyzed by Spear-

man rank correlation analysis. P � .05 was a statistically sig-

nificant difference.

RESULTS
Measurements of APT Values and Lactate Content
Because no statistical difference in APT values was observed be-

tween the left and right basal ganglia (P � .82), APT values of the

bilateral basal ganglia were averaged to calculate a mean APT

value for each group. The APT values of the control group and

HIBI groups differed significantly (control group versus 6 –12

hours, P � .029; control group versus 24 – 48 hours, P � .009;

other groups, P � .001) except for control group versus the 12- to

24-hour group (P � .762). The time-related changes of APT val-

ues in the control and HIBI model groups are shown in the Table

and Fig 2.

1H-MR Spectroscopy
In the HIBI group, lactate content was maximal at 2– 6 hours;

thereafter, it gradually decreased and finally was similar to that of

the control group, as shown in the Table and Fig 3. The lactate

content of the control and HIBI groups did not differ significantly

at 12–24 hours, 24 – 48 hours, or 48 –72 hours (control versus

12–24 hours, P � .16; control versus 24 – 48 hours, P � .87; and

control versus 48 –72 hours, P � .96), but it differed significantly

at other time points (0 –2 hours versus the control group, P � .02;

2– 6 hours and 6 –12 hours versus the control group, P � .001).

The lactate content at different time points is presented as X� � SD,

as shown in the Table.

MR images and spectra fitted by the LCModel of the control

and HIBI groups are shown in Figs 4 and 5.

Correlation between APT Values and Lactate Content
Time-related changes of APT values and lactate content are

shown in Fig 6. APT values decreased at 0 –2 hours and thereafter

APT and lactate measurements at different time points

Parameters Control

Model Group

0–2 Hours 2–6 Hours 6–12 Hours 12–24 Hours 24–48 Hours 48–72 Hours
APT (%) 0.50 � 0.12 �0.46 � 0.25 0.02 � 0.14 0.26 � 0.04 0.47 � 0.09 0.80 � 0.11 1.31 � 0.43
Lactate 0.43 � 1.30 3.78 � 4.31 20.45 � 5.28 13.07 � 1.10 2.31 � 1.55 0.16 � 0.25 0.51 � 0.86
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increased; lactate content continued increasing at 2– 6 hours and

thereafter trended toward decreasing.

As shown by Spearman rank correlation test, the APT values were

negatively correlated with lactate content (r � �0.79, P � .036).

DISCUSSION
HIBI is a hypoxic-ischemic brain impairment caused by many

factors during the perinatal period and also a type of reperfusion

brain injury after HI insult of the whole brain. The brain tissues

undergo a series of pathophysiologic changes in the transition

from hypoperfusion to reperfusion. Therefore, it is essential to

develop a noninvasive neonatal MR imaging examination tech-

nique to evaluate molecular pathophysiologic changes of the

brain after an HI procedure. In a study of middle cerebral artery

occlusion in mouse models, Zhou et al10,26 found a marked

change in pH in lesions before and after ischemic insult, but no

obvious variation in amide content was found during a short pe-

riod. The exchange rate decreasing 50%–70% with a pH decrease

of 0.5 U supports the application of APT imaging in HI insult.

Our study results showed that after HI injury, APT values

trended toward decreasing sharply at first (Table and Fig 2); if it is

assumed that the protein content and temperature in the brain

remains unchanged for a short period after HI insult, the change

of APT signal may be primarily related to pH changes. Such a

signal change reflects a reduction of intracellular pH in brain tis-

sues within a short time after HI insult, primarily depending on

acidosis secondary to aerobic dysmetabolism caused by HI insult

(aerobic dysmetabolism refers to glucose metabolic disturbances,

and the acidosis related to HI leads to an increase in anaerobic

metabolism; it is not a dysmetabolism of the mitochondria, but a

change in cellular processes). Intracellular acidosis is not only

caused by lactate accumulation but also attributed to the aerobic

dysmetabolism of glucose that occurs in the acute stage of HI

insult. Furthermore, the cell membrane is unable to maintain the

normal ion pump function that leads to intracellular H� reten-

tion in the early stage of HIBI.10 Subsequently, APT values grad-

ually increased and recovered to the level of the control group at

12–24 hours. Such recovery of APT values is achieved by pH nor-

malization after HI reperfusion, perhaps because locally accumu-

lated metabolites are excreted by reperfusion, accompanied by the

restoration of aerobic metabolism. The intracellular pH in mam-

mal brain tissue is 7.2–7.3, and the extracellular pH is 7.3–7.4.27-29

The intracellular pH in HI brain tissue can impact cell survival

and brain tissue outcomes. Studies have shown that when brain

tissue undergoes HI injury, pH decreases transiently and then

increases, inducing rebound alkalosis. Patients with alkalosis have

a poor prognosis.30-33 Furthermore, an in vivo trial revealed that

neuronal protection could be achieved by timely intervention to

treat alkalosis.27

When the brain experiences HI insult, the relevant signaling

pathways in astrocytes are activated, and lactate, as an important

neurotransmitter, can regulate energy metabolism and secrete

neuroprotective substances to achieve neuron protection through

a series of biochemical changes and has a regulatory effect on cell

FIG 2. Time-related changes of APT values of the basal ganglia. After
HI insult, APT values immediately decrease and reach the lowest level
at 0 –2 hours; thereafter, the values gradually increase, recover to the
level of the control group at 12–24 hours, and then continue increas-
ing. They are higher than the control group level at 48 –72 hours.

FIG 3. Time-related changes of lactate in the control and HIBI
groups. After HI insult, lactate increases immediately, reaches maxi-
mal value at 2– 6 hours, and thereafter decreases gradually; in the HIBI
model group, lactate is similar to that of the control group at 48 –72
hours after HI injury.

FIG 4. Coronal T1WI, T2WI, and APT scans at the basal ganglia area in
the control and the model groups (2 hours, 4 hours, and 68 hours after
hypoxia-ischemia reperfusion). The APT signal demonstrates the hy-
pointensity at 2 hours after HI, and then the signal gradually increases.
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apoptosis.34,35 Lactate can be transmitted and absorbed via

monocarboxylic acid transporters between astrocytes and neu-

rons to provide the substrate of energy metabolism for neuronal

activities.36-38 Thus, lactate produced by glycolysis is transmitted

out of astrocytes via monocarboxylic acid transporter-4 on the

cell membrane, accumulates in the extracellular spaces, is then

absorbed by neurons via monocarboxylic acid transporter-2 on

neuronal membranes, is transformed into pyruvic acid via lactate

dehydrogenase, and finally enters into the tricarboxylic acid cycle

of aerobic metabolism.

An increase of lactate was observed in the early stage of HI

insult (Table and Fig 3), which is an important sign of brain hyp-

oxia-ischemia. This finding is consistent with that in a previous

study.39 After reperfusion, lactate is gradually decreased due to

both aerobic metabolism recovery and lactate excretion.

At the time of acute hypoxia-ischemia, it is assumed that the

amide proton concentration and temperature remain constant,

and the change of APT value is mainly affected by the pH. This

study found that APT values were gradually restored to normal 2

hours after reperfusion; lactate increased in the first 6 hours after

reperfusion and gradually decreased thereafter. Moreover, this

trend matches those in previous experimental study.12 We also

found that there was a relative delay between the peak change in

lactate and the lowest peak value of APT, which indicates that the

removal of H� and lactate is not synchronous. This time delay was

interpreted as the recovery of pH being earlier than the clearance

of lactate after HI reperfusion. Discharge mechanisms of H� in-

clude Na�–H� exchange and HCO3
� neutralization and other

mechanisms.27 Thus, a possible reason for the rapid recovery of

pH and the relatively slow removal of lactate was that glucose

anaerobic glycolysis was conducted continuously after reperfu-

sion and the removal of lactate was first transported out of the cell,

and then carried out by the circulation.40,41 Nevertheless, this

aspect needs to be further studied.

FIG 5. Results of 1H-MR spectroscopy data at selected time points in sample data analyzed by LCModel software. A–D, 1H-MR spectroscopy
spectral curves of the right basal ganglia analyzed by LCModel in the control group and the HIBI group at 2 hours, 4 hours, and 68 hours,
respectively. At 2 and 4 hours after HI insult, the lactate peaks (1.2–1.4 ppm) are markedly elevated, showing an upright single-peak or double-
peak change; at 68 hours, the lactate peak is lower but still higher than that of the control group.
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In this study, the basal ganglia were selected as an ROI for both

APT imaging and 1H-MR spectroscopy scanning because the

basal ganglia are an area of high aerobic metabolism.42 Such an

ROI can increase the sensitivity of biochemical tests and avoid the

interference of lipids at the cerebral margin that influences the

accurate measurement of lactate content.43

In the present study, there were some limitations: 1) The cur-

rent APT imaging sequence used single-section imaging, and the

coronal images of the basal ganglia were selected in this study, so

HI injury of other parts and structures were not displayed and

evaluated. 2) Due to limitations of anatomic structures, resolu-

tion, and other factors, only the basal ganglia were selected as

ROIs, so other cerebral regions (eg, cerebral cortex, subcortical

white matter, and hippocampus) were not evaluated. 3) Even

though the magnetization transfer ratio asymmetry analysis

(which can reduce the direct water saturation effect and semisolid

magnetization transfer effect) was used, the APT effect was mixed

with the nuclear overhauser enhancement.44 4) Only data from

the right basal ganglia were acquired by single-voxel 1H-MR spec-

troscopy scanning, so bilateral tissues could not be compared and

analyzed.
1H-MR spectroscopy data were postprocessed by using

LCModel software, which effectively addresses issues such as

baseline correction, spectral line decomposition, and accurate

measurement of the absolute content of metabolites.45 The

LCModel can automatically perform baseline correction, eddy

current correction, and phase correction and provide an ideally fit

spectral line. The Cramer-Rao Lower Bound estimating produced

by the LCModel avoids extensive examination of each spectro-

scopic image and helps reject low-quality spectra (Fig 4).46 Stud-

ies47,48 have suggested that the coefficient of variation of absolute

substance content calculated by the LCModel is lower than that

for the ratio of metabolites.

In this study, an acute HIBI model was established in piglets, in

which the blood supply of the bilateral common carotid arteries

was interrupted and then the reperfusion was simulated when the

blood supply was restored; it facilitates the investigation of reper-

fusion injury.49-51 In this study, we simulated neonatal patho-

physiologic changes by using a neonatal piglet HIBI model. The

basal ganglia injury shown on MR imaging was consistent with

histologic changes; therefore, this model is suitable for acute and

subacute experimental studies.16,17 The results indicate that this

model is suitable for molecular imaging studies. Compared with

previous studies with a rat hypoxia-ischemia model,49,52,53 the

neonatal pig brain sulcus and gyrus are obvious and similar to the

human brain structure. At present, there is no report in the liter-

ature describing the use of a piglet hypoxia-ischemia model for

APT imaging studies, to our knowledge. Our modeling method

has high reproducibility and can provide reliable experimental

results, though it is somewhat complex. APT and MR spectros-

copy have been measured separately many times in different isch-

emic models; however, they have not been measured together as

in this model. In fact, this relative delay between the peak change

in lactate and the APT value is one of the main novel points of our

work because it has not previously been observed.

CONCLUSIONS
In the present study, the changes in APTw intensity and lactate

content show a relative time delay in their recovery stage, indicat-

ing that recovery of pH was faster than that of lactate.
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12. Jokivarsi KT, Gröhn HI, Gröhn OH, et al. Proton transfer ratio,
lactate, and intracellular pH in acute cerebral ischemia. Magn Reson
Med 2007;57:647–53 CrossRef Medline

13. Zhou J, Yan K, Zhu H. A simple model for understanding the origin
of the amide proton transfer MRI signal in tissue. Appl Magn Reson
2012;42:393– 402 CrossRef Medline

14. Sun PZ, Benner T, Copen WA, et al. Early experience of translating
pH-weighted MRI to image human subjects at 3 Tesla. Stroke 2010;
41(10 suppl):S147–51 CrossRef Medline

15. Zhou J, Wilson DA, Sun PZ, et al. Quantitative description of proton
exchange processes between water and endogenous and exogenous
agents for WEX, CEST, and APT experiments. Magn Reson Med
2004;51:945–52 CrossRef Medline

16. Wang XY, Wang HW, Fu XH, et al. Expression of N-methyl-d-as-
partate receptor 1 and its phosphorylated state in basal ganglia of a
neonatal piglet hypoxic-ischemic brain injury model: a controlled
study of (1)H MRS. Eur J Paediatr Neurol 2012;16:492–500 CrossRef
Medline

17. Munkeby BH, De Lange C, Emblem KE, et al. A piglet model for
detection of hypoxic-ischemic brain injury with magnetic reso-
nance imaging. Acta Radiol 2008;49:1049 –57 CrossRef Medline

18. LeBlanc MH, Qian XB, Cai ZW. The effect of glucose during isch-
emia on brain ATP, lactate, and glutamate in piglets. Biol Neonate
1997;72:243–54 CrossRef Medline

19. Katsura K, Asplund B, Ekholm A, et al. Extra- and intracellular
pH in the brain during ischaemia: related to tissue lactate con-
tent in normo- and hypercapnic rats. Eur J Neurosci 1992;4:
166 –76 CrossRef Medline

20. Vial F, Serriere S, Barantin L, et al. A newborn piglet study of mod-
erate hypoxic-ischemic brain injury by 1H-MRS and MRI. Magn
Reson Imaging 2004;22:457– 65 CrossRef Medline

21. McCulloch KM, Raju TN, Navale S, et al. Developing a long-term
surviving piglet model of neonatal hypoxic-ischemic encephalopa-
thy. Neurol Res 2005;27:16 –21 CrossRef Medline

22. Zhao X, Wen Z, Zhang G, et al. Three-dimensional turbo-spin-echo
amide proton transfer MR imaging at 3-Tesla and its application to
high-grade human brain tumors. Mol Imaging Biol 2013;15:114 –22
CrossRef Medline

23. Zhao X, Wen Z, Huang F, et al. Saturation power dependence of
amide proton transfer image contrasts in human brain tumors and
strokes at 3 T. Magn Reson Med 2011;66:1033– 41 CrossRef Medline

24. Zhou J, Blakeley JO, Hua J, et al. Practical data acquisition method
for human brain tumor amide proton transfer (APT) imaging.
Magn Reson Med 2008;60:842– 49 CrossRef Medline

25. Wen Z, Hu S, Huang F, et al. MR imaging of high-grade brain tu-
mors using endogenous protein and peptide-based contrast. Neu-
roimage 2010;51:616 –22 CrossRef Medline

26. Sun PZ, Zhou J, Sun W, et al. Detection of the ischemic penumbra
using pH-weighted MRI. J Cereb Blood Flow Metab 2007;27:1129 –36
CrossRef Medline

27. Uria-Avellanal C, Robertson NJ. Na�/H� exchangers and intracel-
lular pH in perinatal brain injury. Transl Stroke Res 2014;5:79 –98
CrossRef Medline

28. Hamakawa H, Murashita J, Yamada N, et al. Reduced intracellular
pH in the basal ganglia and whole brain measured by 31P-MRS in
bipolar disorder. Psychiatry Clin Neurosci 2004;58:82– 88 CrossRef
Medline

29. Casey JR, Grinstein S, Orlowski J. Sensors and regulators of intracel-
lular pH. Nat Rev Mol Cell Biol 2010;11:50 – 61 CrossRef Medline

30. Hugg JW, Duijn JH, Matson GB, et al. Elevated lactate and alkalosis
in chronic human brain infarction observed by 1H and 31P MR
spectroscopic imaging. J Cereb Blood Flow Metab 1992;12:734 – 44
CrossRef Medline

31. Levine SR, Helpern JA, Welch KM, et al. Human focal cerebral
ischaemia: evaluation of brain pH and energy metabolism with
P-31 NMR spectroscopy. Radiology 1992;185:537– 44 CrossRef
Medline

32. Welch KM, Levine SR, Helpern JA. Pathophysiological correlates of
cerebral ischaemia: the significance of cellular acid base shifts.
Funct Neurol 1990;5:21–31 Medline

33. Robertson NJ, Cowan FM, Cox IJ, et al. Brain alkaline intracellular
pH after neonatal encephalopathy. Ann Neurol 2002;52:732– 42
CrossRef Medline

34. Brown AM, Ransom BR. Astrocyte glycogen and brain energy me-
tabolism. Glia 2007;55:1263–71 CrossRef Medline

35. Mehta SL, Manhas N, Raghubir R. Molecular targets in cerebral
ischemia for developing novel therapeutics. Brain Res Rev 2007;54:
34 – 66 CrossRef Medline

36. Chiry O, Fishbein WN, Merezhinskaya N, et al. Distribution of the
monocarboxylate transporter MCT2 in human cerebral cortex: an
immunohistochemical study. Brain Res 2008;1226:61– 69 CrossRef
Medline

37. Dienel GA, Hertz L. Astrocytic contributions to bioenergetics of
cerebral ischemia. Glia 2005;50:362– 88 CrossRef Medline

38. Hertz L, Dienel GA. Lactate transport and transporters: general
principles and functional roles in brain cells. J Neurosci Res 2005;79:
11–18 CrossRef Medline
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Postoperative MRI Evaluation of a Radiofrequency Cordotomy
Lesion for Intractable Cancer Pain

X A. Vedantam, X P. Hou, X T.L. Chi, X K.R Hess, X P.M. Dougherty, X E. Bruera, and X A. Viswanathan

ABSTRACT

BACKGROUND AND PURPOSE: There are limited data on the use of postoperative imaging to evaluate the cordotomy lesion. We
aimed to describe the cordotomy lesion by using postoperative MR imaging in patients after percutaneous cordotomy for intrac-
table cancer pain.

MATERIALS AND METHODS: Postoperative MR imaging and clinical outcomes were prospectively obtained for 10 patients after percu-
taneous cordotomy for intractable cancer pain. Area, signal intensity, and location of the lesion were recorded. Clinical outcomes were
measured by using the Visual Analog Scale and the Brief Pain Inventory–Short Form, and correlations with MR imaging metrics were
evaluated.

RESULTS: Ten patients (5 men, 5 women; mean age, 58.5 � 9.6 years) were included in this study. The cordotomy lesion was hyperintense
with central hypointense foci on T2-weighted MR imaging, and it was centered in the anterolateral quadrant at the C1–C2 level. The mean
percentage of total cord area lesioned was 24.9% � 7.9%, and most lesions were centered in the dorsolateral region of the anterolateral
quadrant (66% of the anterolateral quadrant). The number of pial penetrations correlated with the percentage of total cord area that was
lesioned (r � 0.78; 95% CI, 0.44 – 0.89; P � .008) and the length of T2-weighted hyperintensity (r � 0.85; 95% CI, 0.54 – 0.89; P � .002). No
significant correlations were found between early clinical outcomes and quantitative MR imaging metrics.

CONCLUSIONS: We describe qualitative and quantitative characteristics of a cordotomy lesion on early postoperative MR imaging. The
size and length of the lesion on MR imaging correlate with the number of pial penetrations. Larger studies are needed to further investigate
the clinical correlates of MR imaging metrics after percutaneous cordotomy.

ABBREVIATIONS: ALQ � anterolateral quadrant; PIS � pain intensity score; PSS � pain severity score; VAS � Visual Analog Scale

Cordotomy is a lesion of the spinothalamic tract used to treat

medically refractory pain. Percutaneous cordotomy is most

commonly performed in the upper cervical spine at the C1–C2

level and targets the anterior and lateral spinothalamic tracts,

which ascend in the anterolateral spinal cord.1 This percutaneous

technique, with either fluoroscopic guidance or an intraproce-

dural CT scan, has become the preferred method for performing

cordotomy because it requires minimal recovery time and can be

performedduringcancer treatment or at advanced stages of disease.2,3

Although cordotomy leads to effective pain relief in most pa-

tients,4 up to 20% of patients may experience only partial or tran-

sient pain relief. These cordotomy failures may be due to incom-

plete ablation of the spinothalamic tract.5 At present, there are

limited data on the evaluation of patients with poor outcomes

after percutaneous cordotomy. Prior research has shown great

variability in the size of a radiofrequency lesion despite the same

current flow6; however, the role of postoperative MR imaging to

characterize the cordotomy lesion has not been explored thus far.

Postoperative MR imaging of the cervical spinal cord can visualize

the location and size of the lesion and may explain poor clinical

outcome after cordotomy.

The present study aimed to describe the characteristics and

clinical correlates of the cordotomy lesion by using postoperative

MR imaging in a series of patients who underwent percutaneous

cordotomy for intractable cancer pain.
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MATERIALS AND METHODS
We conducted a prospective study at the University of Texas MD

Anderson Cancer Center, Houston, Texas, for patients with uni-

lateral intractable cancer–related pain below the C5 dermatome

with a pain intensity �4 of 10. These patients are part of a ran-

domized controlled trial, the results of which will be published

separately. All patients underwent a percutaneous CT-guided

cordotomy by the senior author after a detailed preoperative eval-

uation. All patients provided informed consent, and the study was

approved by the institutional review board.

Clinical Evaluation
Preoperative evaluation of pain was assessed with the Visual An-

alog Scale (VAS) score (from 0, no pain, to 10, worst pain) and the

Brief Pain Inventory–Short Form. Postoperative pain was as-

sessed by using the VAS and Brief Pain Inventory–Short Form on

day 7 after the cordotomy. The VAS score represents the average

pain experienced by the patient during the previous 24 hours. The

Brief Pain Inventory–Short Form is a validated and responsive

tool to measure pain outcomes for patients with cancer pain.7,8

For the present study, the pain severity score (PSS) of the Brief

Pain Inventory–Short Form (average score for questions 3– 6)9

and the pain intensity score (PIS) (average score for questions

9a– g) were used for analysis.

Surgical Technique
A radiofrequency ablation technique (G4 radiofrequency genera-

tor and LCED disposable cordotomy electrode; Cosman Medical,

Burlington, Massachusetts) was used to perform the cordotomies.

Intravenous opioids, benzodiazepines, and either propofol or

dexmedetomidine were used for patient comfort. A myelogram

was performed before the procedure for most patients. Using in-

traprocedural CT guidance, we performed the cordotomy at the

C1–C2 level.

As the spinal needle was advanced into the anterolateral quad-

rant (ALQ) of the spinal cord, multiple, limited, short-segment

axial CT scans were obtained (Fig 1). The radiofrequency elec-

trode with an exposed tip of 2 mm and a diameter of 0.2 mm was

introduced into the spinal cord parenchyma. Intraoperative test-

ing was then performed once the patient was fully awake and

conversant. We ensured that motor stimulation (2 Hz, 100-�s

pulse width) did not elicit contractions below 1 V, thereby verify-

ing a safe distance from the corticospinal tracts. We confirmed

physiologic presence within the spinothalamic tract when sensory

stimulation (100 Hz, 100 �s) elicited contralateral paresthesias

(optimally in the area of pain), at a voltage less than 0.2 V.

Two-to-4 radiofrequency ablations at 70°C– 80°C were per-

formed to lesion the spinothalamic tract. Clinical testing to assess

the development of hypesthesia in the region of pain was per-

formed between ablations. Further ablations were performed if

hypesthesia was not present by clinical examination or if there was

no elevation in the threshold for sensory stimulation. The number

of pial penetrations and ablations performed was recorded for

each patient. The number of pial penetrations exceeded the num-

ber of ablations when a given pial penetration did not elicit spi-

nothalamic tract stimulation or if it led to unwanted corticospinal

tract stimulation.

Imaging
MR imaging of the cervical spine was performed on postoperative

day 1. Sagittal and axial T1-weighted, T2-weighted, and contrast-

enhanced images were obtained of the cervical spine on a Discov-

ery wide-bore 750W 3T MR imaging scanner (GE Healthcare,

Milwaukee, Wisconsin) with a maximum 3.3-g/cm gradient with

a cervical spine and neck coil.

For sagittal images, we used a fast spin-echo technique: FOV �

200 mm, matrix � 352 � 256, 4 averages, section thickness � 2.5

mm, gap � 0.3 mm, TR/TE � 4000/110 ms, TR/TE � 650/9 ms

for T2- and T1-weighted imaging, respectively. For axial images,

we used FSE: FOV � 160 –180 mm, matrix � 320 � 256, 4 aver-

ages, section thickness � 3.0 mm with a 0.3-mm gap, TR/TE �

4000/110 ms, TR/TE � 650/9 ms for T2- and T1-weighted imag-

ing, respectively. Postcontrast, axial, and sagittal T1 images were

obtained with the same acquisition parameters as for precontrast

images. Acquisition time was between 4 and 5 minutes, depend-

ing on the number of sections covered.

Imaging analysis was performed off-line on OsiriX Imaging

Software, V3.3 (http:// www.osirix-viewer.com) after importing

the DICOM images. Measurement of the lesion area and signal

intensity was performed on axial T2-weighted images. The area of

T2-hyperintensity was marked by using manual ROIs. The entire

cord was divided into 4 quadrants as shown in Fig 2, and the area

in the anterolateral and posterolateral quadrants was measured.

The ALQ was further bisected to determine the proportion of the

lesion in the anteromedial-versus-dorsolateral region. The length

of the lesion was measured on sagittal T2-weighted images. Qual-

itative characteristics of the lesion on T1-weighted and contrast-

enhanced scans were also recorded.

FIG 1. A, Intraprocedural CT myelogram showing the electrode en-
tering the spinal cord parenchyma in the right anterolateral quadrant.
B, Postoperative axial T2-weighted MR image of the cordotomy le-
sion with overlay of the cord anatomy and anatomic location of the
anterolateral spinothalamic tracts marked (black pattern).
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Statistical Analysis
Statistical analysis was performed by using SPSS 20.0 (IBM, Ar-

monk, New York). Descriptive statistics were used to report clin-

ical outcome and quantitative MR imaging metrics. Correlations

between MR imaging metrics, VAS scores, and Brief Pain Inven-

tory–Short Form were performed by using the Spearman corre-

lation. The association between enhancing lesions and the num-

ber of pial penetrations and lesions was studied by using the Fisher

exact test. Means � SDs were reported, and the level of signifi-

cance was set at P � .05.

RESULTS
We studied 10 consecutive patients (5 men, 5 women; mean age,

58.5 � 9.6 years) who underwent percutaneous cordotomy for

intractable cancer pain (Table). There was a significant improve-

ment in the VAS (5.5 � 2.7, P � .001), PSS (4.8 � 2.2, P � .001),

and PIS scores (6.5 � 1.9, P � .001) on postoperative day 7 com-

pared with the preoperative scores. All patients showed improve-

ment in VAS, PIS, and PSS scores on postoperative day 7. Of the

10 patients included in this study, 8 patients had a VAS pain score

of 0 or 1 on postoperative day 7. Two patients showed improve-

ment in their VAS pain scores but had pain scores of �1 on post-

operative day 7 after cordotomy. All patients had an improvement

in PSS and PIS scores, with most patients (PSS, 60%; PIS, 70%)

having a score of zero on postoperative day 7. Five patients un-

derwent 3 radiofrequency ablations, 4 patients underwent 2 abla-

tions, and 1 patient underwent 4 ablations.

Imaging Findings
The median time between cordotomy and MR imaging was 25.6

hours (range, 7.6 –28.9 hours).

Qualitative Data
All lesions were hyperintense with central hypointense foci on

T2-weighted images and were centered in the anterolateral quad-

rant at the C1–C2 level (Figs 3 and 4). On T1-weighted imaging,

the lesion was isointense in 9 patients and hyperintense in 1 pa-

tient. Five patients had contrast enhancement of the lesion, and 4

patients did not have contrast enhancement of the lesion. One

patient did not undergo contrast-enhanced imaging due to an

inability to lie still for this sequence. There was no significant

difference in the median time interval between cordotomy and

MR imaging between patients with enhancing cordotomy lesions

and those without enhancing lesions (25.2 versus 25.6 hours, P �

1.0; Mann-Whitney U test). There was no significant association

between contrast enhancement and the number of lesions (P �

1.0) and the number of pial penetrations (P � .52).

Quantitative Data
The mean lesion area was 0.22 � 0.1 cm2, and the mean percent-

age of total cord area that was lesioned was 24.9% � 7.9%. The

mean signal intensity of the lesions was 798.7 � 272.2. The mean

length of the T2-weighted hyperintensity on sagittal imaging was

1.6 � 0.6 cm. The mean percentage of lesions in the anterolateral

quadrant was 59.3% � 13.4%. Most lesions were centered in the

FIG 2. A, Axial T2-weighted image at the level of the cordotomy
lesion for patient 1 shows the demarcated hyperintense lesion in the
right anterolateral quadrant. B, Midline reference lines and the line
bisecting the anterolateral quadrant show the portion of lesion in
the dorsolateral (x) and ventromedial (y) regions of the anterolateral
quadrant.

Demographic and imaging data on 10 patients who underwent percutaneous cordotomy for intractable cancer pain

No. Age (yr) Sex
No. of Pial

Penetrations
No. of RF
Ablations

Area of
T2W Lesion

(cm2)

Area of
T2W Lesion
in ALQ (cm2)

Length of
T2W

Lesion (cm)
1 43 M 3 2 .1460 .0800 1.9850
2 66 F 3 3 .1880 .1150 1.7800
3 54 F 2 2 .1360 .0870 1.1950
4 53 F 2 3 .1170 .0850 .5480
5 76 M 3 3 .2980 .1670 2.3600
6 68 M 2 3 .2350 .1410 1.7450
7 61 M 3 2 .2460 .0710 1.8200
8 55 F 3 3 .2380 .1470 1.9000
9 59 F 2 4 .1330 .1060 .8200
10 50 M 3 2 .3050 .1650 2.1600

Note:—RF indicates radiofrequency; T2W, T2-weighted.
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dorsolateral region of the ALQ (area � 0.07 � 0.01 cm2, 66% of

the anterolateral quadrant).

The number of pial penetrations correlated with the percent-

age of total cord area that was lesioned (r � 0.78; 95% CI, 0.44 –

0.89; P � .008) as well as the length of T2-weighted hyperintensity

(r � 0.85; 95% CI, 0.54 – 0.89; P � .002). The number of radio-

frequency ablations correlated with the percentage of lesion in the

ALQ (r � 0.66; 95% CI, 0.0 – 0.95; P � .04) as well as the area of

the lesion in the ventromedial region of the ALQ (r � 0.72; 95%

CI, 0.22– 0.95; P � .02).

Clinical Correlations of Quantitative MR Imaging Data
The percentage area of cord lesioned did not correlate with the

change in VAS (r � �0.04; 95% CI, �0.72– 0.75; P � .92), PSS

(r � 0.18; 95% CI, �0.63– 0.82; P � .63), or PIS (r � 0.38; 95%

CI, �0.44 – 0.86; P � .28) scores at 7 days after the procedure.

The signal intensity in the lesions did not correlate with

changes in the VAS (r � �0.28; 95% CI, �0.77– 0.57; P � .44),

PSS (r � �0.01; 95% CI, �0.67– 0.72; P � .97), or PIS (r �

�0.02; 95% CI, �0.86 – 0.67; P � .96) scores at postprocedure

day 7.

Three patients had �20% of total cord area lesioned, and there

was no significant difference for the change in VAS (5.7 � 1.5

versus 5.4 � 3.2, P � .91), PSS (4.3 � 0.87 versus 5.0 � 2.6, P �

.65), and PIS (5.6 � 1.6 versus 6.9 � 2.1, P � .39) at 7 days

postprocedure for these patients compared with those with

�20% of total cord area lesioned.

DISCUSSION
We report one of the first clinical studies to describe MR imaging

characteristics of the cordotomy lesion created by radiofrequency

ablation. All lesions were hyperintense on T2-weighted imaging,

and most lesions were isointense on T1-weighted imaging. Con-

trast enhancement was seen in 50% of the lesions. The area of the

lesion correlated with the number of pial penetrations and radio-

frequency ablations performed.

There are limited data on the evaluation of patients with poor

outcomes after cordotomy. Inadequate lesioning and the pres-

ence of alternate pain pathways are reported to be responsible for

poor outcomes after cordotomy.5 MR imaging can define the an-

atomic location of the lesion, and scalar metrics of the lesion on

T2-weighted imaging correlate with the number of radiofre-

quency ablations. Early changes visualized on MR imaging after

cordotomy may result from edema, demyelination, and axonal

injury created by radiofrequency lesioning.10 Previous authors

have reported similar T2-weighted hyperintensity and central hy-

pointensity after radiofrequency ablation for intracranial tar-

gets11 and after spinal cord ablation in nonhuman models.12 The

central hypointensity on T2-weighted imaging likely represents

parenchymal injury from hemorrhagic coagulative necrosis adja-

cent to the radiofrequency electrode.13 Prior studies have hypo- to

isointense lesions on T1-weighted MR imaging, but we had 1

patient with a hyperintense lesion, which may represent acute-to-

early subacute microhemorrhage within the lesion. The presence

of contrast enhancement, which likely indicates a breach of the

blood–spinal cord barrier, was seen in 5 of 9 patients (55.6%).

Repair of the blood–spinal cord barrier may lead to reduced con-

FIG 3. A, Sagittal T2-weighted image of the cervical spine for patient
6 shows hyperintensity in the anterior half of the cord at C1–C2. Axial
T2-weighted image (B) shows hyperintensity in the right anterolateral
quadrant. Axial T1-weighted (C) image with isointense signal in the
lesion and a contrast-enhanced T1-weighted (D) image with no en-
hancement of the lesion.

FIG 4. Sagittal T2-weighted image (A) and axial T2-weighted image (B)
of the cervical spine of patient 4 show hyperintensity with central
hypointensity at C1–C2. Axial T1-weighted (C) and contrast-enhanced
T1-weighted (D) images show an isointense lesion with peripheral
enhancement.
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trast enhancement of the lesion with time.11 Although we found

no statistically significant associations for contrast enhancement

of the cordotomy lesion, larger studies are required to determine

the impact of time and the number of lesions on contrast en-

hancement of the cordotomy lesion.

Prior studies have indicated that approximately 20% of the

total cord area must be ablated for acceptable pain outcomes.14

To further evaluate this finding, we measured the area of the cor-

dotomy lesion on axial T2-weighted MR images. Most patients

had �20% of the total cord area lesioned; however, there was no

statistically significant correlation between lesion area and clinical

outcome in our study. A larger lesion area may not represent

adequate ablation of the spinothalamic tracts. This possibility

highlights the importance of accurate localization of the target

during the cordotomy procedure. Most lesions in the present

study were in the dorsolateral region of the ALQ. This is in agree-

ment with the histopathologic localization of pain pathways by

Lahuerta et al,14 though these authors suggested that more medi-

ally located lesions produce better pain relief. Radiofrequency le-

sions, however, have been shown to vary in size due to differences

in microcirculation and tissue resistance.6,15 In this study, we

found that the number of pial penetrations and radiofrequency

ablations was directly correlated with the area of the lesion. Pial

penetrations were events in which the electrode was inserted into

the cord but lesioning was not necessarily performed. Each pial

penetration can create a small degree of trauma to the cord paren-

chyma and possibly edema as well, which may contribute to size of

T2-weighted hyperintensity on postoperative imaging. These

findings are important for surgeons and neurointerventionalists

to consider when evaluating postoperative cordotomy MR

images.

We found that the area and signal intensity of the lesion on

T2-weighted imaging did not correlate with early clinical out-

comes in our study. Although these results need to be verified in a

larger patient population, one possible reason could be that early

T2-weighted changes may not exclusively reflect neural ablation.

Early postoperative imaging, however, can help visualize the lo-

cation of the lesion and perhaps explain unsatisfactory pain out-

comes at follow-up. Also, our protocol offers a practical time

point for imaging because many of these patients are hospitalized

for only 24 hours after the procedure. We did not perform subse-

quent follow-up MR imaging, though this could potentially im-

prove our evaluation of the cordotomy lesion. It is possible that

delayed imaging and the use of advanced MR imaging such as

diffusion tensor imaging may help further investigate microstruc-

tural changes in the spinal cord after ablation.

This study is limited by the small number of patients and

short-term clinical outcomes. Although we show that early post-

operative MR imaging after percutaneous cordotomy is a feasible

technique, it is important to keep scan times short because pa-

tients with intractable cancer pain may not be able to lie still for

prolonged intervals. Overall, we present a description of the cor-

dotomy lesion on early postoperative MR imaging in a prospec-

tive cohort and intend to further explore the utility of this tech-

nique in improving the accuracy of lesioning and predicting

outcome.

CONCLUSIONS
In this study, we characterize early MR imaging features after

percutaneous cordotomy for intractable cancer pain. On early

T2-weighted imaging, the lesions were hyperintense with a central

hypointense focus. Quantitative MR imaging metrics of the cor-

dotomy lesion correlate with the number of radiofrequency abla-

tions; however, these metrics did not correlate with early clinical

outcome. Delayed MR imaging and alternate MRI sequences such

as diffusion tensor imaging may provide more accurate quantifi-

cation of neural ablations.
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ORIGINAL RESEARCH
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Fluid-Signal Structures in the Cervical Spinal Cord on MRI:
Anterior Median Fissure versus Central Canal

X T.A. Tomsick, X E. Peak, and X L. Wang

ABSTRACT

BACKGROUND AND PURPOSE: Hyperintense fluid-signal anterior median fissure and hyperintense foci resembling the central canal are
seen on cervical spine axial T2 MR imaging. They may also be associated with a channel-like T2-hyperintense craniocaudad line on sagittal
images. We hypothesized that the hyperintense foci and the sagittal line may represent the base of the anterior median fissure.

MATERIALS AND METHODS: In this exploratory study, 358 cervical MR images were analyzed for recording and comparing the incidence/
numbers of hyperintense foci, anterior median fissure, and sagittal line as hyperintense foci, anterior median fissure, and sagittal line per
patient when present alone or together, both with and without the sagittal line.

RESULTS: Hyperintense foci were identified on 238/358 (66.5%) studies; an anterior median fissure, on 218/358 (60.9%). The hyperintense
foci/anterior median fissure ratio was 3.7/2.3 (P � .00001). Anterior median fissures were seen alone less commonly than hyperintense foci
were seen alone (P � .045). We identified increased anterior median fissure/patient in a hyperintense foci �anterior median fissure group
compared with an anterior median fissure– only group (4.0 versus 3.2, P � .05), with similar hyperintense foci/patient in the hyperintense
foci�anterior median fissure and hyperintense foci– only groups (5.5 versus 5.8, P � .35), and proportional distribution of both across the
hyperintense foci�anterior median fissure subgroups (hyperintense foci/anterior median fissure ratio, 1.3). The sagittal line in 89 (24.9%)
patients was associated with increased hyperintense foci and anterior median fissure/patient. Greater correlation of anterior median
fissure/patient to sagittal line presence was seen in sagittal line subgroup analysis.

CONCLUSIONS: This exploratory analysis found an increased anterior median fissure per patient in conjunction with hyperintense foci
presence, a proportional increase of both across the hyperintense foci�anterior median fissure group, and greater correlation of anterior
median fissure per patient with the sagittal line. These findings suggest that anterior median fissure and hyperintense foci are structurally
related, that hyperintense foci may commonly be the base of the anterior median fissure, and that the sagittal line is a manifestation
primarily of an anterior median fissure, occasionally appearing as channels that may simulate the central canal.

ABBREVIATIONS: AMF � anterior median fissure; CTM � CT myelography; HIF � hyperintense foci; pt. � patient; SL � sagittal line

A linear midline fluid-signal cleft of the anterior median fissure

(AMF) may be seen in the anterior midline cervical spinal

cord on T2-weighted fast spin-echo or gradient recalled-echo MR

images. Localized midline, fluid-signal may also be seen as hyper-

intense foci (HIF) on a variety of T2-weighted MR pulse se-

quences (Fig 1), typically relatively anterior in position, fre-

quently attributed to the central canal. Anatomic sections have

confirmed that the base of the anterior median fissure may be

wider than its cleft and separated from the central canal by a

fraction of a millimeter, and sometimes only by an ependymal/

fiber membrane.1,2 MR imaging of spinal cord specimens has de-

picted a widened base of the AMF as well.3,4 In addition, T2-

hyperintense craniocaudad lines on sagittal images of variable

intensity, width, continuity, length, and sharpness may be seen in

the anterior aspect of the cord and attributed to the central canal.5

While identified on routine clinical imaging, the features may be

even more evident on 8T high-field, research imaging.6

We hypothesize that HIF and AMF are related, the former a man-

ifestation of the latter in some instances, and that either or both may
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contribute to the craniocaudad lines on sagittal FSE-T2WI (sagittal

line [SL]). Characterizing the presence and features of the HIF and

AMF might contribute to defining their relationships not only to one

another but also to lines, channels, or canals identified on midline

sagittal images in other disease states, such as Chiari malformation.7

MATERIALS AND METHODS
A retrospective analysis of cervical spine MR imaging of

410 consecutive patients from a clinical scanning population in

June and July, 2015, was performed. MR imaging was per-

formed on 6 different instruments from 2 different manufac-

turers. Patient age, sex, indication, scanner site, and instru-

ment were recorded. Imaging features were analyzed

separately by 2 neuroradiologists in conjunction with a sec-

ond-year medical student who recorded all observations on an

Excel spreadsheet (Microsoft, Redmond, Washington) and

who performed preliminary data analyses. Imaging features

analyzed and recorded are listed in Table 1. HIF and AMF on

axial FSE-T2WI were identified as present or absent in each

patient, counted sequentially from the mid-C2 level to the

C7–T1 disc space in each patient, with approximately 24 sec-

tions evaluated over a distance of approximately 90 –110 cm.

All axial and sagittal images were 3-mm-thick, with variable

NEXs and matrices (On-line Table 1). HIF and AMF were

counted for each patient, all patient totals were summed, and

the total HIFs and AMFs were divided by the number of pa-

tients, with a resulting average across the entire population and

multiple subgroups reported and compared as HIF and/or

AMF per patient by using the Student t test.

Images were viewed in multiple imaging formats, including

up to �3 magnification, and measurements of structures were

performed at the PACS workstation by using the standard an-

notation distance measurement tool. The position of the HIF

in an anteroposterior direction (the depth of the HIF) was

measured as the distance from a tangent to the anterior surface

of the cord to the HIF divided by the anteroposterior diameter

of the cord at the same axial level. The length of the AMF was

measured from the same tangent to its deepest portion, divided

by cord sagittal diameter. The depth of the SL was measured

similarly on sagittal FSE-T2WI from the anterior cord to the

sagittal line, divided by the cord anteroposterior diameter at

the same level. Total SL length was measured as the sum of �1

individual line component.

HIF, AMF, and SL identification versus magnet strength were

compared via a �2 test. Overlap reads of 110 scans by the 2 neu-

roradiologists for HIF, AMF, and SL identification were com-

pared by using the � statistic.

The study was approved by the local investigational review

board at the University of Cincinnati.

RESULTS
Fifty-two of 410 scans were excluded due to suboptimal spinal

cord visualization caused by excessive patient motion or suscep-

tibility artifacts, extensive intramedullary disease, spinal mass,

hemorrhage or edema, or Arnold-Chiari malformation. Principal

indications were multiple sclerosis (n � 182) and cervical spine or

disc disease, neck pain, sensory disturbance or radiculopathy, or

trauma (n � 176). Three hundred fifty-eight patients were in-

cluded in final analysis; 238 (66.5%) exhibited HIF, and 218 AMF

(60.9%) (Fig 1).

Two-hundred sixteen (60.8%) scans were obtained on 4 dif-

ferent 1.5T instruments, and 139 (39.2%) on 2 different 3T scan-

ners. HIF/AMF scanner data was complete for 355 patients. HIFs

were identified in 235/355 (66.2%) patients; AMF, in 214/355

(60.2%) patients (Table 1).

AMF and HIF were estimated as �1 mm wide in 95.6% of

Table 1: Imaging features identified, according to 1.5/3T status
Imaging Feature Number (%) P Value

HIF
Patients 235 (66.2%)

1.5T (n � 216) 148 (68.5%)
3T (n � 139) 87 (62.6%) .33b

AMF
Patients 214 (60.2%)

1.5T (n � 216) 143 (66.2%)
3T (n � 139) 71 (51.1%) .007a

Depth ratio of AMF (axial) 0.31 (range, 0.13–0.48) .08b

SL 89 (24.9%)
1.5T (n � 219) 44 (20.1%)
3T (n � 139) 45 (32.4%) .009a

Note:—NA indicates not applicable.
a �2 test.
b Student t test.

FIG 1. Three consecutive axial FSE-T2 images (left) and a 3-mm
midline sagittal image (right). Left, The upper image demonstrates
a conspicuous HIF (asymmetrically located to the left) with
no AMF. An anterior “dimple” indentation of the cord is typical at
the anterior aspect of the AMF but is not considered an AMF
unless accompanied by the sagittal cleft as in the lower image.
Middle left, An adjacent section demonstrates an HIF continuous
with the base of a faint AMF. Lower left, Adjacent section demon-
strates an asymmetric, wider, more conspicuous AMF without a
definite HIF. Right, FSE-T2WI midline anterior (ventral) sagittal line
(SL-MR imaging) is thin and incomplete and of variable length in
the anterior 30% of the cord. Small focal hyperintensities also
extend along its course, contributing to variable SL thickness, con-
tinuity, and irregularity.

AJNR Am J Neuroradiol 38:840 – 45 Apr 2017 www.ajnr.org 841



measured patients. There was no difference between the average

HIF and AMF depth ratio (0.29 mm versus 0.28 mm).

The presence, number, and ratio of HIF/AMF in multiple

groups with HIF and/or AMF are detailed for comparison in Ta-

ble 2, including: all patients (n � 358); those with either HIF

and/or AMF (n � 278); HIF present, with or without AMF (n �

235); AMF present, with or without HIF (n � 218); both HIF and

AMF present (the HIF�AMF group, n � 178); and either HIF

(n � 60) or AMF (n � 40) alone (HIF-only or AMF-only). Data

for patients with/without sagittal lines are also included. The

baseline HIF/patient (pt.) for all patients (n � 358) was greater

than the AMF/pt. (3.7 versus 2.3, P � .000006), with a baseline

HIF/AMF ratio of 1.6.

AMFs were less commonly present alone in the absence of

HIF, compared with HIF alone (P � .045). When identified alone,

the HIF average was 5.8, and AMF, 3.2/pt. (Fig 2). In the

HIF�AMF group, the AMF average increased to 4.0 greater com-

pared with its presence alone (P � .05), while HIF/pt. remained

similar (5.5) (P � .35). In an HIF�AMF

subgroup of 91 (51.1%) patients in

which no AMF appeared continuous

with an HIF, the AMF/pt. was similar to

the AMF-only subgroup (3.2 AMFs/pt).

In an HIF � AMF subgroup of 87

(48.9%) patients in which �1 AMF ap-

peared inseparable from and continu-

ous with an HIF, the average HIF and

AMF/pt. were 6.5 and 4.8, respectively.

The HIF/AMF mean ratio was 1.3 for the

HIF�AMF group and each subgroup.

SLs were present in 89 (24.9%) pa-
tients, always in the presence of HIF
and/or AMF (Fig 1 and Tables 1 and 2).
Both HIF and AMF were seen more
commonly in patients with an SL than
without (HIF/pt., 6.7 with SL versus 2.6
without; P � .0000001; AMF/pt., 3.3
with SL versus 2.0 without, P � .002).
Sixty-five of 89 (73.0%) SLs were associ-
ated with both HIF and AMF (6.5 and
4.4/pt., P � .003). In 31 patients with SLs
and continuous HIF�AMF, the HIF
decreased further by comparison with
the AMF (P � .01), with no difference
in patients without �1 continuous
HIF�AMF. SL occurred less frequently
with AMF alone (n � 3) compared with
HIF (n � 21), and with only HIF and
AMF/pt. being the greatest in number
compared with any group evaluated (8.5
and 5.6, respectively).

Identification of HIF, AMF, and SL
varied among scanners. AMFs, but not
HIFs, were identified in more patients at
1.5T (P � .006, P � .38, respectively).
SLs were identified more commonly at
3T (P � .01). Agreement between neu-
roradiologists was substantial for HIF

(� � 0.64) and AMF (� � 0.75) and moderate for identification of
the SL (� � 0.55).

DISCUSSION
In the entire study population, HIFs were identified not only in

significantly more scans than AMFs but also in significantly

greater numbers per patient when identified. Neither the short

distance between the central canal and AMF on spinal cord ana-

tomic cross-section nor even similar average measured depth of

the HIF and AMF allows a mere visual impression to represent

evidence that the HIF may be a manifestation of an AMF. Despite

HIFs being more common than AMFs and greater in number/pt.

in the entire scanning population, comparisons of their relative

frequencies in multiple settings of isolated and combined pres-

ence here support the hypothesis that the HIFs are a manifestation

of the AMF in many instances, and not an independent anatomic

structure such as the central canal.

HIF/pt. and AMF/pt. identification when individually present

FIG 2. Bar graph comparing HIF/pt., AMF/pt., and HIF/AMF ratios for 100 HIF and AMF-only (left)
and the HIF�AMF (n � 178) group, flanked by the No AMF3HIF subgroup (n � 91) to its left, and
the AMF3 HIF (n � 87) subgroup to its right.

Table 2: Presence, number, and ratio of HIF/AMF in multiple groups
No. (%) HIF/Pt. AMF/Pt. Ratio HIF/AMF P Value (HIF/AMF)a

All patients 358 3.67 2.33 1.57 .00001
Either HIF, AMF 100

HIF only 60 5.8 –
AMF only 40 – 3.2 1.8 .001

Both HIF � AMFb 178 5.5 4.0 1.3 .001
AMF�HIF 87 6.5 4.8 1.3 .004
No AMF�HIF 91 4.3 3.3 1.3 .02

Sagittal line 89 6.7 3.3 2.0 .000001
Both HIF�AMF 65 6.5 4.3 1.5 .003
HIF only 21 8.5 NA 1.50 NAc

AMF only 3 NA 5.6
Continuous HIF/AMF 31 8.3 5.4 1.5 .01
Both, not continuous 34 5.2 3.5 1.5 .13

Note:—NA indicates not applicable.
a T test: No./pt. HIF vs No./pt. AMF.
b Data incomplete for 3 patients.
c Too few AMF-only to compare.
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(ie, HIF-only and AMF-only) represents baseline averages unaf-

fected by the presence of the counterpart finding, with patients

with HIF-only more common than those with AMF-only. Fewer

patients with AMF-only are preliminary evidence for a linked,

combined presence of HIF and AMF and the MR imaging–iden-

tifiable focal dilation of variable diameters at the base of the AMF

known to be present anatomically.

In 178 patients in whom both HIF and AMF were present,

AMF increased significantly in the presence of HIF from 3.2 to

4.0/pt. (P � .05), while HIF/pt. remained similar to when it was

present alone (5.5 versus 5.8, P � .35). This increase in AMF/pt.

associated with concurrent stable HIF/pt. is more substantial ev-

idence linking HIF and AMF origins.

However, the HIF�AMF group comprised 2 numerically

equal subgroups: 1) patients in whom no AMFs have direct con-

tinuity with the HIF, and 2) patients with direct visual continuity

of the AMF and HIF, in whom �1 in an individual patient appears

inseparable on imaging. In the former noncontinuous subgroup,

mean AMF/pt. is similar to that in the AMF-only groups (3.2/pt.),

suggesting a numeric continuum of their relationship to one an-

other as their numbers increase across groups. In the latter

HIF�AMF subgroup, continuous HIF and AMF/pt. increased to

6.5 and 4.8/pt., respectively. Proportional increase across the

HIF�AMF group would not be expected as a coincident appear-

ance of 2 unrelated anatomic structures such as the AMF and the

central canal but would more likely indicate an anatomic connec-

tion of an AMF and an HIF as a manifestation of the same struc-

ture. Whereas HIFs were more numerous in the entire popula-

tion, HIF/pt. continued to decrease progressively compared with

AMF/pt. when seen alone, when seen in conjunction with one

another, and finally when seen as continuous structures. These

observations become more than merely consistent with, and fur-

ther support, a relationship of HIF and AMF, both visually and

numerically, reflecting portions of the AMF.

Craniocaudad lines on sagittal imaging have been ascribed to

the central canal in 12/794 (1.5%) spine MR images, with no

consideration for the appearance or potential contribution of the

AMF.8 Some slit-like “syrinx” cavities of variable width and

length have been attributed to a remnant of the central canal seen

in a small percentage of adults.5 Our analysis of 89 such cranio-

caudad lines on sagittal imaging here (SL) gives supplementary

information regarding potential HIF and SL origins. SLs are seen

only in the presence of HIF and/or AMF, eliminating the respon-

sibility of Gibbs artifacts or other normal structures such as the

gray matter commissure visible at a high field strength. In the

presence of 89 SLs, HIFs are seen in greater numbers/pt. com-

pared with AMFs (P � .000001), but in the 65 patients with SLs

with both HIF�AMF, the HIF becomes less significant compared

with the AMF (P � .003). Thiry-one of the 65 patients exhibited

�1 continuous HIF�AMF, and HIF/pt. decreased further com-

pared with AMF (P � .01). In 34 patients with SLs with no con-

tinuous HIF and AMF, no differences between the 2 were present,

but a constant ratio of HIF/AMF was maintained. This progres-

sive, decreased significance of HIF compared with AMF (Table 2),

from the entire SL population to the most narrowly defined

groups (SL with or without continuous HIF � AMF), with a con-

stant ratio across the group, strengthens the proposal that SLs are

more intimately related to the AMF presence. The presence of an

SL, or apparent channel, attributable in greater part to AMF

rather than HIF presence, reduces any perception that a sagittal

channel must be related to the central canal and further suggests

an etiologic link between the AMF and HIF.

That SL identification occurred with 21 HIFs and 3 AMFs

alone does not negate the importance of an AMF in SL creation,

rather indicating that AMFs are less uncommonly seen in the

absence of HIF with SL than in HIF without AMF, indicating a

close link of the AMF-HIF presence to the SL. SLs are seen with

either HIF or AMF alone only when either exhibits a higher aver-

age number than seen in any other subgroups analyzed. Few SLs

seen with AMF alone indicate the presence of an identifiable focal

dilation (HIF) at the AMF base in most instances. Greater num-

bers of HIF/pt. in the absence of AMFs on MR imaging remain

consistent with the presence of AMF known to exist anatomically

in each patient, if not identifiable on MR imaging in all.

Additionally, in a separate analysis, we identified and com-

pared HIFs and AMFs on cervical MR imaging versus CT myelog-

raphy (CTM) in 34 patients; 50 (48.5%) of 103 AMFs seen on MR

imaging were also identified at the same vertebral level on CTM

(On-line Table 2), indicating a moderate correlation for AMF

identification between the 2 modalities (On-line Fig 1).9 Of the

191 HIFs identified on MR imaging, 28 (14.7%) were associated

with an HIF on CTM at the same vertebral level, in the absence of

an AMF on MR imaging (On-line Fig 2). Identification of an HIF

as a dilation at the base of an AMF on CTM, while failing to

identify the AMF on MR imaging, is strong evidence that HIF on

MR imaging may represent the base of an AMF. HIFs on CTM

were seen alone infrequently, usually associated with AMFs on

CTM. Variable demonstration of AMF on MR imaging and/or

CTM may be explained by a narrow AMF in some instances or its

pia mater lining in others concealing or replacing fluid, while CSF

in the subarachnoid space may still circulate and fill the AMF base

from communications at higher or lower spinal levels.10

A demonstrated SL may be long or short, thin and sharp, or

less typically broad and less distinct, paralleling the appearance of

an HIF and/or an AMF seen on axial images, typically less than 1

mm wide (Table 1, Fig 1, and On-line Fig 3). The AMF may be

uncommonly wide on axial images, more so at their base, simu-

lating an HIF, and associated SLs may be less sharp and detailed,

giving an indistinct bandlike appearance related to partial volume

effects that are clearly caused by the AMF. Such wider AMFs and

HIFs allow some SLs to appear as wide, indistinct channels on

sagittal images due to partial volume effects (Fig 3). We wondered

whether some channels may then simulate the central canal and

thereby simulate hydromyelia when dilated to a subjectively

greater degree (On-line Figs 3 and 4). It is hypothesized that a

disturbance or alteration of CSF distribution and flow dynamics,

in which wider AMFs and associated HIFs become variously con-

fluent and/or segmented in the process, even wider in the AMF

base than its sagittal cleft, occurs in some instances, creating the

channel and hydromyelia appearance.

A link of the HIF to the AMF and of both to SL on routine

clinical MR imaging may then have its greatest significance in SL

channels simulating hydromyelia in certain disease processes. For

example, thin sagittal channels with greater CSF width, length,
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and volume than identified in our study population, accompa-

nied by prominent HIFs and AMFs on axial images, have been

seen in the Arnold-Chiari population, well-known for devel-

opment of hydromyelia and syringohydromyelia (On-line Figs

3 and 4).

Limitations of our exploratory analysis include the subjective

determination of HIF, AMF, and SL presence on a variety of scan-

ning instruments of variable performance, making observations

further hypothesis-generating. While interpretations were ac-

cepted on the basis of single-reader observations, interobserver

agreement was substantial for HIF/AMF and moderate for SL for

random double-read cases, perhaps diminished by differences in

scanner ability to demonstrate HIF, AMF, and SL. When scanners

that performed worst overall were removed from global analysis,

analysis of measured HIF and AMF incidence and frequency sup-

ported the primary observations.

Difficulty identifying AMF and HIF in the presence of in-

tramedullary disease such as multiple sclerosis likely underesti-

mated the HIF/AMF frequency. HIF/AMF quantitation was a 2D

method that did not consider or adjust for the total number or

length of axial sections used for analysis, so that quantification of

frequency may also be underestimated. Certain cases were ex-

cluded due to excessive lesion burden, but most cases

were of sufficient quality to quantitate HIF and AMF, even if

underestimated.

It might be suggested that presence of both HIF and/or AMF

with SL may appear related, but not causative. Identification re-

lated to other pathology such as atrophy, as might be seen in older

patients or those with MS, may also play a part.11 While atrophy

might increase the absolute incidence and frequency of either or

both HIF and AMF, it would not be expected to impact the com-

parisons of relative incidence and frequency and the hypotheses

proposed here.

The results of this initial explorative analysis warrant a de-

tailed, prospective study capable of confirming the observations

and furthering the hypotheses made here. Patients scanned on

poorer performing instruments should not be included in future

prospective analysis. The number of HIFs and AMFs should be

compared not according to the number of patients examined but

according to the number of axial sections actually evaluated, so

that both nondiagnostic sections with artifacts and variations in

patient size may be accounted for. A prospective study might in-

clude additional analysis of 2D gradient recalled-echo or FIESTA

sequences or dynamic CSF phase-contrast studies to examine CSF

pulsation (On-line Fig 5). More detailed measurement of dis-

tances and widths of structures of interest on a separate worksta-

tion, including one with higher resolution capability, may still not

distinguish HIF and the central canal due to their inherent prox-

imity. Subgroup comparisons of various clinical indications may

distinguish groups more likely to demonstrate a greater number

of HIF, AMF, and SL depictions.

A prospective study of populations known to exhibit promi-

nent canals/channels is warranted, to include patients with Ar-

nold-Chiari malformation. It is hypothesized that HIF and AMF

cause a prominent SL mimicking a channel or hydromyelia,

which may be related to altered CSF pulsation dynamics known to

occur with Arnold-Chiari. Preliminary observation suggests that

patients with Arnold-Chiari may have more numerous and con-

spicuous HIFs and AMFs on axial images and craniocaudad lines

or channels on sagittal images.

CONCLUSIONS
HIF, AMF, and SL are commonly identified as fluid-signal struc-

tures on cervical MR imaging, variably observed among scanning

instruments of different imaging parameters. Comparisons of

HIF and AMF frequency with either or both present, with and

without AMF continuity with HIF, indicate that AMFs tend to

occur in conjunction with HIFs. While both HIF and AMF are

associated with craniocaudad lines on sagittal images, AMFs have

a stronger link to these channels. These observations, supported

by a parallel comparison of MR imaging and CT myelography,

suggest that HIFs are the base of the AMFs in many instances, and

not necessarily a separate independent structure (ie, the central

canal). We further hypothesize that these channels will occasion-

ally be sufficiently conspicuous to mimic a visible or dilated cen-

tral canal or hydromyelia.

Disclosures: Elianna Peak—RELATED: Grant: University of Cincinnati Department of
Radiology, Comments: summer grant for medical student research.
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ORIGINAL RESEARCH
SPINE

Diagnostic Quality of 3D T2-SPACE Compared with T2-FSE in
the Evaluation of Cervical Spine MRI Anatomy

X F.H. Chokshi, X G. Sadigh, X W. Carpenter, and X J.W. Allen

ABSTRACT

BACKGROUND AND PURPOSE: Spinal anatomy has been variably investigated using 3D MRI. We aimed to compare the diagnostic quality
of T2 sampling perfection with application-optimized contrasts by using flip angle evolution (SPACE) with T2-FSE sequences for visualiza-
tion of cervical spine anatomy. We predicted that T2-SPACE will be equivalent or superior to T2-FSE for visibility of anatomic structures.

MATERIALS AND METHODS: Adult patients undergoing cervical spine MR imaging with both T2-SPACE and T2-FSE sequences for
radiculopathy or myelopathy between September 2014 and February 2015 were included. Two blinded subspecialty-trained radiologists
independently assessed the visibility of 12 anatomic structures by using a 5-point scale and assessed CSF pulsation artifact by using a 4-point
scale. Sagittal images and 6 axial levels from C2–T1 on T2-FSE were reviewed; 2 weeks later and after randomization, T2-SPACE was
evaluated. Diagnostic quality for each structure and CSF pulsation artifact visibility on both sequences were compared by using a paired
t test. Interobserver agreement was calculated (�).

RESULTS: Forty-five patients were included (mean age, 57 years; 40% male). The average visibility scores for intervertebral disc signal,
neural foramina, ligamentum flavum, ventral rootlets, and dorsal rootlets were higher for T2-SPACE compared with T2-FSE for both
reviewers (P � .001). Average scores for remaining structures were either not statistically different or the superiority of one sequence was
discordant between reviewers. T2-SPACE showed less degree of CSF flow artifact (P � .001). Interobserver variability ranged between
�0.02– 0.20 for T2-SPACE and �0.02– 0.30 for T2-FSE (slight to fair agreement).

CONCLUSIONS: T2-SPACE may be equivalent or superior to T2-FSE for the evaluation of cervical spine anatomic structures, and T2-
SPACE shows a lower degree of CSF pulsation artifact.

ABBREVIATIONS: C-spine � cervical spine; SPACE � sampling perfection with application-optimized contrasts by using flip angle evolution

Historically, cervical spine (C-spine) MR imaging has included

2D T1WI and T2WI sequences that allow single-plane visu-

alization of soft tissue and osseous structures. The advent of 3D

MR imaging sequences has allowed MPR visualization after sin-

gle-plane acquisition. Although 3D sequences have historically

been based on GRE techniques, the advent of FSE 3D sequences,

such as sampling perfection with application-optimized contrasts

by using flip angle evolution (SPACE sequence; Siemens, Erlan-

gen, Germany), affords a potential new means of evaluating anat-

omy and pathology. The SPACE sequence is a proprietary 3D FSE

sequence and is analogous to the VISTA (volume isotropic turbo

spin-echo acquisition [Philips Healthcare, Best, the Nether-

lands]) sequence or Cube sequence (GE Healthcare, Milwaukee,

Wisconsin).1

Studies have evaluated the advantages of 3D T2WI sequences

in brain2 and head and neck imaging3,4; however, there have only

been a small number of studies investigating their value in spine

MR imaging.5-7 Most of these studies have compared the visual-

ization of degenerative disease of the lumbar spine on conven-

tional T2-FSE sequences versus 3D T2WI sequences. Lee et al7

reported no statistically significant difference between the sensi-

tivities of T2-FSE and 3D T2-SPACE for the detection of neural
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foraminal stenosis, spinal canal stenosis, and nerve compression

at 3T. Furthermore, Blizzard et al5 found a high degree of inter-

observer agreement between T2-FSE and T2-SPACE images for

the evaluation of spinal canal stenosis, disc herniation, and degen-

erative changes. A similar study comparing T2-FSE and T2-

SPACE also found high interobserver agreement for the visualiza-

tion of C-spine degenerative disease.6

To our knowledge, Meindl et al8 published the only study

comparing the visualization of C-spine normal anatomic struc-

tures and CSF visualization on T2-FSE and T2-SPACE in 15

healthy volunteers (mean age, 28.4 years) and found statistically

significant better visibility of CSF, intraspinal nerve roots, and

neural foraminal structures on T2-SPACE. To date, however,

there has been no similar study to evaluate anatomic visualization

in clinically symptomatic patients. Such a study would help deter-

mine the replicability of the previous findings and generate fur-

ther hypotheses about and support for how T2-SPACE could be

used and integrated into routine spine MR imaging while main-

taining appropriate workflow. Moreover, we felt it is important to

establish visibility of anatomy before focusing on pathology be-

cause the former is the foundation of the latter.

Therefore, we aimed to adapt the methods of Meindl et al8 and

evaluated clinical C-spine MRIs to assess the visualization of C-

spine anatomy in a clinical patient population. We predicted that

T2-SPACE would be equivalent or superior to T2-FSE for the

evaluation of C-spine anatomic structures and that T2-SPACE

would show a lesser degree of CSF flow artifact.

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

board, and a waiver of consent was granted. We searched our

institutional radiology data base for all C-spine MRIs without

contrast performed on a 1.5T Aera scanner (Siemens, Erlangen,

Germany) at 1 of our 2 university hospitals between September 1,

2014, and February 28, 2015. We limited the search to this scanner

because it has a diagnostic-quality T2-SPACE sequence that is

routinely acquired as part of the clinical C-spine MR imaging

protocol. We included consecutive patients aged 18 years or older

who underwent C-spine MR imaging without contrast with both

T2-FSE and T2-SPACE sequences for the indication of radiculop-

athy, myelopathy, or neck pain, which was determined by search-

ing the indication on the scan requisition as filled out by the or-

dering physician. Using information from the electronic health

record, patients were excluded if they had any history of malig-

nancy, C-spine infection, C-spine surgery, and/or surgical instru-

mentation. Fig 1 shows the patient selection characteristics. Pa-

rameters for the T2-FSE and T2-SPACE sequences are listed in

Table 1.

Anatomic Visualization and Scoring
Using a paired study design, 2 reviewers blinded to the clinical

presentation and C-spine MR imaging results (but not the patient

demographics displayed on the PACS) independently assessed the

visibility of 12 anatomic structures (Fig 2) and CSF flow artifact

on the sagittal view and 6 axial levels spanning C2–T1 on T2-FSE.

To decrease recall bias, T2-SPACE was evaluated at least 2 weeks

later, and the subject order was randomized (paired study de-

sign9). Subsequently, each reviewer generated 8190 total visibility

scores. Both reviewers were subspecialty-trained attending radi-

ologists, each with more than 10 years of experience. Reviewer 1

was a musculoskeletal radiologist (W.C.) and reviewer 2 was a

neuroradiologist (J.W.A.).

The C-spine anatomic structures were evaluated by using a

5-point scale (0 � not visible, 4 � excellent visibility), and CSF

flow artifact was evaluated by using a 4-point scale (0 � severe

artifact, 3 � no artifact), both adapted from Meindl et al.8

Statistical Analysis
Differences between the visibility scores for the 2 sequences were

tested for statistical significance by using a paired t test for the

scores documented for each of the 12 anatomic structures and the

FIG 1. Patient selection flowchart.

Table 1: 1.5T MRI parameters for T2-FSE and T2-SPACE sequences
Sequence T2-FSE T2-FSE T2-SPACE

Orientation Axial Sagittal Sagittal
TR (ms) 3370 3140 1500
TE (ms) 79 84 120
FA (degrees) 150 150 Variable
FOV (mm) 100 100 100
Matrix 256 � 182 384 � 269 256 � 256
Voxel size (mm) 3 3 1
Sections 40 15 80
TA (min:sec) 1:44 2:46 4:00

Note:—TA indicates acquisition time; FA, flip angle.
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CSF flow artifact on sagittal view and 6 axial levels for each re-

viewer separately. Interobserver agreement of the 2 reviewers for

each of the sequences (T2-FSE and T2-SPACE) was measured by

using the Cohen � correlation coefficient.10 All statistical calcula-

tions were performed by using STATA/SE version 14.1 (Stata-

Corp, College Station, Texas). P � .05 was considered statistically

significant.

RESULTS
Forty-five patients met our inclusion criteria (Fig 1). The mean

age was 57 years (SD, 15 years), ranging from 22– 82 years, and

40% of the patients were men. As depicted in Table 2, average

visibility scores for intervertebral disc signal, neural foramina,

ligamentum flavum, ventral rootlets, and dorsal rootlets were

higher for T2-SPACE compared with T2-FSE for both reviewers

(P � .001). For both reviewers, T2-SPACE showed significantly

less CSF flow artifact compared with T2-FSE (P � .001) (Fig 3).

Average scores for the remaining anatomic structures were

either not statistically different or the superiority of one sequence

was discordant between both reviewers. Reviewer 1 scored the

bone marrow signal (P � .001), anterior longitudinal ligament

(P � .004), and posterior longitudinal ligament higher for T2-

FSE, indicating better visualization compared with T2-SPACE.

For this reviewer, there was no statistically significant difference

in the visualization of the facet joints (P � .85); conversely, re-

viewer 2 scored T2-SPACE higher than T2-FSE for facet joint

visualization (P � .001). Reviewer 2 scored the spinal cord signal

(P � .001) higher for T2-FSE compared with T2-SPACE, and

there was no statistically significant difference in the visualization

of the bone marrow signal (P � .34) and the interspinous liga-

ments (P � .73). Interobserver agreement ranged between � val-

ues of �0.02– 0.20 for T2-SPACE and �0.02– 0.30 for T2-FSE,

consistent with slight to fair agreement for both sequences.10

DISCUSSION
In this study, we compared the visibility scores of 12 anatomic

structures of the cervical spine and CSF pulsation artifact on T2-

FSE and T2-SPACE MR imaging sequences. Five anatomic struc-

tures, namely the intervertebral disc, neural foramina, ligamen-

tum flavum, ventral rootlets, and dorsal rootlets, were better seen

on T2-SPACE compared with T2-FSE for both reviewers, and

CSF pulsation artifact was less on T2-SPACE. The remaining

structures showed statistical equivalency in visualization or dis-

cordance in visualization between both reviewers.

This is the second study to focus on visualization of normal

anatomic structures of the C-spine at 1.5T MR imaging strength

by using T2-SPACE. Compared with the first such study by

Meindl et al,8 which included only healthy volunteers, ours in-

cluded older patients with clinical indications warranting C-spine

MR imaging and is arguably more clinically relevant. Similar to

Meindl et al,8 we also found that intraspinal structures (rootlets)

and neural foramina were better visualized with T2-SPACE, while

also evaluating additional anatomic structures not evaluated in

that study, namely the ligamentum flavum and longitudinal

ligaments.
Comparable with Meindl et al,8 our study also found less CSF

pulsation artifact (better CSF visibility) on T2-SPACE in compar-

ison with T2-FSE. Conventional T2-FSE images are often

wrought with pulsation artifact,11 which greatly diminishes their

utility in visualizing thecal sac contents, especially small struc-

tures such as the rootlets. Many patients undergo invasive CT

myelography12 or contrast-enhanced

MR myelography13 to interrogate these

structures. The ability of T2-SPACE to

better identify the rootlets could be

helpful in clinical diagnosis and surgical

planning because no intrathecal con-

trast is needed and there is no radiation

exposure. This “myelographic” applica-

tion of T2-SPACE should be explored

via prospective comparative trials with

CT and MR myelography.

In contrast to studies of degenerative

disease by using T2-SPACE2-7 and the

MR imaging anatomy study by Meindl

et al,8 our interobserver agreement for

T2-SPACE ranged from slight to fair. It

is unclear if this reflects any underlying

difference in experience with this se-

FIG 2. C-spine anatomic structures evaluated by reviewers. ALL in-
dicates anterior longitudinal ligament; PLL, posterior longitudinal
ligament.

Table 2: Average visibility score for anatomic structures and CSF flow artifact comparing
T2-FSE with T2-SPACE sequences

Reviewer 1
(Musculoskeletal)

Reviewer 2
(Neuroradiology)

T2-FSE T2-SPACE P Value T2-FSE T2-SPACE P Value
Bone marrow signal 2.10 2.00 �.001 2.94 2.96 .34
Intervertebral disc 2.00 2.50 �.001 2.85 2.95 �.001
Facet joints 1.95 1.95 .85 2.90 3.07 �.001
Neural foramina 1.90 1.97 �.001 2.87 3.29 �.001
Anterior longitudinal ligament 0.23 0.16 .004 2.83 2.92 �.001
Posterior longitudinal ligament 0.69 0.50 �.001 2.91 3.00 �.001
Ligamentum flavum 1.41 1.78 �.001 2.90 2.99 �.001
Interspinous ligament 1.15 1.36 �.001 1.99 2.00 .73
Spinal cord signal 1.93 1.98 .01 2.80 2.40 �.001
Ventral rootlets 0.39 1.43 �.001 0.41 1.67 �.001
Dorsal rootlets 0.50 1.87 �.001 0.55 2.35 �.001
Dorsal root ganglia 1.38 1.88 �.001 1.11 2.64 �.001
CSF flow artifacta 1.65 2.93 �.001 1.69 2.8 �.001

a Please note, higher scores of CSF flow artifact correspond to less degree of artifact.
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quence between the 2 reviewers. Reviewer 1 (attending musculo-

skeletal radiologist) had no experience with this newer sequence,

whereas reviewer 2 (attending neuroradiologist) had approxi-

mately 1 year of experience. It is also unclear if this difference may

reflect an underlying learning curve associated with the T2-

SPACE sequence or may be related to the different approaches to

spine MR imaging interpretation between these 2 subspecialties.

These questions could be assessed in future studies by testing mul-

tiple reader interobserver agreement after various amounts of ex-

perience with the sequence. In addition, future studies may ben-

efit from training observers before the onset of the study to

establish baselines for the measurements and thereby improve

interobserver agreement.

Interestingly, we also found slight to fair interobserver agree-

ment for the T2-FSE sequence. Although this finding has not been

reported thus far for C-spine MRIs, a 2005 study by van Rijn

et al14 found greater than 50% interobserver disagreement when

they evaluated lumbar spine MRIs for disc herniation. That study

included only neuroradiology-trained reviewers and examined

degenerative lumbar spine disease (defined as osteophyte at end-

plates, disc herniation, central canal stenosis, and lateral recess

stenosis). Interobserver studies of C-spine MR imaging have re-

ported a wide range of agreement for detection of degenerative

disease on T2-FSE or T2-SPACE.15-18 None, however, have re-

ported interobserver agreement for T2-FSE visualization of C-

spine anatomic structures. Our interobserver agreement results

may represent the first description of visualization and detection

differences of C-spine MR imaging anatomy on T2-FSE between

musculoskeletal radiologists and neuroradiologists.

Our study limitations are as follows:

1) We used a retrospective study design, which raises the concern

for selection bias and the presence of unknown confounders,

both of which can be better addressed by using a prospective,

randomized design;

2) Although we used a paired study design, we assessed visualiza-

tion with only 2 reviewers. Future studies could use a multi-

reader design, which would allow better evaluation of interob-

server agreement and allow a lower sample size to find

statistical significance19; and,

3) For T2-SPACE evaluation, we did not compare visualization

scores between inexperienced versus experienced readers.

We feel the biggest advantage of T2-SPACE is the ability to

acquire isotropic imaging data at millimeter or sub-millimeter

section thickness with a single sagittal acquisition followed by

multiplanar reformats. This is in contradistinction to conven-

tional T2-FSE imaging, where the increased section thickness, and

the variable addition of skip sections in some clinical settings,

leads to an averaging of the area imaged rather than depicting the

true anatomy. In addition, the artifacts that can cause diagnostic

problems on T2-FSE tend to stem from CSF pulsation, which is

minimized on T2-SPACE.

Potential roles for the T2-SPACE sequence may include, but

are not limited to: 1) supplanting contrast-enhanced CT or MR

myelography; 2) replacing conventional T2-FSE sequences in the

imaging of degenerative C-spine disease, similar to a recent study

examining lumbar spine MR imaging20; 3) assessing traumatic

C-spine ligamentous injury and nerve root avulsions; and, 4) gen-

erating oblique sagittal MPR images for the evaluation of C-spine

neural foramina without the time cost associated with T2-FSE

oblique imaging.21 However, robust comparative effectiveness

studies are needed to further characterize the benefits and limits

of this sequence’s uses.

CONCLUSIONS
T2-SPACE may be superior to T2-FSE for evaluation of some, but

not all, C-spine anatomic structures and shows less degree of CSF

flow artifact. This provides further opportunities for this se-

quence to replace T2-FSE for certain clinical implications or to

avoid contrast-enhanced CT or MR myelography.
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LETTERS

Doing More with Less: A Nice and Useful Idea!

We have just read with attention the interesting and useful

article by Drs. Peacock and Timpone1 describing the accu-

racy of spinal CT in suspected cauda equina syndrome.

The authors described the use of lumbar spinal CT to demon-

strate cauda equina compression in patients with severe low back

pain, motor or sensory deficit, and reduced rectal sphincter tone.

We agree with the authors that in most cases, only university

hospitals have the possibility to ensure a 24/7 MR imaging service.

It is also true that in most hospitals, a CT is not performed as

the first-line imaging, MR is directly done, and, in some cases, CT

is performed after the MR imaging, though it is CT that will finally

provide the key to the diagnosis (Fig 1).

On the other hand, we have noticed over the past few years that

our younger residents and clinicians have become slightly less

proficient in reading a spinal CT and overrate the superiority of

MR imaging in relation to CT when, in reality, both techniques

are complementary. In addition, we are facing the fact that in

patients with pain, the quality of MR imaging is often mediocre

because of kinetic artifacts. MR imaging in some of these patients

may also be problematic because the whole organizational process

around it takes a lot of time, and, in a few cases, even an interven-

tion by anesthesiologists is necessary; this all could be avoided by

performing a quick CT scan of the spine, which could help to

either provide the diagnosis or at least exclude a clinically relevant

pathology. Also, the presence of blood in the spinal canal, or

around it in the case of trauma, can produce susceptibility arti-

facts,2 which are going to make an easy diagnosis difficult, espe-

cially for a less experienced resident. We can only note that these

inappropriately prescribed MRIs have increased markedly over

the past few years, which has led to an increase in the cost of the

management of these patients for whom an MRI might not be

necessary.

Finally, we agree with the authors that MR imaging has a su-

perior soft-tissue contrast resolution, but we also believe that,

despite this, CT can provide the diagnosis in some cases.
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FIG 1. Sagittal spin-echo T1WI, FSE T2WI, and MPR of CT. Note the hyperintensity on T1 in the spinal canal at level of S1; very difficult to detect
on T2 and easily identified on the CT, corresponding to lipiodol in a patient with suspected cauda equina syndrome.
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LETTERS

Retrograde Approach through the Posterior Communicating
Artery and Anterior Communicating Artery to the

Ophthalmic Artery

We read the article about alternative routes in intraocular

chemotherapy for retinoblastoma by Bertelli et al,1 pub-

lished in July 2016, with considerable interest. It gives excellent

knowledge about intra-arterial chemotherapy of the retinoblas-

toma. The authors have mainly described 3 patterns of drug de-

livery: a fixed pattern through the ophthalmic artery, a fixed pat-

tern through branches of the external carotid artery, and a

variable pattern via either of these. They have also emphasized

difficulties in direct ophthalmic artery catheterization because of

its acute takeoff from the internal carotid artery.

We additionally want to mention an alternative route for the

superselective catheterization of the ophthalmic artery, which was

published in 2014.2 We performed 29 intra-arterial chemother-

apy sessions for 12 unilateral retinoblastomas. In the first 4 pa-

tients and 10 sessions, we used the ipsilateral ICA to reach the

ophthalmic artery of the affected globe (classic ipsilateral ap-

proach). Then, we realized that the retrograde approach by the

posterior communicating artery that was located just opposite the

wall of the ICA or anterior communicating artery seemed easier

and reasonable. We have also known that the anterior communi-

cating artery and both of the posterior communicating arteries are

patent in neonates and children. So, we used the vertebral artery,

basilar artery, ipsilateral/contralateral P1 segment of the posterior

cerebral artery, and ipsilateral/contralateral posterior communi-

cating artery, respectively, to reach inside the ophthalmic artery at

the next 15 sessions (retrograde approach). At 4 sessions, we used

the anterior communicating artery to reach the contralateral oph-

thalmic artery. The angle between the ophthalmic segment of the

ICA and the proximal segment of the ophthalmic artery became

more convenient for catheterization (average angle at ipsilateral

approach, 53.4°; average angle at retrograde approach, 148.3°). In

addition, the fluoroscopy total time was diminished compared

with the classic approach (mean time at ipsilateral approach, 21.5

minutes; mean time at retrograde approach, 7.5 minutes). We did

not have any high-degree stenotic or occluded ophthalmic arter-

ies because of previous treatments. It may be because of the

smaller number of our sessions (maximum sessions for an oph-

thalmic artery was 3). In such cases, the alternative routes and

strategies that have been published by Bertelli et al1 are very

important.

If the ophthalmic artery is patent, the retrograde approach

makes the intra-arterial chemotherapy procedure easier in pa-

tients with retinoblastoma and shortens the fluoroscopy total

time.
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LETTERS

Is Catheter Angiography Still Necessary for the Follow-Up of
Spinal Malformations after Treatment?

We read the recently published paper by Mathur et al1 re-

garding the most appropriate technique to follow-up pa-

tients treated for spinal malformations, particularly dural fistula,

and they propose to do this by MRA.

In our hospital, we follow-up these pathologies by MRA, and

conventional angiography is performed only when there is a ra-

dioclinical discrepancy.

We understand the paper has limitations due to being a retro-

spective study; however, we have the following remarks:

● We believe the use of high field significantly improves the qual-

ity of MRA, particularly because of the size of the vessels.2,3

● The use of contrast medium with vascular remnant4 or a doubly

concentrated contrast medium for dynamic sequences also im-

proves the identification of lesions and allows better analysis of

these lesions.

● Performing MIP and MPR reconstructions improves the accu-

racy of diagnosis.

Finally, we think that it is important to standardize the follow-up

of these pathologies, as far as the type and quantity of contrast

medium and type of field used. Although these pathologies are

not frequent, most of them are curable, and they can cause con-

siderable deficits with tremendous impact on the daily life of pa-

tients if not treated.

Disclosures: Zsolt Kulcsar—UNRELATED: Consultancy: Stryker Neurovascular, Balt.
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