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Low-profile Visualized Intraluminal Support

Aneurysm  
Therapy  
Solutions

The first and only stent with  
Premarket Approval (PMA) for use in 
stent-assisted coil embolization

INDICATIONS FOR USE: 

The LVIS® and LVIS® Jr. devices are indicated for use with neurovascular embolization coils in patients ≥ 18 years of age for the treatment of wide-neck 

(neck width ≥ 4 mm or dome to neck ratio < 2) saccular intracranial aneurysms arising from a parent vessel with a diameter ≥ 2.0 mm and ≤ 4.5 mm.   

Rx Only: Federal (USA) law restricts this device to sale by or on the order of a physician.  

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

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

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

venous embolizations in the peripheral vasculature.  

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

Stent Deployment. Refined.

Braided Coil Assist Stents with

High Neck Coverage, Excellent Visibility

and Improved Conformability* 

LVIS®

Intraluminal Support Device
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The Trevo Retriever is the only device cleared to 
reduce disability in stroke patients up to 24 hours 
from time last seen well.

For more information, visit strykerneurovascular.com/trevo24hours

Now you have 24 hours to make a 
lifetime of difference in stroke patients like Nora



GOALS 
• Increase interest in editorial and publication-related activities in younger individuals. 
• Increase understanding and participation in the AJNR review process. 
• Incorporate into AJNR’s Editorial Board younger individuals who have previous experience  

in the review and publication process. 
• Fill a specific need in neuroradiology not offered by other similar fellowships. 
• Increase the relationship between “new” generation of neuroradiologists and more  

established individuals.
• Increase visibility of AJNR among younger neuroradiologists.

ACTIVITIES OF THE FELLOWSHIP
• Serve as Editorial Fellow for one year. This individual will be listed on the masthead as such. 
• Review at least one manuscript per month for 12 months. Evaluate all review articles submitted to AJNR.
• Learn how electronic manuscript review systems work.
• Be involved in the final decision of selected manuscripts together with the Editor-in-Chief.
• Participate in all monthly Senior Editor telephone conference calls.
• Participate in all meetings of the Editors during the annual meetings of ASNR and RSNA and the 

Radiology Editors Forum as per candidate’s availability. The Foundation of the ASNR will provide 
$2000 funding for this activity. 

•  Evaluate progress and adjust program to specific needs in annual meeting or telephone conference 
with the Editor-in-Chief. 

• Embark on an editorial scientific or bibliometric project that will lead to the submission of  
an article to AJNR or another appropriate journal as determined by the Editor-in-Chief.  
This project will be presented by the Editorial Fellow at the ASNR annual meeting.

• Serve as liaison between AJNR and ASNR’s Young Professionals Network. Participate in meetings 
and telephone calls with this group. Design one electronic survey/year, polling the group regarding 
readership attitudes and wishes. 

• Recruit trainees as reviewers as determined by the Editor-in-Chief. 
• Organize and host a Fellows’ Journal Club podcast.
•  Serve as Guest Editor for an issue of AJNR's News Digest with a timely topic.

QUALIFICATIONS
• Be a fellow in neuroradiology from North America, including Canada (this may be extended to 

include other countries). 
•  Be a junior faculty neuroradiology member (< 3 years) in either an academic or private environment. 
•  Be an “in-training” or member of ASNR in any other category.

APPLICATION
• Include a short letter of intent with statement of goals and desired research project.  

CV must be included. 
• Include a letter of recommendation from the Division Chief or fellowship program director.  

A statement of protected time to perform the functions outlined is desirable.
• Applications will be evaluated by AJNR’s Senior Editors prior to the ASNR meeting. The name  

of the selected individual will be announced at the meeting.
•  Applications should be received by March 1, 2019 and sent to Ms. Karen Halm, AJNR Managing 

Editor, electronically at khalm@asnr.org.

AJNRAMERICAN JOURNAL OF NEURORADIOLOGY

ASNR and AJNR are pleased 
once again to join efforts 
with other imaging-related 
journals that have training 
programs on editorial  
aspects of publishing for 
trainees or junior staff  
(3–5 years after training), 
including Radiology  
(Olmsted fellowship),  
AJR (Figley and Rogers 
fellowships), JACR (Bruce J. 
Hillman fellowship),  
and Radiologia.

CALL FOR AJNR EDITORIAL 
FELLOWSHIP CANDIDATES

2019 Candidate Information and Requirements
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AXS Infinity LS™ Plus Long Sheath  
See package insert for complete indications, contraindications, warnings 
and instructions for use.

INDICATIONS FOR USE
The AXS Infinity LS Plus Long Sheath is indicated for the introduction of interventional devices into 
the peripheral, coronary, and neuro vasculature.

RX ONLY

CONTRAINDICATIONS
There are no known contraindications.

POTENTIAL ADVERSE EVENTS
• Acute vessel occlusion
• Air embolism
• Death
• Distal embolization
• Emboli
• False aneurysm formation
• Hematoma or hemorrhage at the puncture site
• Infection
• Intracranial hemorrhage
• Ischemia
• Neurological deficit including stroke
• Vessel spasm, thrombosis, dissection or perforation

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.
1. Do not re-sterilize or reuse, intended for single use only. Re-sterilization and/or reuse may 

result in cross contamination and/or reduced performance.
2. When the long sheath is exposed to the vascular system, it should be manipulated while under 

high-quality fluoroscopic observation. Do not advance or retract the long sheath if resistance is 
met during manipulation; determine the cause of the resistance before proceeding.

PRECAUTIONS
1. Store in a cool, dry, dark place.
2. Do not use kinked, damaged, or opened devices.
3. Use the device prior to the “Use By” date specified on the package.
4. Exposure to temperatures above 54°C (130°F) may damage device. Do not autoclave.
5. Torquing or moving the device against resistance may result in damage to the vessel or device.
6. Maintain a constant infusion of appropriate flush solution.
7. If flow through the device becomes restricted, do not attempt to clear the lumen by infusion. 

Remove and replace the device.
8. Examine the device to verify functionality and to ensure that its size and shape are suitable for 

the specific procedure for which it is to be used.
9. The AXS Infinity LS Plus Long Sheath should be used only by physicians trained in 

percutaneous procedures and/or interventional techniques.
10. Do not use if labeling is incomplete or illegible.

AXS Vecta™ 71 Aspiration Catheter  
See package insert for complete indications, contraindications, warnings 
and instructions for use.

INDICATIONS FOR USE
The AXS Vecta™ Aspiration System, including the AXS Vecta 71 Aspiration Catheter, Aspiration 
Tubing Set, and VC-701 Cliq Aspirator Pump, is indicated in the revascularization of patients with 
acute ischemic stroke secondary to intracranial large vessel occlusive disease (within the internal 
carotid, middle cerebral – M1 and M2 segments, basilar, and vertebral arteries) within 8 hours of 
symptom onset. Patients who are ineligible for intravenous tissue plasminogen activator (IV t-PA) or 
who failed IV t-PA therapy are candidates for treatment.

RX ONLY

DEVICE DESCRIPTION
The AXS Vecta Aspiration System consists of the AXS Vecta 71 Aspiration Catheter, the 
Aspiration Tubing Set, and the VC 701 Cliq Aspirator Pump. 
The AXS Vecta 71 Aspiration Catheter is a single lumen, flexible, variable stiffness catheter. It has 
a radiopaque marker band on the distal end and a Luer hub at the proximal end. The AXS Vecta 71 
Aspiration Catheter shaft has a lubricious coating at the distal end to reduce friction during use. 
The Scout Introducer may be used in conjunction with the AXS Vecta 71 Aspiration Catheter to 
facilitate in the introduction of the AXS Vecta 71 Aspiration Catheter into distal vasculature and aid 
in navigation to distal anatomy. The Scout Introducer has a lubricious coating at the distal end to 
reduce friction during use. The inner lumen of the AXS Vecta 71 Aspiration Catheters is compatible 
with the Scout Introducer, guide wires and micro catheters. The inner lumen of the Scout Introducer 
is compatible with guide wires and micro catheters of an outer diameter of less than 0.044in.
Each package includes one AXS Vecta 71 Aspiration Catheter, one Scout Introducer, one 
hemostasis valve, and two peel-away introducers. Dimensions of the AXS Vecta 71 Aspiration 
Catheter and Scout Introducer are included on the individual device label. The AXS Vecta 71 
Aspiration Catheters are available in 3 different lengths, the device configurations including the 
length of the Scout packaged with each catheter and the recommended microcatheter length is 
presented in the table below.

Catheter part number INC-11129-
115

INC-11129-
125

INC-11129-
132

Catheter inner diameter (in) 0.071 0.071 0.071
Distal catheter outer diameter (in) 0.082 0.082 0.082
Catheter working length (cm) 115 125 132
Scout Introducer length (cm) 133 143 150
Recommended compatible 
microcatheter length (cm) 150 160 160

Recommended compatible 
microcatheter outer diameter (in) 0.044 max 0.044 max 0.044 max

Recommended compatible guidewire 
outer diameter (in) 0.038 max 0.038 max 0.038 max

The AXS Vecta Aspiration System is recommended for use in the following vessel size ranges 
based on non-clinical testing:

AXS Vecta 71 Aspiration Catheter Vessel size (mm)
INC-11129-115 2-4
INC-11129-125 2-4
INC-11129-132 2-4

CONTRAINDICATIONS
The AXS Vecta 71 Aspiration Catheter has not been evaluated for use in the coronary vasculature.  
Do not use automated high-pressure contrast injection equipment with the AXS Vecta 71 
Aspiration Catheter because it may damage the device.

POTENTIAL ADVERSE EVENTS
• Acute vessel occlusion
• Air embolism
• Allergic reaction and anaphylaxis from contrast media
• Arteriovenous fistula
• Death
• Device malfunction
• Distal embolization
• Emboli
• False aneurysm formation
• Hematoma or hemorrhage at the puncture site
• Inability to completely remove thrombus
• Infection
• Intracranial hemorrhage
• Ischemia
• Kidney damage from contrast media
• Neurological deficit including stroke
• Risks associated with angiographic and fluoroscopic radiation including but not limited to: 

alopecia, burns ranging in severity from skin reddening to ulcers, cataracts, and delayed 
neoplasia

• Vessel spasm, thrombosis, dissection or perforation

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 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.
1. The AXS Vecta 71 Aspiration Catheter has not been evaluated for more than one (1) clot 

retrieval attempt.
2. The AXS Vecta 71 Aspiration Catheter was evaluated for an average duration of direct 

aspiration of 4 minutes.
3. This product is intended for single use only, do not re-sterilize or reuse. Re-sterilization and/or 

reuse may result in cross contamination and/or reduced performance.
4. When the catheter is exposed to the vascular system, it should be manipulated while under 

high-quality fluoroscopic observation. Do not advance or retract the catheter if resistance is 
met during manipulation; determine the cause of the resistance before proceeding.

5. Operators should take all necessary precautions to limit x-radiation doses to patients and 
themselves by using sufficient shielding, reducing fluoroscopy times, and modifying x-ray 
technical factors where possible.

PRECAUTIONS
1. Store in a cool, dry, dark place.
2. Do not use kinked, damaged, or opened devices.
3. Use the device prior to the “Use By” date specified on the package.
4. Exposure to temperatures above 54°C (130°F) may damage device. Do not autoclave.
5. Torqueing or moving the device against resistance may result in damage to the vessel or 

device.
6. Maintain a constant infusion of appropriate flush solution.
7. If flow through the device becomes restricted, do not attempt to clear the lumen by infusion. 

Remove and replace the device.
8. Examine the device to verify functionality and to ensure that its size and shape are suitable for 

the specific procedure for which it is to be used.
9. The AXS Vecta Aspiration System should be used only by physicians trained in percutaneous 

procedures and/or interventional techniques.
10. The Scout Introducer should be used with a guidewire and microcatheter inserted when in 

vasculature.
11. If using the AXS Vecta Aspiration System for thrombectomy, monitor the canister fluid level 

and replace the canister if the fill level reaches 75% of the canister volume.
12. Administration of anticoagulants and antiplatelets should be suspended until 24 hours 

post-treatment. Medical management and acute post stroke care should follow the American 
Stroke Association (ASA) guidelines.

13. Any neurological determination should be evaluated by urgent CT scan and other evaluations 
as indicated according to investigator/hospital best practice.

14. As in all surgical interventions, monitoring of intra-procedural blood loss is recommended so 
that appropriate management may be instituted.

15. Limit the usage of the AXS Vecta 71 Aspiration Catheter to arteries greater than the catheter’s 
outer diameter.

16. Excessive aspiration with the distal tip of the AXS Vecta 71 Aspiration Catheter covered by 
the vessel wall may cause vessel injury. Carefully investigate location of the distal tip under 
fluoroscopy prior to aspiration.

17. There is an inherent risk with the use of angiography and fluoroscopy.
18. When transporting the VC-701 Cliq pump, utilize the pump handle.
19. Do not use if labeling is incomplete or illegible.

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. 

3. 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 of the internal carotid 
artery (ICA) or middle cerebral artery (MCA)-M1 segments with smaller core infarcts (0-50cc for 
age < 80 years, 0-20cc for age ≥ 80 years). Endovascular therapy with the device should start 
within 6-24 hours of time last seen well in patients who are ineligible for intravenous tissue 
plasminogen activator (IV t-PA) or who fail IV t-PA therapy.

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). Recommended minimum vessel ID for all Retriever sizes is 2.5mm. 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 Rotating Hemostatic Valve (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.

SPECIFIC WARNINGS FOR INDICATION 2
• To reduce risk of vessel damage, take care to appropriately size Retriever to vessel diameter at 

intended site of deployment.

SPECIFIC WARNINGS FOR INDICATION 3
• 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 hemorhage, in these patients.

• The safety and effectiveness of the Trevo Retrievers in reducing disabillity 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.

• Users should validate their imaging software analysis techniques to ensure robust and 
consistent results for assessing core infarct size.

WARNINGS APPLIED TO ALL INDICATIONS
• Administration of IV t-PA should be within the FDA-approved window (within 3 hours of stroke 

symptom onset).
• To reduce risk of vessel damage, adhere to the following recommendations:

 – 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.

• 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.
• Users should take all necessary precautions to limit X-radiation doses to patients and 

themselves by using sufficient shielding, reducing fluoroscopy times, and modifying X-ray 
technical factors where possible.

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. 

DOC is a trademark of Abbott Laboratories.
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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

1. Magic Catheters IFU – Ind 19
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PERSPECTIVES

Title: Synaptic Cleft. This picture describes 3 components of a typical synapse. First, the presynaptic knob is located at the distal end of an axon from which
neurotransmitters are released and then the synaptic cleft separates the presynaptic knob of the axon from the postsynaptic membrane of the dendrite. Finally, the
postsynaptic membrane of the dendrite contains receptors with an affinity for the neurotransmitters. In this picture, all modelling and addition of texture, lighting, and
visual effects were made in Cinema 4D software (Maxon Computer, Friedrichsdorf, Germany).

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

Women Rising to the Top: The
Tipping Point for the ASNR
X C.C. Meltzer, X P.C. Sanelli, M.B. Hepp, and X J.A. Bello

Like many leading professional academic societies, the Ameri-

can Society of Neuroradiology (ASNR) has enjoyed a rich his-

tory of visionary leadership. Yet, from its birth in 1962 through

2009, only 2 of the 46 ASNR Presidents were women (with 17

years separating their appointments). The striking change in de-

mographics of the ASNR leadership during the past decade ap-

pears to demonstrate a clear tipping point. In this most recent

decade, 5 of the 9 Presidents have been women (Figure). Given the

establishment of the Women in Neuroradiology Leadership

Award in 2010 and other efforts, ASNR stands out as a national

radiology society that has reached a tipping point from which

lessons may be learned.

The field of radiology has a long history of being male-domi-

nated. Even as women have achieved equity in medical schools in

recent years, radiology remains characterized by one of the lowest

proportions of women among medical specialties.1 With just

more than one-quarter of radiologists being women, neuroradi-

ologists especially lack female colleagues; the current ASNR mem-

bership includes less than 18% women (ASNR membership re-

cords 2018).

The advancement of women into leadership positions has

been slow across medicine, with women representing a paucity of

chairs, deans, and practice and society leaders.1 Radiology is no

exception. Thus, it was not until 2018 that the American College

of Radiology (ACR) named its first female chair of the Board of

Chancellors in its 95-year history. Recently, Ahmadi et al2 re-

ported a strong correlation between gender and academic leader-

ship positions among neuroradiologists, with 87.5% of leadership

ranks occupied by men.

Differential Support for Professional Advancement
Research accomplishments often serve as a gateway to professional

advancement. There is mounting evidence that male physicians and

scientists in science, technology, engineering and mathematic fields

enjoy greater scholarship opportunities impacting consequential

publications,2,3 research grants,4 awards and honors, and leadership

opportunities relative to their female counterparts. Considering the

grants and awards bestowed by the ASNR and the Foundation of the

ASNR, the gender imbalance is evident (Table). Yet for some awards,

there have been improvements in the past decade. For example, from

1992 to 2009, only 4 of the 38 Cornelius G. Dyke Awards (10.5%)

were received by women; from 2010 to 2018, three of the 8 awards

(37.5%) went to female applicants. Not unexpectedly, gender imbal-

ance was greatest for the senior honorary awards such as the Gold

Medal (bestowed to only 1 woman of 33 awardees [3.0%]) and Out-

standing Research Contributions (bestowed to only 1 woman of 14

awardees [7.1%]).

Even in the most recent decade in which women were awarded

more grants and honors than previously, the rates of awards still

lagged behind the proportion of female applicants. Since the in-

ception of the ASNR Comparative Effectiveness Awards in 2011,

women have made up 41.3% of applicants yet were only 14.3% of

awardees. Similarly, for the Research Scientist Award, 36.7% of

applicants versus 12.5% of awardees were women.

Contributors to the Tipping Point
Tipping points in societal norms are an interesting phenomenon.

Recent cultural examples that have received much attention are

the rapid spread of public resistance to workplace harassment and

mass gun violence as embodied by #MeToo and #NeverAgain,

respectively. Centola et al5 argue that tipping points in social con-

vention may be explained by the theory of critical mass as posited

by the evolutionary game theory. When a committed minority

reaches a certain size, which they showed to be approximately

25% through experimental constructs, the social system crosses a

tipping point at which a rapid change in attitude and behaviors

favor the minority view.

Kim and Mauborgne6 framed tipping point leadership as a

change management that requires overcoming 4 types of hurdles:

cognitive, political, resource, and motivational. This construct is

applicable to examining factors that potentially contributed to the

leadership tipping point of the ASNR.

Much has been written about cognitive barriers to the ad-

vancement of women’s careers. Our implicit biases, particularly

in male-dominated professions and organizations, reinforce our

expectation that men will serve as leaders and women will occupy

support roles.7 The persistence of these deeply embedded but

rarely spoken barriers is sometimes referred to as second-genera-

tion bias. In such a climate, women who express leadership inter-

ests may be criticized rather than supported.8 Yet as women take

on leadership positions and serve as counter-stereotype exem-

plars and role models for other women, cognitive barriers can be

eroded with time.

Political hurdles may also be ingrained and not well-recog-

nized. Coalitions of like-thinking individuals may exert undue

influence on the strategy and direction of an organization and

become largely responsible for the distribution of formal and in-

formal positions of power.9 This dynamic can be further solid-

ified by organizational structures and by-laws that favor those

in key positions assuming additional roles of power. One ex-

ample might be the structure of the ASNR in which the Presi-

dent-Elect serves as the Chair of the Nominating Committee, a

position that oversees the nomination process for the incom-

ing leadership positions.

Resources that have been shown to support the professional

advancement of women include mentorship and leadership de-

velopment programs. In 2010, as the ASNR neared its 50th anni-

versary, the idea of an ASNR-sponsored award for promising

midcareer female neuroradiologists began to develop. The intent

was to support such women both through national recognition of

their leadership promise and leadership skill-building. The fol-

lowing year, a call for nominations for the Women in Neuroradi-http://dx.doi.org/10.3174/ajnr.A5893
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ology Leadership Award was announced in partnership with the

ACR and the American Association for Women Radiologists,

and the first award was bestowed in 2012.10 The annual award-

ees have been celebrated by all 3 organizations, and funding

has been provided for the recipient to attend the ACR Radiol-

ogy Leadership Institute Summit. Two of the 7 awardees to

date have ascended to officer positions in the ASNR, including

the current President, as well as attaining leadership roles in

other professional organizations.

While the motivational forces responsible for an organiza-

tional tipping point are the most difficult to evaluate and quantify,

it is likely that a critical mass of engaged women and male cham-

pions is largely responsible for the momentum achieved. While

the leadership structure of the ASNR had been overwhelmingly

male for most of its history, in this most recent decade women

made up an average of nearly one-third of the executive commit-

tee (compared with an average of 12% during the prior decade).

As a pipeline to the presidency, the appointment of increasing

numbers of women to this body is further evidence of sustained

change. While progress is to be celebrated and we believe the

momentum for positive change is considerable, there is more

work to do. Since its first issue in 1980, the premier journal in the

field, the American Journal of Neuroradiology, has never had a

female editor at its helm.

Summary
The ASNR is the premier professional society for neuroradiology,

a field that persists in attracting and training a minority of

women. While there has been only slow progress in the number of

women entering radiology overall and particularly neuroradiol-

ogy, in the past decade the ASNR has demonstrated dramatic

positive change in the gender diversity of its leadership. Between

1962 and 2009, only 2 of the 46 ASNR Presidents were women, yet

in this most recent decade, more than half of the Presidents ap-

pointed have been women. In this editorial, we attribute this tip-

ping point change to a variety of factors.
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REVIEW ARTICLE

Imaging of Surgical Free Flaps in Head and Neck
Reconstruction

X J.L. McCarty, X A.S. Corey, X M.W. El-Deiry, X H.M. Baddour, X B.M. Cavazuti, and X P.A. Hudgins

ABSTRACT
SUMMARY: Head and neck surgical reconstruction is complex, and postoperative imaging interpretation is challenging. Surgeons now use
microvascular free tissue transfer, also known as free flaps, more frequently in head and neck reconstruction than ever before. Thus, an
understanding of free flaps, their expected appearance on cross-sectional imaging, and their associated complications (including tumor
recurrence) is crucial for the interpreting radiologist. Despite the complexity and increasing frequency of free flap reconstruction, there is
no comprehensive head and neck resource intended for the radiologist. We hope that this image-rich review will fill that void and serve
as a go to reference for radiologists interpreting imaging of surgical free flaps in head and neck reconstruction.

ABBREVIATIONS: ALT � anterolateral thigh; CECT � contrast-enhanced CT; FF � free flap; H&N � head and neck; SCC � squamous cell carcinoma

Surgical free flaps (FFs) have become the preferred reconstruc-

tion method for most large head and neck (H&N) oncologic

defects. They have better functional outcomes and cosmetic res-

toration than surgical grafts and other types of surgical flaps (local

and regional).1-4 Since free flaps were first used in the 1970s, sur-

geons have expanded their repertoire, fine-tuned techniques, and

improved outcomes.5 While FFs may be used to reconstruct de-

fects from infection, trauma, and osteonecrosis, they are most

often used following tumor extirpation. FFs are unfortunately

frequent today as �675,000 patients worldwide are diagnosed

with H&N cancer annually.6

Posttreatment H&N clinical and imaging follow-up is com-

plex, even more so when the resection site is reconstructed. To

provide accurate and useful H&N imaging reports, radiologists

should have a basic understanding of the surgical options, ranging

from skin grafts to surgical flaps. This review article focuses on

free flaps, summarizing what defines an FF, those most commonly

used, the expected postoperative imaging appearances, and asso-

ciated complications.

Flap Versus Graft
Surgical flaps and surgical grafts are both used in H&N recon-

struction. While the 2 are distinct entities, it is not uncommon to

hear them incorrectly used interchangeably. Both are blocks of

transferred tissue, but flaps have their own blood supply while

grafts depend on angiogenesis.5,7 Surgical flaps are transferred

either with an intact vascular supply or the blood supply is re-

established at the recipient site using microvascular techniques.

Conversely, the major graft vasculature is transected at the donor

site and the tissue inset without vessel-to-vessel anastomosis.

Grafts may be autograft (from the patient), allograft (from a

donor, often cadaveric), or alloplastic (man-made). Grafts are

typically 1 or 2 tissue types, whereas surgical flaps are often more

complex and contain several different tissue constituents. The

most commonly used grafts in H&N reconstruction are the fairly

straightforward skin grafts, which can be full thickness (complete

segments of both epidermis and dermis) or split thickness (com-

plete epidermis but incomplete varying-thickness dermis).7,8

Bone grafts continue to be used for certain craniofacial and spine

reconstructive procedures.9 Often for large-volume composite

defects of the head and neck, flaps are superior to grafts with

respect to cosmesis because the bulk of flap tissue better fills de-

fects and maintains its size and shape for the duration of the pa-

tient’s life. Flaps also typically heal better, in a quicker and more

predictable fashion with less contracture than grafts in the head

and neck.10,11
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Flap Types
Surgical flaps are typically classified by their pattern of vascularity

and their proximity to the primary defect. In terms of blood sup-

ply, flaps can be typified as random or axial.5,7,12,13 Random flaps

are supplied by the subdermal plexus of the skin and are not

supplied by distinct named vessels. In contrast, axial flaps are

supplied by a specific arteriovenous system. Axial flaps are typi-

cally considered more reliable than random flaps on the basis of

improved distal perfusion.

With respect to defect proximity, flaps can be classified as lo-

cal, regional, or free (Fig 1). Local flaps, flaps generated adjacent

to the primary defect, are examples of random flaps. Examples of

local flaps include rotation, advancement, and transposition.

Regional and free flaps typically have axial-based vascularity,

wherein these flaps are dependent on a specific vascular pedicle

for viability. An example of a regional flap is the pectoralis major

myocutaneous flap, supplied by the pectoral branch of the thora-

coacromial artery. Free tissue flaps are the most complex and

technically challenging form of flap reconstruction. Each free flap

is designed and harvested at a spatially distinct site from the pri-

mary defect known as the donor or harvest site. Each donor vas-

cular pedicle is transected at the donor site, transferred along with

the flap constituents to the primary defect, and inset at the pri-

mary defect. Then, with microsurgical techniques, the donor

pedicle is anastomosed to the recipient vessels near the defect to

re-establish the blood supply to the flap.5,7,12,13

An additional distinction with regional and free flaps is that

they may be of simple or composite design. A simple flap is typi-

cally composed of skin and subcutaneous tissue. Composite flaps,

like composite resection sites, can consist of multiple tissue types

and often include bone and/or muscle.5,7,13

The decision of which flap to use is made on an individual case

basis because some flap types are advantageous over others for

certain patients, tumors, and reconstruction locations. For ex-

ample, in patients with tongue reconstruction following glos-

sectomy, those with FFs had superior speech intelligibility

compared with those with pedicle

flaps.3,4

Free Flap Types
Surgeons innovatively use a wide variety

of surgical free flaps (Table 1).14 Most

surgeons approach FF reconstruction by

giving consideration to the oncologic

surgical defect, the donor sites available,

surgeon preference, and the available

hospital and surgical resources (Table

2).13,15,16 Because there is no “one size

fits all” approach, the number and com-

plexity of the many different types of

surgical FFs are vast and can be over-

whelming. Thus, for radiologists, it is

useful to categorize free flaps by the

dominant donor tissue constituents

(Table 1), creating 4 main categories:

muscular, fascial, osseous, and visceral

FFs.17

This simplified approach has impor-

tant facts to note. Although we are

grouping these by the dominant tissue

type, most of these FFs also contain skin

paddles that reconstruct both skin andFIG 1. Flaps based on donor location with respect to the primary defect.

Table 1: Surgical free flaps in head and neck reconstruction
Category Free Flap Reconstructs Donor Artery
Muscular Rectus abdominis Skull base, orbit Deep inferior epigastric

Latissimus dorsi Skull base, scalp Thoracodorsal
Fascial Radial forearm Oral cavity, tongue, palate, nose, face, scalp, lip, pharynx, larynx Radial

Ulnar forearm Oral cavity, tongue, palate, nose, face, scalp, lip, pharynx, larynx,
cervical esophagus

Ulnar

Lateral thigh Oral cavity, tongue, palate, pharynx Deep femoral
Anterolateral thigh Oral cavity, tongue, palate, pharynx, larynx, cervical esophagus Descending branch, lateral

circumflex femoral
Scapula Oral cavity, tongue, palate, nose, face, lip Subscapular

Osseous Fibula Mandible Peroneal
Radius Mandible & midface Radial
Scapula Mandible & midface Subscapular, thoracodorsal
Iliac crest Mandible & midface Deep circumflex

Visceral Jejunum Pharynx, esophagus Superior mesenteric branches
Omentum Scalp Gastroepiploic
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mucosal surfaces because both should be reformed with epithelial

tissue. Additionally, some FFs (rectus abdominis and latissimus

dorsi) may be harvested as either myocutaneous or fasciocutane-

ous. Last, there is a subset of free flaps referred to as perforator

flaps, defined by the surgical isolation of the small vessels perfo-

rating the muscles at the donor site, sparing the larger donor ves-

sel and resulting in improved donor site morbidity but shorter FF

vascular pedicles.18

Muscular. Muscle-containing FFs in H&N reconstruction are

mostly myocutaneous (or musculocutaneous), composed of both

muscle and skin as well as the adjacent subcutaneous tissue, ves-

sels, and fascia. This category of FF is particularly useful to fill

large defects (Fig 2), including skull base defects.7,19 Two of the

more commonly used myocutaneous FFs are the rectus abdomi-

nis and latissimus dorsi muscle FFs.

Rectus abdominis FFs include one of the paired vertically ori-

ented ventral abdominal muscles.5,20 They are especially advan-

tageous because of the versatility of flap design and the length of

the associated vascular pedicle, up to 10 –15 cm long. This vascu-

lar pedicle length allows the surgeon to inset rectus FFs into al-

most any H&N defect, even those a distance away or on the op-

posite side of the head and neck from the vascular anastomoses.

As with most cutaneous FFs, the skin paddle recreates the skin

surface and mucosal surface (Fig 2). One drawback is that the

thickness of the FF is particularly reflective of a patient’s weight

and may prove too bulky for some resection cavities in obese

patients due to excessive subcutaneous fat.5 Rectus abdominis FFs

can also be harvested as fasciocutaneous free flaps.

Latissimus dorsi FFs are the largest muscle flaps, with a total

area measuring up to 25 � 40 cm. However, the muscle itself is

one of the thinnest in the body. The latissimus spans from the

posterolateral thorax to the inferomedial back (Fig 3). Like rectus

FFs, they can fill large defects. One or 2 skin paddles may be

harvested, allowing a variety of uses, such as floor of mouth re-

construction (Fig 3) or large skull base defects.5,7

Fascial. Fascia-containing FFs in H&N are nearly exclusively fas-

ciocutaneous, including a skin paddle in addition to the fascia,

vessels, and subcutaneous tissue. Fasciocutaneous FFs can be used

to restore skin or mucosal defects (Fig 4). Additionally, fasciocu-

taneous FFs can be tubed/rolled to recreate epithelial-lined con-

duits (Fig 5).5,7,21 Two of the more commonly used fasciocutane-

ous FFs are the radial forearm and anterolateral thigh FFs.

The radial forearm FF has a rich vascular supply and may be

harvested in a variety of sizes. It has been used more extensively

and for a wider variety of reconstructions than any other flap.5

This FF is particularly advantageous because the forearm skin is

usually non-hair-bearing and the forearm is least influenced by

obesity.7 Primary indications for use include reconstruction of

skin or mucosal lining defects, partial/hemiglossectomy defects,

and pharyngeal defects. The radial forearm FF is harvested from

the volar aspect of the forearm and includes the radial artery (Fig

4). Thus, performing an accurate preoperative Allen test is of the

utmost importance to ensure an adequate supply of the hand via

the ulnar artery and to avoid catastrophic ischemia of the hand.5

The anterolateral thigh (ALT) FF has a large, thin, pliable skin

paddle and a long vascular pedicle, up to 15 cm. Similar to the

Table 2: Surgical approach to free flaps in H&N reconstruction
Factor Question Limitation

Defect What needs to be replaced? Constituents
Function
Size

Donor What is available? Body habitus
Vascular integrity
Vascular anomalies

Surgeon What can be done? Skills
Support

FIG 2. Rectus abdominis FF. Postoperative coronal CECT in a patient
with T4bN0M0 basaloid carcinoma and recurrence after initial partial
maxillectomy demonstrates the bulky rectus abdominis FF (block ar-
row) filling the left midface defect following orbital exenteration and
total maxillectomy. The rectus muscle (thin arrow) lines the skull base
defect, while a portion of the skin paddle recreates the oral cavity
mucosal surface (curved arrow).

FIG 3. Latissimus dorsi FF. Following total glossectomy, right orophar-
yngectomy, and total laryngectomy for T4a squamous cell carcinoma
(SCC) of the right oral tongue, the FF was harvested and set on the
operating room back table (A) with the elongated vascular pedicle
(arrowhead), skin (block arrow), and latissimus (arrow). The latissimus
is fastened to secure the mandible and recreate the mylohyoid sling.
Immediate postoperative picture (B) shows the skin paddle (block
arrow) closing the glossectomy defect.
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radial forearm FF, ALT reconstruction can be used for skin and

mucosal lining defects, subtotal glossectomy defects (Fig 6), pha-

ryngeal defects, and skull base defects. This FF can be tubed for

pharyngoesophageal defects. Because the ALT FF is harvested

from the anterior and proximal aspect of the lower extremity,

there is relatively little morbidity at the donor site and the pa-

tient’s clothing typically covers any postoperative scarring.5,7

Osseous. Osseous-containing FFs are some of the most complex

FFs. They are mostly composite flaps, containing multiple differ-

ent tissue types in addition to bone, including skin, subcutaneous

tissue, fascia, and muscle (Fig 7). One of the surgical goals is to

“replace like with like,” meaning reconstructing surgical cavities

with tissue constituents similar to those resected. Thus, osteocu-

taneous FFs have become popular solutions for many maxillary

and mandibular defects.5 Long segments of bone, up to 25 cm,

may be harvested and crafted as a variety of surgical constructs

using surgical plates and screws. Two of the most commonly used

osteocutaneous FFs are the fibular and scapular FFs.

The tubular shape and thick cortical bone make the fibular FF

particularly strong. This can be harvested with skin (free osteocu-

taneous) or without (free osseous). Up to 25 cm of the fibula may

be resected with little effect on the gait as the fibula is a non-

weight-bearing bone. The fibular FF is most commonly used

for mandibular reconstruction (Fig 7). Most importantly pre-

operative evaluation must ensure that the peroneal artery does not

supply the foot because this is the main

supplying artery of the FF and will lead to

foot ischemia if harvested.5,22

The scapular osteocutaneous FF has

become a more popular option for com-

plex midface reconstructions (Fig 8).

The vascular pedicle is long, up to 14 cm,

and the vessel diameters are large, 3– 4.5

mm. Different segments of the bone can

be harvested, including the scapular tip

and up to 2 segments of the lateral bor-

der. Any of the segments can be fash-

ioned to reconstruct the hard palate or

orbital rim. One or 2 skin paddles can be

obtained; unfortunately, they are often

hair-bearing in male patients, resulting

in an undesired postoperative cosmetic

appearance if used in certain locations

(ie, oral cavity mucosal reconstruction).

The scapular skin paddles are particu-

larly advantageous because they can be

completely separate from the osseous

component, providing the most free-

dom for 3D insetting of any composite

FF.5,7

Visceral. Visceral FFs can be used

in pharyngoesophageal reconstruction.

The jejunal FF is especially useful given

FIG 4. Radial forearm FF. Intraoperative photo (A) shows the radial artery (arrows) up to the skin
paddle (asterisk) after Doppler mapping. Postoperative clinical picture (B) demonstrates the
well-incorporated mature flap (double asterisks) following marginal mandibulectomy.

FIG 5. Tubed radial forearm FF. The diagram (A) shows that free flaps can be partially rolled (upper
right) or completed tubed (lower right) to reconstruct the upper aerodigestive tract. Postoper-
ative sagittal CECT (B) following base of tongue hemiglossectomy and laryngopharyngectomy
shows the radial forearm FF reconstruction (long arrow).

FIG 6. Anterolateral thigh FF. Axial fat-saturated T1 postcontrast MR imaging (A) demonstrates the T4a left lateral oral tongue SCC (asterisk),
which also involved the extrinsic tongue muscles and floor of mouth. Line drawing (B) of the ALT donor site (outlined) axial anatomy includes
the descending branch of the lateral circumflex femoral artery. The ALT has a large, thin, pliable skin paddle with relatively little morbidity at the
donor site. ALT FF intraoperative image (C) shows the harvested FF on the operating room back table with an elongated vascular pedicle
(arrowhead). Postoperative axial CECT (D), obtained 12 weeks after the operation, shows the inset homogeneous fatty tongue ALT FF (arrow)
without induration or edema. The recipient site margins (short arrow) have no nodularity.
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its similar in caliber to the esophagus

(Fig 9).16 The pharynx is a larger caliber

than the jejunal FF; thus, the cephalad

border of the flap may be opened along

the antimesenteric border to achieve a

more suitable anastomosis.5 For cir-

cumferential pharyngeal defects, jejunal

and ALT FFs have slightly better func-

tional outcomes than radial forearm

FFs.23

Radiologic Evaluation following FF
Reconstruction
Preoperative imaging should always be

reviewed when the posttreatment scan is

interpreted as it helps to understand

what anatomic structures were resected

and where the primary tumor was lo-

cated. The CT or MR imaging appear-

ance of the FF reconstruction reflects the

flap components.

CT should always be performed with

intravenous contrast administered in a

standard amount and timing of the ac-

quisition so that serial or surveillance

scans can be compared. In our practice,

the first posttreatment contrast-en-

hanced CT (CECT) is performed with

PET to increase detection of persistent

tumor, nodal, or distant metastases

and to differentiate residual tumor from

non-neoplastic postoperative changes.

Imaging protocols include combined PET/

CT from the skull vertex through the

midthigh 1 hour after intravenous ad-

ministration of 10 –14 mCi of FDG. He-

lical noncontrast CT is performed be-

fore PET for attenuation correction and

anatomic localization. A CECT of the

neck with the arms down is performed fol-

lowing PET, using a split-bolus technique

with 110 mL of intravenous iopamidol (Is-

ovue-370; Bracco, Princeton, New Jersey),

with 55 mL injected first at 2.5 mL/s, a 40-

second delay, then another 55 mL at the

same rate, and a total scan delay of 90 sec-

onds. Axial images are acquired from the

frontal sinuses through the mediastinum

at a 1.25-mm section thickness and are

sent to the PACS. Multiplanar reforma-

tions are also sent to the PACS.

The initial baseline posttreatment

PET/CECT is performed 10 –12 weeks

after the end of radiation treatment, or

after the operation, to allow posttreat-

ment changes to resolve. Surveillance

imaging timing has not been universally

FIG 7. Fibular FF. Preoperative 3D-volume rendered CT (A) demonstrates the T4aN0 right oral cavity
SCC (asterisk). Intraoperative photograph (B) (different patient but with a similar reconstruction)
shows the surgical plate and bicortical screws used to fixate the inset fibular flap (arrowheads) to the
residual native mandible (block arrows). Postoperative 3D-volume rendered CT (C) demonstrates the
fibular FF reconstruction (thin arrow) following the right segmental mandibulectomy.

FIG 8. Scapular osteocutaneous FF. A, Diagram of the scapular donor site (left) and midface inset
(right) demonstrates the versatile scapular osteocutaneous FF for complex midface defects. A
variety of different bone shapes can be obtained depending on the contour of the defect. One
or 2 skin paddles may be harvested; one usually recreates the oral mucosal surface as shown in
the diagram. 3D-volume rendered CT (B) in a patient who is status post right maxillectomy shows
the lateral scapular border reconstructing the right maxilla and orbital rim (thin arrow), while the
scapular tip reconstructs the hard palate (block arrow).
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standardized, but our H&N cancer multidisciplinary group has a

surveillance algorithm, and we are researching the optimal

protocol.

MR imaging may be useful for evaluation of perineural tumor,

intracranial extension, cartilaginous involvement, and other

troubleshooting. MR imaging protocols vary depending on the

location of the abnormality. Our H&N MR imaging protocols

generally have the following sequences in common: 3-plane non-fat-

saturated precontrast T1-weighted, axial fat-saturated precontrast

T2-weighted, and axial and coronal postcontrast fat-saturated T1-

weighted imaging, following intravenous administration of 0.1

mmol/kg of gadobenate dimeglumine (MultiHance; Bracco). Again,

a standardized protocol involving the same timing and sequences is

essential.

An organized approach to postreconstruction imaging inter-

pretation helps make a complex study easier to understand (Table

3). The first steps are to determine the location and appearance of

the primary malignancy, which tissues were removed at the time

of the oncologic operation, and what type of FF was used to re-

construct the resulting defect. Then, the FF itself is evaluated. Free

flaps contain a combination of muscle, skin, fascia, fat, and bone.

The bone should be well-corticated without erosion or destruc-

tion. The osseous interface with native bone in the mandible,

maxilla, or orbital walls should be assessed for bridging new bone

(Fig 10). If a plate and screws have been placed at the flap–native

bone interface, there may be diastasis bridged by the plate, but the

cut end bone margins should be smooth. Be sure the plate has not

elevated from the bone and that the screws maintain the plate,

without periscrew lucency, which would imply loosening or

infection.

The fatty portion of the flap should be relatively homogeneous

without induration, nodularity, or abnormal focal enhancement

(Fig 11). The interface of the flap and resection cavity, known as

the recipient bed, is the most critical area to examine because this

is the site of local disease recurrence. Nodularity, a mass, or focal

discrete enhancement is a characteristic imaging appearance of a

recurrence (Fig 12). These findings are especially important if the

patient has new pain, dysphagia, or any symptom that would sug-

gest recurrent malignancy. Multiple clips are usually present at

the vascular pedicle, denoting the anastomosis between the flap

and resection cavity, but they are small and rarely degrade image

quality.

Muscular flap components are usually striated, thin, and

relatively flat (Fig 11). On CECT, the flap muscle is isodense to

striated muscle elsewhere. The MR signal intensity and en-

hancement pattern have been described and are predictable,

with moderate-to-intense enhancement.13,24-26 In the early

posttreatment period, the flap may be edematous, hypointense

on T1-weighted images (Fig 13), hyperintense on T2-weighted

images, and enhance with gadolinium contrast. Later, the mus-

cular portion of the flap decreases in bulk and becomes heter-

ogeneous on T1- and T2-weighted MR images and relatively

more hypoattenuating on CT as the denervated muscle be-

comes fatty.21,27

Complications
Radiologists will encounter cross-sectional imaging studies per-

formed to evaluate postoperative complications in patients with

FF. Complications have been divided into early or late,28 but in

actuality, there is overlap between the 2 categories.

The survival rate of a flap is around 95%, but early complica-

tions soon after a reconstructive FF operation include ischemia,

infection, bleeding, and dehiscence.29 These are closely moni-

FIG 9. Jejunal FF. Following laryngopharyngectomy, the intraopera-
tive photograph (A) shows a segment of the jejunum (arrow) inter-
posed between the oropharynx and esophagus, anastomosed end to
end to allow patients to eat and swallow. Sagittal postoperative CECT
(B) shows the jejunal FF neopharynx (block arrow).

Table 3: Interpretation checklist
Checklist What to Look for

Clinical note Primary tumor and stage
Type and date of FF reconstruction
Most recent physical examination
New symptoms

Flap appearance Inspect the flap itself, ensure expected
attenuation/signal with smooth
non-nodular and non-mass-like enhancement

Surgical bed Next inspect the FF margins; again, ensure
expected attenuation/signal with smooth
non-nodular and non-mass-like enhancement

Osteotomies Nonunited or healed?
If nonunited, ensure that the margins

remain sharp

FIG 10. Osseous FF margins. Axial noncontrast CT shows the ex-
pected postoperative appearance (A) following right segmental
mandibulectomy and fibular FF reconstruction, with a healing sym-
physeal interface (thin arrow) and a nonunited-but-sharp osteot-
omy underlying the posterior mandibular body surgical plate
(thick arrow). Axial noncontrast CT of a different patient with a
fibular FF shows a complicated postoperative appearance (B), with
a nonunited, diastatic, irregular symphyseal margin with a perios-
teal reaction in this patient with osteonecrosis of the fibular FF and
native mandible.
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tored clinically at the bedside and rarely require cross-sectional

imaging. Ischemia of FFs may be due to either venous or arterial

thrombosis.8 The surgical team is on high alert for signs of FF

ischemia in the immediate postopera-

tive period. Patients undergo frequent

inspection of tissue color, capillary refill,

turgor, and temperature.12,30 Various

other techniques, including Doppler

monitoring and needle pricks, are also

used in the immediate postoperative pe-

riod. When recognized and surgically

treated promptly, compromised FFs

have a salvage rate of 50%–75%.8

Management includes re-exploration

of the site, with possible thrombec-

tomy and anastomosis revision.

More commonly imaged complica-

tions occur later in the postoperative pe-

riod and include infection, fistulas,

hardware exposure, and osteonecrosis.

Infection and fistulas can present with

nonspecific imaging features, such as

soft-tissue swelling and stranding, loss

of fat planes, and collections of fluid and

air. In patients with H&N cancer with a

history of radiation therapy or a recent

operation, unless baseline postoperative

studies are available, it may be impossi-

ble to distinguish infection from treat-

ment-related changes solely on the basis

of imaging alone. However, some cases

may be more obvious, with new rim-en-

hancing fluid collections or areas of

frank dehiscence (Fig 14).

Dehiscence of FFs overlying surgical

hardware can result in exposure of the

surgical construct (Fig 15). Hardware

exposure and extrusion are the most

commonly cited flap complications and

occur in around 15% of patients.29,31

This complication is often seen in asso-

ciation with continued tobacco use.

Osteonecrosis is primarily a clinical

diagnosis and is seen in patients with ex-

posed bone.32 CT features of cortical

destruction, trabecular disorganization,

periosteal reaction (Fig 10B), and asso-

ciated soft-tissue abnormality overlap

findings of osteomyelitis and tumor re-

currence.33,34 CT is usually performed

not to differentiate etiologies but to de-

termine the extent of disease. Osteone-

crosis is treated surgically, while os-

teomyelitis will usually be treated medi-

cally. Biopsy is generally avoided in cases

of bisphosphonate osteonecrosis be-

cause it may cause progression and
further damage but can be definitive in differentiating osteo-
radionecrosis from tumor recurrence.34,35 One useful distin-

guishing imaging finding is that abnormalities at a site distant

FIG 11. Expected FF fat and muscle appearance. The postoperative axial CECT (A) following orbital
exenteration and latissimus FF reconstruction shows the normal thin musculature (arrow) and fat
of the flap. Axial T1 precontrast MR image (B) shows the FF with muscular striations (arrow). The FF
fat (curved arrow) deep to the muscular component is homogeneously hyperintense. Axial
postcontrast fat-saturated T1 MR image (C) shows the FF muscular thin, non-nodular enhance-
ment (block arrow), similar to that in other muscles in the H&N.

FIG 12. Tumor recurrence. Preoperative axial CECT (A) shows a T4a maxillary sinus SCC. Following
maxillectomy and orbital exenteration with ALT FF reconstruction, the patient had a biopsy-
proved recurrence (white arrowheads) at the margins of the ALT FF on postoperative CECT (B)
several months later.

FIG 13. Inflammation. Postoperative T1 axial MR image (A) after reconstruction with a latissimus FF
shows hypointense abnormal signal (arrows) and enlargement of the right masseter. Consider-
ations included myositis, denervated muscle, or recurrent intramuscular tumor. Ultrasound-
guided biopsy (B) shows good positioning of the needle tip in the muscle (arrowhead). Final
pathology results were benign skeletal muscle and fibroadipose tissue, consistent with focal
inflammation; no malignant cells were present.
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or contralateral to the primary tumor are more likely

osteoradionecrosis.34

Ossification of the vascular pedicle, while not a surgical com-

plication, is an imaging pitfall. This entity presents in patients

with fibular FF as a thin, linear, or curvilinear ossific density fol-

lowing the course of the vascular pedicle (Fig 16), the result of

ossification of a strip of periosteum inset with the vascular pedicle.

This ossification can be seen in up to 50% of patients as soon as 1

month after the operation and may present clinically as a palpable

mass.36

Surveillance for tumor recurrence is the main focus of fol-

low-up imaging. Primary site recurrences most often occur at the

margins of the resection at the flap–native tissue interface and

have nodular or masslike enhancement with signal characteristics

similar to those of the original tumor (Fig 12).37-39 Nodal recur-

rence may have the typical expected regional distribution of the

original tumor or may vary from the norm due to surgical alter-

ation of drainage pathways.28 The third recurrence pattern is

perineural spread of disease. If one is not actively assessing

perineural tumor, the findings may be subtle enough to evade

detection.

CONCLUSIONS
Postoperative imaging in patients with H&N reconstruction is

challenging. An organized approach and thorough understanding

of FF appearances and complications will help interpreting radi-

ologists provide accurate, useful imaging reports for both the pa-

tients and their referring clinicians.
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PRACTICE PERSPECTIVES

The ASNR-ACR-RSNA Common Data Elements Project:
What Will It Do for the House of Neuroradiology?

X A.E. Flanders and X J.E. Jordan

ABSTRACT
SUMMARY: The American Society of Neuroradiology has teamed up with the American College of Radiology and the Radiological
Society of North America to create a catalog of neuroradiology common data elements that addresses specific clinical use cases.
Fundamentally, a common data element is a question, concept, measurement, or feature with a set of controlled responses. This could be
a measurement, subjective assessment, or ordinal value. Common data elements can be both machine- and human-generated. Rather than
redesigning neuroradiology reporting, the goal is to establish the minimum number of “essential” concepts that should be in a report to
address a clinical question. As medicine shifts toward value-based service compensation methodologies, there will be an even greater need
to benchmark quality care and allow peer-to-peer comparisons in all specialties. Many government programs are now focusing on these
measures, the most recent being the Merit-Based Incentive Payment System and the Medicare Access Children’s Health Insurance Program
Reauthorization Act of 2015. Standardized or structured reporting is advocated as one method of assessing radiology report quality, and
common data elements are a means for expressing these concepts. Incorporating common data elements into clinical practice fosters a
number of very useful downstream processes including establishing benchmarks for quality-assurance programs, ensuring more accurate
billing, improving communication to providers and patients, participating in public health initiatives, creating comparative effectiveness
research, and providing classifiers for machine learning. Generalized adoption of the recommended common data elements in clinical
practice will provide the means to collect and compare imaging report data from multiple institutions locally, regionally, and even
nationally, to establish quality benchmarks.

ABBREVIATIONS: ACR � American College of Radiology; AI � artificial intelligence; ASNR � American Society of Neuroradiology; BI-RADS � Breast Imaging
Reporting and Data System; CDE � common data element; EHR � Electronic Health Record; IT � information technology; LGG � low grade glioma; PQRS � physician
quality reporting system; RSNA � Radiological Society of North America; TCGA � The Cancer Genome Atlas; TCIA � The Cancer Imaging Archive; VASARI � Visually
AcceSsible Rembrandt Images

The ASNR-ACR-RSNA Common Data Elements (CDEs) Proj-

ect represents a collaboration between the American Society

of Neuroradiology (ASNR), the American College of Radiology

(ACR), and the Radiological Society of North America (RSNA).

The function of this workgroup is to develop a catalog of CDEs for

neuroradiology that are both practical and useful for clinical prac-

tice, with the goals of unifying practice standards by improving

consistency in reporting and developing human- and machine-

interpretable features that can be used to measure quality in our

specialty. There are numerous secondary benefits in comparative

effectiveness research, precision medicine, radiomics, registry

participation, machine learning, communication, and public

health. This joint committee was formed to catalog, unify, and

codify known existing neuroradiology findings, observations, and

concepts commonly used in neuroradiology. The following is a

brief overview of the rationale and processes behind this collab-

orative effort and the potential benefits to our profession and

patient care.

Despite the advances in information technology that are ubiq-

uitous in our profession, the process for composing the radiology

report has changed little in the past 100 years; reports are largely

prose descriptions of findings.1 The consumer of the prose report

is obligated to extract its concepts to drive clinical decision-mak-

ing. There is no author obligation to use consistent terminology

when generating a report. This situation creates myriad problems,

including challenges in comparing studies or aggregating reports

of the same type produced by different authors. Re-review of the

original images is often the only practical solution in either case.

While there have been several notable efforts to create consistency
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in reporting styles through structured or standardized reporting

(RSNA Informatics Reporting: RadReport; radreport.org) and by

the creation of a vendor-neutral standard for a report template

data schema and exchange (Management of Radiology Report

Templates; https://docs.imphub.org/display/ITMT/MRRT�

Documentation),2,3 little attention has been paid to developing

consistent representation of the intrinsic concepts contained in

the report that drive clinical decisions. This deficiency is at the

core of the common data elements effort.

What is a Common Data Element?
Fundamentally, a CDE is a question/concept combined with a set

of expected responses. A CDE is the most granular statement or

observation that one can provide in a report. It is a single accepted

concept with a response. The important characteristic is that both

the concept and the response are consistent whenever it is used.

CDEs can record properties of imaging findings such as anatomic

location, shape, image number, image coordinates, and dimen-

sions and can store computed values such as texture metrics.4

Machine-generated values that are subsequently inserted into a

radiology report could (eg, from a sonography device or postpro-

cessing workstation) also represent CDEs. The response could be

Boolean (eg, yes or no), quantitative (eg, 1, 2.3, 5.01), ordinal (eg,

A, B, C1, D6), or a list of consistent terms/phrases. A report might

contain many CDEs or sets of CDEs that are relevant to a specific

disease. A brain MR imaging evaluation for multiple sclerosis, for

example, might include a CDE set related to specific plaque char-

acteristics (eg, number, location, features, size, enhancement).

Sets of CDEs could be incorporated into a report on approval of

the radiologist based on specific circumstances. For example, re-

porting an incidental laryngeal mass on a neck CTA could be

improved by automatically importing a laryngeal mass CDE sub-

set into a CTA report template. CDE sets can be used once or

reused in other clinical contexts.

Use of a controlled response creates uniformity in activities

such as clinical reporting for the human consumer, but it also

creates an environment that facilitates computable consumption

of concepts that can drive downstream actionable processes.4 Ad-

ditional benefits include diminished ambiguity, increased accep-

tance by clinicians, modular authoring, and modification of re-

port templates. Examples might include an ASPECTS for stroke

(http://www.aspectsinstroke.com/) (integer range: 0–10), Pfirrmann

grade for disc degeneration (https://www.researchgate.net/

publication/5840284_Modified_Pfirrmann_Grading_System_

for_Lumbar_Intervertebral_Disc_Degeneration) (integer range:

1 – 8), or foraminal stenosis (text: normal, mild, moderate, se-

vere). There are many examples of CDEs in our literature that

correlate to outcomes, therapeutic response, and disease state. In

most instances, CDEs are concepts that are already familiar to the

practicing radiologist and clinician; they need not be obscure,

complex, or uncommon. CDEs can also be used in both prose

reporting and structured reporting.

The concept of CDEs should sound familiar because radiolo-

gists have been using them in various forms for years. The Breast

Imaging Reporting and Data System (ACR BI-RADS Atlas 5th

Edition; https://www.acr.org/Clinical-Resources/Reporting-and-

Data-Systems/Bi-Rads) is the first clinical progenitor of CDEs.

BI-RADS is focused on the probability of malignancy (0 – 6) using

a global assessment category (eg, shape, margin, density of masses,

calcifications, and so forth, which are part of a controlled termi-

nology). Paramount to the generation of a BI-RADS global assess-

ment score is the dependency on the component features/obser-

vations. The “RADS” construct has increased in popularity in

recent years in other areas such as LI-RADS (Liver Reporting and

Data System; https://www.acr.org/Clinical-Resources/Reporting-

and-Data-Systems/LI-RADS), PI-RADS (Prostate Imaging Re-

porting and Data System; https://www.acr.org/Clinical-Resources/

Reporting-and-Data-Systems/PI-RADS), TI-RADS (Thyroid Im-

aging Reporting and Data System; https://www.acr.org/

Clinical-Resources/Reporting-and-Data-Systems/TI-RADS), NI-

RADS (Neck Imaging Reporting and Data System; https://

www.acr.org/Clinical-Resources/Reporting-and-Data-Systems/

NI-RADs), and HI-RADS (Head Injury Imaging Reporting and

Data System; https://www.acr.org/Clinical-Resources/Reporting-

and-Data-Systems/HI-RADS).4 Compliance with a single termi-

nology facilitates aggregation of data from multiple facilities and

increases the value of our reports, including at points of care.4

Related initiatives that are tied to compliance and payment in-

clude the Physician Quality Reporting System (https://www.cms.

gov/Medicare/Quality-Initiatives-Patient-Assessment-Instruments/

PQRS/index.html) reporting measures for the Centers for Medi-

care and Medicaid Services.

Many published CDE sets originated through clinical trials

research and have reasonable interrater agreement. The National

Institute of Neurological Disorders and Stroke, for example,

maintains a catalog of imaging-based CDEs for research purposes

(https://www.commondataelements.ninds.nih.gov). The National

Institute of Neurological Disorders and Stroke collection has

imaging CDEs relevant to traumatic brain injury, stroke,

multiple sclerosis, spinal cord injury, Parkinson disease, and

others. The Visually AcceSsible Rembrandt Images (VASARI;

https://radiopaedia.org/articles/vasari-mri-feature-set) collection

of The Cancer Imaging Archive (https://www.cancerimagingarchive.

net/) is the most comprehensive set of visual features that have

been used to describe human gliomas on baseline MR imag-

ing studies. The multicenter, federated The Cancer Genome

Atlas (TCGA; https://wiki.cancerimagingarchive.net/display/

Public/TCGA�Glioma�Phenotype�Research�Group) Glioma

Phenotype Research Group collected and validated the most use-

ful imaging features culled from the known literature on gliomas.

The group developed the VASARI feature set using a large set of

baseline glioblastoma and low-grade glioma (LGG) imaging stud-

ies stored in The Cancer Imaging Archive (TCIA). These pheno-

typic imaging data were successfully correlated with gene-expres-

sion data derived from the tumors in TCGA. The 25 features

contained in the VASARI collection are all concepts familiar to

neuroradiologists (eg, cyst, necrosis, enhancement, and so

forth).5 A subset of the VASARI features that demonstrates value

in predicting tumor genomics or survival could be incorporated

into a CDE module for clinical reporting.

While substantial effort by domain experts has gone into cat-

aloging and validating these collections for research, there has

hardly been any adoption of these very valuable observations into

clinical reporting until very recently. Moreover, most of the CDEs
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in existence took initial form as part of research initiatives and

subsequently were never used once the research was completed. It

is now well-recognized that there is substantial value in resurrect-

ing many of these visually derived imaging features that were orig-

inally applied to address a specific research question and adapt

them for clinical use. Some practices have taken on the task of

incorporating CDEs to enhance the quality of local reporting

practices. Mamlouk et al6 reported on their very successful collab-

orative effort to disseminate consistent contextual reporting tem-

plates for neuroradiology examinations in a large multicenter

practice. Over 50 specific use-case neuroradiology reporting

templates were created. They describe a formal process in which

templates are proposed and adjudicated by a panel that includes

clinical input before dissemination to all radiologists.6

Why Do Common Data Elements Matter Now?
US health care is at a crossroads in which each specialty is being

asked to define its inherent value in the patient care continuum.

Health care organizations and subspecialty provider organiza-

tions are being asked to develop, benchmark, and comply

with specific quality standards. Pay-for-performance initiatives,

meaningful use, and Physician Quality Reporting System pro-

grams are now being wrapped up into the new value-based pro-

grams under the Merit-Based Incentive Payment System and the

Medicare Access and Children’s Health Insurance Program

Reauthorization Act of 2015 (MIPS/MACRA: https://www.cms.gov/

Medicare/Quality-Initiatives-Patient-Assessment-Instruments/

Value-Based-Programs/MACRA-MIPS-and-APMs/MACRA-

MIPS-and-APMs.html). The radiology value chain considers the

importance of clear and accurate reporting and report communi-

cations to physicians, patients, and other stakeholders. The ACR

has also identified these areas as potential value-based payment

metrics. In addition to clarity of reporting, structured reporting,

standard lexicon, and language are key elements of the value-

based payment metrics proposal.7 Because referring physicians

have shown a preference for structured reporting in contrast to

conventional radiology reports, CDEs will likely play a key role in

service to the goals of value-based reporting.8

The dissemination of electronic medical records created by the

American Recovery and Reinvestment Act of 2009 stimulus pack-

age has facilitated the capability of collecting, sharing, and dis-

seminating data.9 Thus, various clinical subspecialties (eg, cardi-

ology, gastroenterology, pathology, ophthalmology, oncology)

have been very active in defining clinical concepts and reporting

elements for the electronic medical records that can be readily

mined to establish quality parameters and benchmark quality,

thereby demonstrating the value of the services delivered. Clinical

use of CDEs fosters participation in data registries, which, in turn,

are being used to benchmark practice performance. The field of

radiology has led the way in health care information technology

(IT), interoperability, and information exchange, yet our field

remains behind in standardizing quality measures for radiology

reporting. With the exception of mammography, most of our

quality metrics have focused on service delivery, workflow met-

rics, and payment policy and less on the content of our reports.

Nevertheless, accuracy of reporting is a quintessential value met-

ric of what radiologists offer, and CDEs should be viewed as a

powerful tool to enhance the quality of our reports and actionable

information.10

How the Currently Available CDEs Were Created
At an Imaging Informatics summit of the Radiological Society of

North America Radiology Informatics Committee and the Amer-

ican College of Radiology Imaging Technology and Informatics

Committee, discussions focused on the relative absence of codi-

fied observations/findings in radiology and a structure for repre-

senting them in our IT platforms. A collaboration was started to

help fill this void. The initial objectives of this collaboration were

to generate a common data model and syntax for representing

reporting concepts that could interoperate with existing reporting

technologies and extend their capabilities. An on-line repository

(RadElement.org; http://www.radelement.org/) was built to

house some of the limited existing content (eg, LI-RADS, PI-

RADS). Each concept and controlled response stored in the re-

pository is assigned a unique identifier used in downstream IT

systems to retain the fidelity of the concept and response. Having

set the stage, groups of domain experts could begin to create con-

tent to populate the repository, validate the concepts, and develop

modifications.

Similar to the related efforts in terminology (RadLex; http://

www.rsna.org/RadLex.aspx) and reporting (RadReport), cata-

loguing CDEs requires enlisting the knowledge of domain experts

to ensure that relevant content is being included. For both the

RadLex and RadReport efforts, the American Society of Neurora-

diology was the first subspecialty organization to volunteer to

help the RSNA to create repositories of neuroradiology-/ear,

nose, throat–specific terminology and report templates, respec-

tively. The ASNR has again volunteered to be the first subspecialty

society to lend their expertise to this new CDE effort under the

auspices of the ASNR Standards and Guidelines Committee. The

neuroradiology effort is taking a pragmatic approach by develop-

ing CDEs for common clinical use cases that a neuroradiologist

encounters every day rather than attempting to encompass all

diseases in our specialty. This will help to inform us on how to

design a process for authoring, vetting, editing, and publishing

content in an efficient manner. The workgroup’s charge is to

compile only the most essential concepts for each clinical use case

and to avoid making the lists comprehensive or exhaustive. By

limiting the sets to the most essential concepts, the CDE sets be-

come more practical, modular, and easier to use in practice and to

incorporate into a report. The intent is to replicate what is taught

in the training environment, whereby a neuroradiology attending

physician might recite to a trainee the few key concepts that must

be conveyed in a clinically useful report. Ultimately, the goal of

this initiative is to empower the domain experts in the ASNR to

develop the criteria on the basis of experience, evidence, and clin-

ical consultation.

Twenty-five neuroradiologists and staff from the ASNR, ACR,

and RSNA participate in the workgroup activities. There is neu-

roradiology subspecialty representation from the American Soci-

ety of Spine Radiology, American Society of Functional Neurora-

diology, American Society of Pediatric Neuroradiology, and

American Society of Head and Neck Radiology. A group e-mail

account and a collaborative workspace were set up to support

16 Flanders Jan 2019 www.ajnr.org

https://www.cms.gov/Medicare/Quality-Initiatives-Patient-Assessment-Instruments/Value-Based-Programs/MACRA-MIPS-and-APMs/MACRA-MIPS-and-APMs.html
https://www.cms.gov/Medicare/Quality-Initiatives-Patient-Assessment-Instruments/Value-Based-Programs/MACRA-MIPS-and-APMs/MACRA-MIPS-and-APMs.html
https://www.cms.gov/Medicare/Quality-Initiatives-Patient-Assessment-Instruments/Value-Based-Programs/MACRA-MIPS-and-APMs/MACRA-MIPS-and-APMs.html
https://www.cms.gov/Medicare/Quality-Initiatives-Patient-Assessment-Instruments/Value-Based-Programs/MACRA-MIPS-and-APMs/MACRA-MIPS-and-APMs.html
http://www.radelement.org/
http://www.rsna.org/RadLex.aspx
http://www.rsna.org/RadLex.aspx


asynchronous communication and for all members to have access

to all work products and artifacts. The group meets monthly by

teleconference with a preplanned agenda, action items, and min-

utes. Ideas for new CDE nominations are brought to the entire

group. A single subspecialty volunteer then takes ownership of the

first draft of the CDE set, which is authored directly on a spread-

sheet visible to all workgroup members. The workgroup is free to

revise or comment on the draft. Corrections or modifications are

made on the basis of exchange through group e-mails or via dis-

cussion at the monthly teleconference. The final version of the

CDE is then handed off to the ACR-RSNA CDE subcommittee to

catalog and number in the RadElement.org CDE repository. A

Neuro-CDE master list is used to track CDE progress from pro-

posal to final draft. Twelve of the initial CDE sets or modules

were converted into PowerScribe 360

macros (https://www.nuance.com/

healthcare/medical-imaging/powerscribe-

360-reporting.html) and posted on the

ASNR Web site for public view/down-

load (https://www.asnr.org/resources/

cde/) and were featured in a public dem-

onstration at the ASNR 2018 Annual

Meeting (Vancouver, British Columbia,

Canada).

What Are the Potential Benefits of
CDEs?
A number of other potential tangible
benefits and incentives for radiologists
to embrace CDE models and reporting
exist, and there is growing evidence that

inclusion of CDEs in clinical reporting

can be performed efficiently, will aug-

ment communication, and is preferred

by clinicians.11,12 While current vendor

offerings of reporting products are lim-

ited in their ability to fully support

CDEs, there is a movement underway to

address these limitations for the next

generation of reporting tools that will

include CDEs and radiology decision

support content (Computed Assisted

Radiology Decision Support [CAR/

DS]).13 Artificial intelligence (AI) and

natural language processing cannot ulti-

mately solve the problem of converting

heterogeneous prose reports into homo-

geneous concepts. A combination of so-

lutions that includes new reporting tools

that aid radiologists in image interpreta-

tion and dictation will ultimately pro-

vide the ideal balance between quality

and efficiency. While vendors can en-

code picklists and insertion fields into

templates, the current commercial of-

ferings lack the ability to incorporate

triggers and logic into the reporting

workflow that enhance efficiency, miti-

gate reporting errors, and augment quality. There is the capabil-

ity today, however, to dynamically modify a report on the basis of

the content that has already been created. For example, mention

of a mass on brain MR imaging might invoke a CDE set that cues

the radiologist with a list of ASNR-recommended brain mass fea-

tures. The ACR-Assist (https://www.acr.org/Practice-Management-

Quality-Informatics/Informatics/Structured-Content) technology

is a radiologist decision support framework that uses the spoken
or transcribed concepts in a report as a “trigger” to instanta-
neously provide consistent and useful supplemental recommen-
dations in a report.4 The software behind radiology decision sup-
port has “awareness” of key concepts/findings/observations (eg,
CDEs) and can use this knowledge base to automatically suggest
other supplemental features that should be included or to provide

FIGURE. Concepts/responses captured through report CDEs are used in downstream IT systems.
Concepts, features, and measurements from CDEs are encoded with unique identifiers (eg,
RDE236.3) by the reporting system, which are passed across interfaces and received by various sys-
tems programmed to act on specific values. The unique identifiers can trigger other events or be
recoded/translated to provide discrete data that drive additional value-based health care processes.
PQRS indicates Physician Quality Reporting System; EHR, indicates Electronic Health Record.
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recommendations based on the individual features of a finding. A
TI-RADS score could automatically be calculated and inserted into a

report on the basis of feature descriptions of a thyroid nodule. The

automatic insertion of a macro containing the essential imaging fea-

tures of laryngeal cancer could follow after describing an incidental

laryngeal mass on a neck CT angiogram. Information collected from

that macro could generate staging information for the electronic

medical record that would be valuable to the oncologist/otolaryngol-

ogist. Paramount to the development and deployment of these new

software tools is expert review of the inherent concepts and potential

enhancements (eg, calculations, assessment scores).

Inclusion of CDEs in reports creates a multitude of opportu-

nities for the concepts in the report to improve other downstream

processes. The unique identifier associated with each CDE con-

cept/response can be encoded and transmitted with the text re-

port by a reporting system and can be used to trigger downstream

events in other disparate IT systems that have been programmed

to comprehend and respond to specific concepts and values. New

events could include automatic notification of care team mem-

bers for critical results communication while the report is still in

process. Automated generation of quality-assurance data for a

number of clinical use cases such as acute stroke turnaround times

and notification could be more accurately collected. Payment de-

nials could be mitigated at the time of report generation by check-

ing for appropriate terminology and concepts in reports that are

critical for approval. In the electronic medical record, encoded

CDEs could be used to supplement the problem list, progress

notes, recommendations, and discharge summaries of the patient.

Patient-centric versions of radiology reports could be generated

for consumption on patient portals. The concepts from CDEs

could be used to collect vast quantities of data for quality assur-

ance and benchmarking in registries. Local, regional, and national

registries containing imaging features for specific clinical use cases

could be created and could be used for large-scale imaging-based

comparative effectiveness research for population health and

high-profile health care initiatives. These all have an additive ef-

fect of augmenting the value of every radiology report (Figure).

Medical imaging AI research and development could also be

accelerated by the inclusion of CDEs in clinical reporting. While

close to one-half billion unique imaging studies are generated

annually in the United States, only a small portion of these exam-

inations are “AI ready” for training and validation of AI algo-

rithms. The lack of relevant annotations is often cited as the

principal reason for shortages of suitable AI training datasets. In-

vestigators have attempted to mobilize natural language–process-

ing applications to retrospectively extract the needed concepts

from prose reports with varied success. Additional expert re-

sources are usually required to re-review the original imaging data

to create the annotations for a specific disease entity (eg, stroke,

glioma, fracture). The annotations and anatomic locations of the

features on the images are used to create AI classifiers of disease.

Imaging concepts encoded in CDEs make it simpler to create the

annotations and subsequently the AI classifiers. The inclusion of

CDEs in reports makes it easier to prospectively generate needed

annotations. Moreover, universal adoption of CDEs for stroke,

cerebral neoplasia, multiple sclerosis, and so forth makes it easier

to aggregate data from multiple sites for AI development.

CONCLUSIONS
There are clearly a large number of benefits to be derived from

adopting the general practice of using a singular set of concepts,

observations, and features in radiology reporting. Codifying the

content with neuroradiology domain experts is critical to the suc-

cess of the process. The joint collaboration among ASNR, ACR,

and RSNA is to develop a continual process by which CDE con-

tent is proposed, authored, reviewed, approved, and validated for

all of neuroradiology. The effort can provide a single clearing-

house of neuroradiology CDEs that can be directly used by the com-

mercial and research sectors to improve product offerings. There is a

“symbiosis” between the product development and content creation

for CDEs, with each relying on the deliverables of the other. The hope

is that the processes being set forth by the ASNR in collaboration with

the RSNA and ACR will serve as a pilot for content creation of the

other radiology subspecialties. We encourage all practitioners in the

“House of Neuroradiology” to contribute and provide guidance for

the construction of this collection.
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PRACTICE PERSPECTIVES

Bias in Neuroradiology Peer Review: Impact of a “Ding” on
“Dinging” Others

X P. Charkhchi, X B. Wang, X B. Caffo, and X D.M. Yousem

ABSTRACT

BACKGROUND AND PURPOSE: The validity of radiology peer review requires an unbiased assessment of studies in an environment that
values the process. We assessed radiologists’ behavior reviewing colleagues’ reports. We hypothesized that when a radiologist receives a
discrepant peer review, he is more likely to submit a discrepant review about another radiologist.

MATERIALS AND METHODS: We analyzed the anonymous peer review submissions of 13 neuroradiologists in semimonthly blocks of time
from 2016 to 2018. We defined a discrepant review as any one of the following: 1) detection miss, clinically significant; 2) detection miss,
clinically not significant; 3) interpretation miss, clinically significant; or 4) interpretation miss, clinically not significant. We used random-
effects Poisson regression analysis to determine whether a neuroradiologist was more likely to submit a discrepant report during the
semimonthly block in which he or she received one versus the semimonthly block thereafter.

RESULTS: Four hundred sixty-eight discrepant peer review reports were submitted; 161 were submitted in the same semimonthly block of
receipt of a discrepant report and 325 were not. Receiving a discrepant report had a positive effect on submitting discrepant reports: an
expected relative increase of 14% (95% CI, 8%–21%). Notably, receiving a clinically not significant discrepant report (coefficient � 0.13; 95%
CI, 0.05– 0.22) significantly and positively correlated with submitting a discrepant report within the same time block, but this was not true
of clinically significant reports.

CONCLUSIONS: The receipt of a clinically not significant discrepant report leads to a greater likelihood of submitting a discrepant report.
The motivation for such an increase should be explored for potential bias.

Peer review is one form of evaluation of a radiologist’s perfor-

mance, mostly targeting the diagnostic accuracy of interpre-

tation.1 The 2007 medical staff standards of The Joint Commis-

sion (https://www.jointcommission.org/) have strengthened the

peer review process by explicitly requiring focused and ongoing

professional practice evaluations. These standards evaluate a

practitioner’s knowledge, skill, and behavior. Focused profes-

sional practice evaluations involve an intense assessment of a

practitioner’s credentials and current competence at the initial

appointment in a practice. Ongoing professional practice eval-

uations are the routine monitoring of current physician com-

petency, which includes but is not limited to assessment of a

practitioner’s ongoing interpersonal and communication skills,

professional behavior, practice competency, and behavior as a

team member.2 To address these standards, most radiology prac-

tices use some form of peer review to assess radiologists’ accuracy

and performance.3,4

The primary goal of radiology peer review is to reduce diag-

nostic errors, educate radiologists to their blind spots and areas

for improvement, and improve patient safety. In addition to eval-

uating the radiologist’s technical performance, peer review can

evaluate communication skills, interpersonal relationships, team

cooperation, and responsiveness.5

The American College of Radiology currently recommends

that medical centers participate in physician peer review to obtain

and maintain accreditation. Many radiology groups have com-

mitted to using a peer review system due to hospital requirements,

The Joint Commission standards, or recommendations from spe-

cialty societies.6 There are different types of peer review systems,

including RADPEER, implemented by American College of

Radiology (https://www.acr.org/Clinical-Resources/RADPEER).

Our department is currently using a home-grown peer review

system with the advantage of an integrated information technol-
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ogy solution that allows the review of cases within 24 hours of

completion, thereby catching errors early, rather than several

months later. The process is anonymized so that neither the re-

viewer nor the original reader knows the author of the reports or

the peer reviews. Both RADPEER and our internal system are

scoring-based peer review systems.

As Kaewlai and Abujudeh5 indicated, 2 critical areas for suc-

cess in peer review are a positive peer review culture and a com-

mitted team. Larson et al7 indicated that scoring-based systems

tend to drive radiologists inward, against each other and against

practice leaders. Our aim in this communication was to critically

assess the radiologists’ behavior in the setting of reviewing col-

leagues’ reports. We hypothesized that when a radiologist receives

a discrepant review, he or she would be more likely to report a

discrepant review (colloquially referred to as a “ding”) on another

person’s report within 2– 4 weeks.

MATERIALS AND METHODS
Because this project dealt with quality-improvement processes, it

was deemed by the Johns Hopkins institutional review board to be

exempt from review. The data collected were independent of pro-

tected health information; therefore, the study was Health Insur-

ance Portability and Accountability Act– compliant.

Data Source
This is a retrospective study. We used peer review data from the

division of neuroradiology because of the early implementation of

the internal system by this team. The peer review system is com-

pletely anonymous: The radiologists are aware of neither who has

reviewed their reports nor whose report they are reviewing. The

program randomly selects colleagues’ reports from the previous

24 hours and assigns them to the peer reviewer, providing the

report without the author of the report being identified. It opens

the images on the case. The radiologist reviewing the case must

choose whether he or she concurs with the interpretation, identi-

fies a detection miss, or identifies an interpretation miss. If a miss

is identified, it is scored as clinically significant or clinically not

significant. If such a miss is identified, whether significant or not,

the peer reviewer fills in a text box identifying the miss. The radi-

ologist submits the case; and if a miss has been identified, the

original reader receives an e-mail immediately thereafter notify-

ing him or her that there is a discrepancy and to review the case.

We collected data from January 1, 2016, to January 30, 2018, in

increments from the first of the month to the 15th day of the

month and from the 16th day of the month to the last day of the

month (ie, twice a month for 25 months) for all 13 neuroradiolo-

gists who were practicing in our facility for the full duration of the

study. The system provides data on the number of cases that are

read by the radiologist, the number of peer reviews that the radi-

ologist completed, the number of discrepant reviews that the ra-

diologist submitted, the number of the radiologist’s cases that

were reviewed by neuroradiology colleagues, the number of dis-

crepant cases in which a lesion was not detected and whether it

was clinically significant, and the number of cases in which a le-

sion was appropriately detected but its etiology was misinter-

preted and whether that misinterpretation was clinically signifi-

cant. We defined a discrepant review in our study as any one of the

following: 1) detection miss clinically significant, 2) detection

miss clinically not significant, 3) interpretation miss clinically sig-

nificant, and 4) interpretation miss clinically not significant.

The members of the neuroradiology division are encouraged

to perform peer review each day that a neuroradiologist has clin-

ical duties, and all members must review cases at a rate equaling at

least 3% of the total number of cases they read each month (ie, if

they read 600 cases, they have to peer review at least 18 cases from

colleagues). Fulfilling this participation rate is part of their end of

year bonus “quality and safety” calculation.

Study Variables
We defined the independent variable as the receipt of a discrepant

report. We defined 1 dependent variable as submitting a discrep-

ant review within the semimonthly time block of receiving a dis-

crepancy and a second dependent variable as submitting a dis-

crepant review in the semimonthly block after receiving the

discrepant review. As an example, if someone received a discrep-

ant report on day 7 of the month, we surveyed for discrepant

reports within the block that included the first 15 days of the

month (first dependent variable) and the last half of the month

(second dependent variable) for a discrepant submission by that

person. If the discrepancy was received, for example, on the 18th

day of the month, then the second half of the month becomes the

first dependent variable and the first 15 days of the next month

were the second dependent variable. We did not include more

than 4 weeks because we assumed that the likelihood of a reflexive

response diminished after a 2- to 4-week interval.

By virtue of collecting the data twice a month for 2 years of

practice from January 1, 2016, to December 31, 2017, and includ-

ing the 4 weeks of follow-up extending to January 31, 2018, we

had 50 data points. We also assessed the association between the

type of discrepant report (clinically significant versus clinically

not significant) and submitting the discrepant report on others.

Data Analysis
We used random-effects Poisson regression models to assess the

effect of receiving a discrepant review on submitting a discrepant

report within the received block and the next block (with doctor

as the random effect). Also, we included a multivariate regression

model in our analysis using clinically significant and non-clini-

cally significant reports as covariates to assess the association of

receiving different types of discrepant reviews (clinically signifi-

cant versus clinically not significant) and submitting one. All

analyses were performed with R statistical and computing soft-

ware (Version 3.4.3; www.r-project.org).

We ran 2 sensitivity analyses by including and excluding out-

liers. In the first analysis, we excluded 1 radiologist with the largest

number of submitted discrepant reports. This radiologist re-

ported, on average, 3.26 discrepant reports, while the mean of all

radiologists was 0.75 � 1.6. We thought this radiologist may in-

fluence the results because this radiologist submitted the highest

number of discrepant reviews in the study time period. In the

second sensitivity analysis, we checked for any extreme observa-

tions and excluded greater than 5 discrepancy reports received or

submitted in a block and repeated the analysis.
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RESULTS
The overall distribution of submitted reports for each neuroradi-

ologist is presented in Fig 1.

In the 2-year period, 486 discrepant peer review reports were

submitted, of which 161 were submitted by individuals in the

same 2-week block in which they received notice of a discrepant

report; 325 were not. There was a positive effect (coefficient �

0.13; 95% confidence interval, 0.08 – 0.19) between submitting a

discrepant report within the block of receiving one. The relative

rate was 14% (95% CI, 8%–21%). In other words, according to

the model, for every 5 discrepancy reports received, the number of

discrepancies submitted will be doubled (times 1.93). If one does

not receive any discrepant reports, then he or she will submit 0.47

discrepancy reports (on average) in a 2-week block.

There was no statistically significant effect between receiving a

discrepant report in one block and then submitting one in the

following 2-week time block (coefficient, �0.09; 95% CI, �0.19 –

0.02) (Table and Fig 2).

If one ran a multivariate regression analysis to assess the effect

of different discrepant reports on submitting a ding on others,

there was a significant association between receiving a not clini-

cally significant (coefficient � 0.13; 95% CI, 0.05– 0.22) report

and submitting a discrepant report,

while there was no statistically signifi-

cant association between receiving a

clinically significant (coefficient � 0.26;

95% CI, �0.04 – 0.55) discrepant report

and submitting a discrepancy in the

same time block. There was no signifi-

cant association between receiving clin-

ically significant or not clinically signifi-

cant discrepant reports and submitting a

ding on others in the next following

2-week time block (Table).

After excluding 1 outlier radiologist

who submitted the most discrepancies,

there were no changes in our results: For

the same block analysis, the coefficient

changed from 0.13 to 0.12 (95% CI,

0.03– 0.21) and remained statistically

significant; for the next time block, the

impact remained nonsignificant (coeffi-

cient � �0.05; 95% CI, �0.18 – 0.07).

The coefficient for each radiologist is

reported in Fig 3. If one compared the 2

time blocks, there was no significant as-

sociation between receiving and submit-

ting a discrepant review for any of the

radiologists in the next time block

(Fig 3).

Removing outliers (more than 5 dis-

crepant or submitted reports) kept the

FIG 1. Mean number of discrepancy reports submitted for each neuroradiologist.

FIG 2. The association between receiving and submitting a discrepant report and 2 sensitivity analyses.

The association between receiving and submitting discrepant reports in the same and next
time block in a clinical radiology peer review system

Received a Discrepant Report

Submitting a Discrepant
Report within Same

Time Block
(Coefficient) (95% CI)

Submitting a Discrepant
Report in the

Next Time Block
(Coefficient) (95% CI)

Any kind of discrepant report 0.13 (0.08–0.19) �0.09 (�0.19–0.02)
Clinically significant discrepant report 0.26 (�0.04–0.55) �0.30 (�0.81–0.20)
Clinically not significant discrepant report 0.13 (0.05–0.22) �0.05 (�0.18–0.07)
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FIG 3. Association of receiving a discrepant review with submitting one for each radiologist. Plot A (top) indicates the current time block; plot
B (bottom), the next time block.
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current time block significant (coefficient � 0.32; 95% CI, 0.12–

0.34) and the next time block nonsignificant (coefficient � 0.06;

95% CI, �0.08 – 0.19).

DISCUSSION
We found that when a radiologist in our study received a discrep-

ant report, he or she was more likely to submit a discrepant peer

review report within the 2-week time block of receiving it. The

observed effect was not seen in the following 2-week block of time,

suggesting an immediate reaction to the ding rather than a delayed or

sustained effect. Receiving a clinically not significant report and sub-

mitting a discrepant report on others are significantly positively cor-

related compared with receiving a “clinically significant” report.

To the best of our knowledge, this is the first article studying

physicians’ reactions to a discrepant report in the clinical setting.

Data are well-published on causes of discrepancies in radiology

and also strategies to prevent them.8-10 However, none of these

articles qualitatively or quantitatively studied the radiologists’ be-

havior on receiving a discrepant report.7,11

Generally, there is a negative attitude toward the peer review

system among radiologists. In an American College of Radiology

survey assessing the RADPEER program, most radiologists

opined that the peer review system is only performed to meet

accreditation and hospital credentialing requirements.12 Nearly

half believed that their practice patterns had not changed as a

result of peer review. One-third of respondents admitted that

there was underreporting of disagreements in the peer review pro-

cess at their practice.12 This underreporting highlights the current

peer review systems deficits. Peer review may elicit anxiety,

shame, humiliation, and fear, leading to a reluctance to report

disagreements.7 These factors may lead to the behavior demon-

strated in our study. If the peer review system is converted into a

retributive instrument among colleagues, it becomes worse than

meaningless; it becomes destructive.

On the other hand, the positive effect of receiving a discrepant

report on submitting discrepant reports may illustrate a positive

bias rather than a negative reaction. While previous studies have

shown that radiologists tend to underreport discrepancies on peer

review,12,13 in contrast, our data suggest that receiving a discrep-

ant report may motivate the radiologist to review their colleagues’

reports more diligently and potentially identify errors that might

otherwise be overlooked. However according to our findings, par-

ticipants tend to submit more discrepancy reports on their col-

leagues when they receive a not clinically significant report com-

pared with a clinically significant one. We posit that this result

may be in favor of a motivation for a retributive reaction rather

than motivating the reviewer to be more conscientious. When a

radiologist receives a discrepant report that is clinically signifi-

cant, she or he may react with gratitude and not negatively react to

it, but if she or he receives a clinically not significant (“nuisance”)

discrepant report, the radiologist may be more likely to respond

by submitting a reciprocal discrepant report on a colleague.

There are a few limitations associated with this study. First, the

peer review system we use is unlike most peer review programs

that use historical studies for review. In other words, most peer

review systems require the radiologist to review a comparison

study from months to years earlier. In that gap, the diagnosis may

become clear and, for example, growth of a missed cancer can be

readily detected. By limiting our peer review system to reviews

within the previous 24 hours, we identify discrepancies earlier,

but a final diagnosis may not be clear at that point. Second, if the

reviewing radiologist wanted to enter the Radiological Informa-

tion System (RIS) or Electronic Medical Record (EMR), he or she

could break the anonymity of the self-contained peer review pro-

gram and identify who read each study. Third, we used semi-

monthly time intervals because our peer review system data are

collected this way. We cannot determine whether the radiologist

immediately submitted a discrepant report the same hour or day

that he or she received a discrepant report because we do not have

the data on the exact time of receiving and submitting reports. We

do not monitor the peer review system at such a granular level. On

a similar note, the reporting function of the program is able to

document that a dinged physician submitted a discrepant report

but not the type (detection versus interpretation/significant or not)

of report. Finally, if a discrepancy is challenged by the receiver, the

division chief then adjudicates the 2 reviews, which could change the

initial discrepant designation by the dinged physician.

How can we address this potential bias in the peer review sys-

tem? We could write code to the program that after receiving

notice of a discrepant report and reviewing it, that individual is

“frozen” from submitting any peer review reports for 7 days.

Thus, the more immediate “gut” reaction could be assuaged. Ed-

ucation and re-education continuously on the purpose of peer

review may also be helpful. Providing data showing the overall

results and how well individuals perform may decrease the psy-

chological impact of a solitary discrepant review. In addition, de-

partment leadership support to keep peer review results com-

pletely anonymous, blinded to leadership, and accessible only by

individual physicians can improve rate of participation in the peer

review system.

CONCLUSIONS
When a radiologist in our study received a discrepant report, he or

she was more likely to submit a discrepant report within the semi-

monthly block of time of receiving it. The observed effect was not

seen in the following block of time, suggesting an immediate re-

action to the ding rather than a delayed or sustained effect. The

impact was maximal after receiving a clinically Radiological In-

formation System (RIS) discrepant peer review.
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ORIGINAL RESEARCH
ADULT BRAIN

Deep Learning–Based Detection of Intracranial Aneurysms in
3D TOF-MRA

X T. Sichtermann, X A. Faron, X R. Sijben, X N. Teichert, X J. Freiherr, and X M. Wiesmann

ABSTRACT

BACKGROUND AND PURPOSE: The rupture of an intracranial aneurysm is a serious incident, causing subarachnoid hemorrhage associ-
ated with high fatality and morbidity rates. Because the demand for radiologic examinations is steadily growing, physician fatigue due to
an increased workload is a real concern and may lead to mistaken diagnoses of potentially relevant findings. Our aim was to develop a
sufficient system for automated detection of intracranial aneurysms.

MATERIALS AND METHODS: In a retrospective study, we established a system for the detection of intracranial aneurysms from 3D
TOF-MRA data. The system is based on an open-source neural network, originally developed for segmentation of anatomic structures in
medical images. Eighty-five datasets of patients with a total of 115 intracranial aneurysms were used to train the system and evaluate its
performance. Manual annotation of aneurysms based on radiologic reports and critical revision of image data served as the reference
standard. Sensitivity, false-positives per case, and positive predictive value were determined for different pipelines with modified pre- and
postprocessing.

RESULTS: The highest overall sensitivity of our system for the detection of intracranial aneurysms was 90% with a sensitivity of 96% for
aneurysms with a diameter of 3–7 mm and 100% for aneurysms of �7 mm. The best location-dependent performance was in the posterior
circulation. Pre- and postprocessing sufficiently reduced the number of false-positives.

CONCLUSIONS: Our system, based on a deep learning convolutional network, can detect intracranial aneurysms with a high sensitivity
from 3D TOF-MRA data.

ABBREVIATIONS: CNN � convolutional neural network; DSC � Dice similarity coefficient; FPs/case � false-positives per case

Unruptured intracranial aneurysms are common among the

general population. It is estimated that approximately 3% of

healthy adults have an intracranial aneurysm.1 These aneurysms

often remain undiagnosed unless they become symptomatic (eg,

by compression of adjacent neural structures or rupture into the

subarachnoid space).2 Rupture of an intracranial aneurysm is a

serious incident with high fatality and morbidity rates.3 Identifi-

cation of factors contributing to the risk of intracranial aneurysm

development, growth, and rupture is an active field of investiga-

tion. Apart from several disorders like polycystic kidney disease or

Marfan syndrome, elements such as genetic factors, family his-

tory, female sex, and age are linked to an increased risk of aneu-

rysm development. Intracranial aneurysm site, size, and shape are

further strongly associated with the risk of rupture.4-6 Detection

of an intracranial aneurysm before it becomes symptomatic al-

lows endovascular or surgical treatment of the aneurysm before it

ruptures and may thus prevent death or morbidity.

DSA is still considered the criterion standard in evaluating

intracranial vessels and detection of intracranial aneurysms7;

however, it is inconvenient for primary diagnoses because it is

invasive and time-consuming. CTA and MRA are noninvasive

methods widely used in clinical routine. Unlike DSA and CTA,

which are based on x-ray imaging, MRA does not cause radiation

exposure. It is therefore the preferred technique for screening

asymptomatic patients for intracranial pathology. The number of

radiology examinations performed for diagnoses is steadily in-
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creasing.8,9 Given the growing workload of radiology depart-

ments, physician fatigue with the inherent risk of missed diagno-

sis of potentially significant findings is a relevant concern. Hence,

a reliable method for automated detection of intracranial aneu-

rysms from routine diagnostic imaging would be of great utility in

clinical routine.

Rapid advances in the field of computing and a growing

amount of data prompted the rise of convolutional neural net-

works (CNNs), a specific type of deep learning network archi-

tecture, for segmentation, classification, and detection tasks

in medical imaging.10-12 The training process of a CNN is

straightforward to implement because the features for discrim-

ination of the desired output classes are not designed but

learned in an automated fashion from the input data.13 Several

approaches for automated detection of intracranial aneurysms

from noninvasive imaging have been proposed in the litera-

ture.14-17 However, a deep learning– based method for sufficient

detection of intracranial aneurysms from 3D TOF data has not yet

been reported, to our knowledge. The aim of this study was to

investigate the potential of a deep learning algorithm for auto-

mated detection of intracranial aneurysms from 3D TOF-MRA

clinical data.

MATERIALS AND METHODS
Dataset
This retrospective study was approved by the Independent Ethics

Committee at the RWTH Aachen Faculty of Medicine. The re-

quirement for informed consent was waived. From an internal

data base belonging to our department, we incorporated data

from all patients with a 3D TOF-MRA examination of at least 1

previously untreated intracranial aneurysm. Images were ob-

tained for clinical purposes between 2015 and 2017. After we

removed protected patient information and substituted sub-

ject identifiers, examinations were retrieved from the local

PACS. The dataset consisted of 85 examinations. Of those, 72

image sets originated from our department. Sixty of these ex-

aminations were performed on a 3T scanner (Magnetom

Prisma; Siemens; Erlangen, Germany). Twelve examinations

were performed on a 1.5 scanner (Magnetom Aera; Siemens).

The following parameters were used for the 3D TOF-MRA:

Magnetom Prisma (3T)—TR, 21 ms; TE, 3.42 ms; flip angle, 18°;

FOV, 200 mm; section thickness, 0.5 mm; matrix, 348 � 384;

acquisition time, 5 minutes 33 seconds; 20-channel head/neck

coil; Magnetom Area (1.5T)—TR, 28 ms; TE, 7 ms; flip angle, 25°;

FOV, 200 mm; section thickness, 0.5 mm; matrix, 256 � 320;

acquisition time, 5 minutes 52 seconds; 20-channel head/neck

coil.

Thirteen examinations included in this dataset originated

from external departments and were performed on different

scanners.

We included all TOF acquisitions with at least 1 previously

untreated aneurysm, irrespective of etiology, symptomatology,

and configuration (saccular, fusiform, and dissecting). The aneu-

rysms were located in the internal carotid arteries, the anterior

cerebral arteries (including the anterior communicating artery),

the middle cerebral arteries, or the posterior circulation (in-

cluding the vertebral, basilar, posterior, cerebral, and posterior

communicating arteries). One patient had polycystic kidney

disease, while the remainder had incidental findings. Exclusion

criteria were previous treatment (coil embolization or surgical

clipping) or pronounced motion artifacts, preventing accurate

segmentation.

The DeepMedic (Version .6.1; https://biomedia.doc.ic.ac.uk/

software/deepmedic/) CNN was used18 with an application of re-

quired preprocessing on the dataset19: voxel size resampling

(0.5 � 0.5 � 0.5 mm3) and intensity normalization to a zero-

mean, unit-variance space. To evaluate the impact of preprocess-

ing on the performance of the CNN, we modified our dataset

using different BET2 skull-stripping (https://fsl.fmrib.ox.ac.uk/

fsl/fslwiki/BET)20 and performing N4 bias correction.21

The ground truth segmentation was performed by a neurora-

diology resident experienced in cranial diagnostic imaging. On

the basis of radiologic reports, anonymized TOF data were criti-

cally reviewed, and aneurysms were manually annotated in a vox-

elwise manner using the manual segmentation tool of ITK-SNAP

(www.itksnap.org).22 Intrarater reliability was studied using the

Pearson correlation coefficient.

After evaluation of the dataset, we trained DeepMedic and

performed inference to segment aneurysms. Remarkably, 2 aneu-

rysms that had been previously overlooked were detected by the

CNN in this early stage. Consequently, the dataset was validated

by another radiologist who was blinded to the radiology reports.

Complete ground truth was evaluated once again and adjusted

accordingly.

The dataset needed division into training, test, and validation

sets, to run the CNN and assess its performance. The training set

was used for learning, which describes the process of fitting the

parameters of the network to learn features for discriminating the

output classes. The validation set was used during training to re-

duce overfitting to the training data. This is done by comparing

the Dice similarity coefficient (DSC) (a measure indicative of seg-

mentation accuracy) of the training samples with the DSC of the

unknown validation samples and adjusting the learning rate of the

network. The test set is used for evaluation of the trained model.18

Training the model took about 20 hours; inference per case was

about 50 seconds on a Titan XP GPU (Nvidia, Santa Clara,

California).

Five-fold cross-validation was performed. For each split, the

whole dataset was randomly divided into the 3 subsets as ex-

plained earlier: training set (58 cases, 68%), validation set (10

cases, 12%), and test set (17 cases, 20%).

DeepMedic and Evaluation
Segmentation of the aneurysms was executed with the DeepMedic

framework, a CNN for voxelwise classification of medical imaging

data after training with 3D patches at multiple scales. DeepMedic

was developed and evaluated for the segmentation of brain

lesions.23

The network consists of 2 pathways with 11 layers. Both pathways

are identical, but the input of the second pathway is a subsampled

version of the first (see the full architecture in Fig 1). Parameters were

set as proposed by Kamnitsas et al18: An initial learning rate of 10�3

was used and gradually reduced. For optimization, a Nesterov Mo-

mentum of 0.6 was set. For better regularization, drop-out and L1 �
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10�6 and L2 � 10�4 regularization was performed. To accelerate the

convergence, we used Rectified Linear Unit activation functions and

batch-normalization as implemented in the DeepMedic frame-

work.23 We used the proposed DeepMedic hybrid sampling scheme.

In this strategy, image segments larger than the neural network’s re-

ceptive field are given as an input to the network. A training batch is

built by extracting segments with 50% probability centered on the

foreground or background voxels, facilitating an automatic method

for balancing the distribution of training samples regarding the size

of the desired class in the segment and therefore preventing class

imbalance by adjusting to the true distribution of background and

aneurysm voxels.18 With a probability of 50%, the training images

were mirrored on the coronal axis to increase the diversity of the

training set.

We used the EvaluateSegmentation Tool (https://github.com/

Visceral-Project/EvaluateSegmentation)24 to analyze the segmen-

tation results by determining Hausdorff distances and the DSC.

For methodologic reasons, each segmented voxel or connected

component of voxels in the output binary segmentation was con-

sidered a positive detection. Each positive detection that corre-

sponded to an aneurysm in ground truth was considered a true-

positive finding, while each positive detection that did not

correspond to an aneurysm in ground truth was considered a

false-positive finding. In preliminary studies, this approach led to

a very high rate of false-positive detections. Because we observed

that compared with true-positive detections, false-positives

tended to be rather small, we further examined whether the inte-

gration of a detection threshold as a postprocessing step, remov-

ing connected components smaller than a given volume, would

improve our results. On the basis of the composition of our data-

set, detection thresholds of 5, 6, and 7 mm3 were studied (Fig 1).

To further reduce the number of false-positives, we fine-tuned the

network using a modified training strategy in which 90% of the

input samples corresponded to background class; and 10%, to

aneurysm class, reflecting a more realistic distribution of aneu-

rysms. The learning rate was lowered to 10�4 and the pretrained

weights of the last 3 layers were changed while the training weights

of the other layers were kept constant. To study the reliability of

true-positive detections and the capability of the system in pre-

dicting aneurysm size, we compared the volume segmented by the

algorithm with the manually examined volume of the ground

truth.

To assess the impact of preprocessing, we evaluated 4 models

(A–D). In model A, only the necessary steps to obtain reasonable

results from DeepMedic, resampling to isotropic voxel size and

intensity normalization, were performed. Additional skull-strip-

ping is advised in the DeepMedic documentation.18 We used the

well-established BET2 skull-stripping method. Skull-stripping in

model B was performed with a fixed fractional intensity threshold

of 0.2. In model C, the parameter was adjusted manually in each

case to receive an optimal brain outline, without nonbrain struc-

tures such as skull or parts of the ocular muscles and nerves. For

model D, we used the skull-stripping masks from model C and

performed an additional N4 bias correction25 to evaluate whether

low-frequency intensity inhomogeneities in the acquisitions

would have an impact on the performance of the algorithm (Fig

1). In this work, each model is depicted as a preprocessing model

identifier (A–D), followed by the detection threshold (0, 5, 6, 7).

FIG 1. Flowchart of the pipeline. A, Preprocessing is performed with 4 different models. The dataset is split into test, training, and validation sets.
B, Inference is performed with the convolutional neural network DeepMedic with a 2-pathway architecture. The number of feature maps and
their size is depicted as number � size. The � depicts the addition of the 2 preceding layers, which adds an additional nonlinearity and reduces
the number of weights.18 The diagram is based on the depiction in the DeepMedic documentation. (Modified from Kamnitsas K, Ledig C,
Newcombe VFJ, et al. Efficient multi-scale 3D CNN with fully connected CRF for accurate brain lesion segmentation. Medical Image Analysis
2017;36:61–78 under CC-BY4 license).32 C, Thresholding is applied to the resulting segmentation and evaluated with different metrics. LN
indicates layers in the normal resolution pathway, LL indicates layers in the low resolution pathway.

AJNR Am J Neuroradiol 40:25–32 Jan 2019 www.ajnr.org 27



Full preprocessing per case took about 5 minutes on a Corei7–

8700K CPU (Intel, Santa Clara, California). Individual creation of

a skull-stripping mask was performed by an experienced user and

took about 8 minutes for each sample.

Statistical analysis was performed using SPSS software, Ver-

sion 25.0 (Released 2017; IBM Armonk, New York). We used the

Shapiro-Wilk test to test for normality. Significance values of nor-

mality tests are only reported for cases in which the normality

assumption was violated. A Kruskal-Wallis test was used for the

split-validation of maximum diameters.

Comparisons among the Models
We hypothesized the 4 different levels of preprocessing to each be

improvements over the previous version. Therefore, sensitivity

values of each preprocessing model were compared only with

those of its closest neighbor by testing for differences in the

proportions of hits and misses, using McNemar tests. These

tests were chosen over �2 tests because the values obtained

from each model were not independent of one another. Com-

paring each model with its closest neighbor yielded 3 compar-

isons (A0 versus B0, B0 versus C0, C0 versus D0); thus, signif-

icance levels were corrected for 3 comparisons using a

Bonferroni correction.

False-positives per case (FPs/case) were compared for each

preprocessing model using a Friedman test. Post hoc tests were

run using Wilcoxon signed rank tests for each closest neighbor.

DSCs of each preprocessing model were compared using

Friedman tests. Post hoc tests were run using Wilcoxon signed

rank tests for each closest neighbor. Missing values, caused by the

inability of the evaluation tool to analyze volumes with no seg-

mented voxels, were set to zero.

Hausdorff distances of each preprocessing model were an-

alyzed using a linear mixed model, which included a random

subject factor, and “model” as the sole fixed dependent vari-

able. This linear mixed model was chosen over a repeated-

measures ANOVA because the linear mixed model can analyze

missing values better; unlike DSCs, a Hausdorff distance of

zero would not accurately describe the inability of the tool to

analyze a volume with no segmented voxels.

Comparisons within the Models
We hypothesized that each of the postprocessing models reduces

the number of false-positives sequentially. Thus, sensitivity values

for each detection threshold were compared with those of the

closest neighbor within each model by testing for a difference in

the proportions of hits and misses using McNemar tests. This

yielded 3 comparisons per preprocessing model (0 versus 5, five

versus 6, and 6 versus 7).

FPs/case were compared for each detection threshold using a

Friedman test. Post hoc tests were run using Wilcoxon signed

rank tests comparing each closest neighbor.

Size and Location
Increased aneurysm size embodies an increased rupture risk.4

However, consented classifications of aneurysms based on an-

eurysm size are missing. To study the impact of aneurysm size

on the detection rate, we classified aneurysms on the basis of

maximum diameter as follows: In the literature, aneurysms

with a maximum diameter of �3 mm are generally considered

tiny.26 For simplification, we termed these findings small an-

eurysms. A distinct increased risk of rupture was identified for

aneurysms with a diameter of �7 mm.6 We therefore defined

aneurysms of �3 but �7 mm as medium, and those of �7 mm

as large. Additionally, aneurysms were categorized on the basis

of their location.

Sensitivity values of these categories were compared for both

categorizations using Fisher exact tests rather than �2 tests be-

cause the cases numbered below 5 for certain cells. Spearman rank

correlation coefficients were calculated between ground truth and

predicted volumes because the normality assumption was vio-

lated in all samples.

RESULTS
Dataset
In 85 patients (58 women, 68%; 23–84 years of age; mean, 56 �13

years), 115 untreated aneurysms with a mean volume of 214.6 �

480.9 mm3 (range, 6.4–4518.0 mm3) and a mean maximum diam-

eter of 7.1 � 4.4 mm (range, 2.1–37.0 mm) were identified as the

ground truth. Intrarater reliability for manual aneurysm segmenta-

tion was excellent (r � 0.998; 95% CI, 0.988–0.999; P � .0001). In

the dataset, large-sized aneurysms accounted for 39%; medium-

sized aneurysms, for 50%; and small-sized aneurysms, for 11%.

The locational proportion of aneurysms was as follows: Forty-

two percent of all aneurysms were located in internal carotid ar-

teries; 17%, in the anterior cerebral arteries, including the anterior

communicating artery; 23%, in the middle cerebral arteries; and

19%, in the posterior circulation, including the vertebral, basilar,

posterior, cerebral, and posterior communicating arteries.

For cross-validation, the dataset was split into 5 subgroups in a

randomized fashion. Normality was violated for the diameter dis-

tributions in the splits (P � .001). The mean maximum diameter

values of the splits did not differ significantly (�2 [4] � 6.195, P �

.19). The mean maximum diameters of the 5 splits were 7.6 � 3.7

mm, 7.9 � 6.8 mm, 5.3 � 2.4 mm, 7.6 �4.1 mm, and 7.0 �3.1

mm, respectively.

Sensitivity among Models
Comparing sensitivity values of the nearest neighbors’ prepro-

cessing models (A0, B0, C0, and D0) yielded no significant differ-

ences (P � 1, binomial distribution used for all comparisons).

Even the models showing the largest difference (A0 versus D0) did

not approach significance (P � .29, binomial distribution used,

uncorrected for multiple comparisons).

False-Positives per Case among Models
Analyses of false-positive rates between the preprocessing models

revealed a significant difference among models (�2 [3] � 136.144,

P � .001). Pair-wise comparisons indicated a significant differ-

ence between models A0 and B0 (z � 7.425, P � .001), but not B0

and C0 or C0 and D0 (z � 1.878, P � .18 and z � 0.991, P � .97,

respectively).

For each preprocessing model, the impact of detection thresh-

olds on sensitivity, FPs/case, and positive predictive value was

studied (Fig 2).
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Sensitivity within Models
For model A, no significant changes in sensitivity were found

between detection thresholds 0, 5, 6, and 7 mm3 (P � 1, binomial

distribution used for all comparisons). For model B, a significant

decrease in sensitivity was found between thresholds B0 and B5

(P � .05, binomial distribution used). Sensitivity did not differ

between thresholds B5 and B6, or B6

and B7 (P � 1, binomial distribution

used for both comparisons). For model

C, a significant decrease in sensitivity

was found between thresholds C0 and

C5 (P � .001, binomial distribution

used). Sensitivity did not differ between

thresholds C5 and C6 or C6 and C7 (P �

1, binomial distribution used for both

comparisons). For model D, a signifi-

cant decrease in sensitivity was found

between thresholds D0 and D5 (P �

.001, binomial distribution used). Sensi-

tivity did not differ between thresholds

D5 and D6 or D6 and D7 (P � 1, bino-

mial distribution used for both compar-

isons). A consecutive decrease in sensi-

tivity ranged between 2% (version A)

and 10% (version C).

False-Positives per Case within
Models
Normality was violated for all models

without thresholding applied (P � .008

for A0, P � .001 for all other models).

For model A, significant changes

were found in the number of FPs/case

among detection thresholds A0 and A5

(z � 8.14, P � .001), A5 and A6 (z �

6.16, P � .001), and A6 and A7 (z �

5.12, P � .001). For model B, significant

changes were found in the number of

FPs/case among detection thresholds B0

and B5 (z � 7.89, P � .001), B5 and B6

(z � 4.12, P � .001), and B6 and B7

(z � 3.46, P � .001). For model C, sig-

nificant changes were found in the num-

ber of FPs/case among detection thresh-

olds C0 and C5 (z � 7.62, P � .001), C5

and C6 (z � 3.61, P � .001), and C6 and

C7 (z � 2.83, P � .005). For model D,

significant changes were found in the

number of FPs/case among detection

thresholds D0 and D5 (z � 7.64, P �

.001), D5 and D6 (z � 2.45, P � .01),

and D6 and D7 (z � 2.83, P � .005).

Impact of Aneurysm Size
To evaluate the impact of aneurysm size

on sensitivity, we divided aneurysms

into 3 categories based on maximum di-

ameter, as described above. Detection

sensitivity was found to be dependent on

aneurysm size (test statistics are shown in Table 1).

The Shapiro-Wilk test revealed that in all cases, normality as-

sumption was violated by the ground truth volumes and/or the pre-

dicted volumes of the models. The ground truth volume showed a

negative correlation with the predicted volume of each preprocessing

FIG 2. Impact of detection thresholds on sensitivity, the number of false-positives, and the
positive predictive value (PPV). Versions A, B, C, D without detection thresholds (A0, B0, C0, D0)
and with thresholds of 5 mm3 (A5, B5, C5, D5), 6 mm3 (A6, B6, C6, D6), and 7 mm3 (A7, B7, C7, D7).
Depicted as bars are the FPs/case; depicted as diamonds are the sensitivities. PPV is shown below
the diagrams for each model. The asterisk indicates P � .05; double asterisks, P � .001; triple
asterisks, P � .001.
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model for the group of small aneurysms. The highest correlation was

found in preprocessing model A0 for large aneurysms. The correla-

tion values for all aneurysm sizes combined were, in all models, sim-

ilar to those of large aneurysms (Table 2).

Impact of Aneurysm Location
Sensitivity values among locations did not show a significant dif-

ference (test statistics are shown in Table 3).

Accuracy of Segmentation: DSC and Hausdorff Distance
The distribution of DSCs violated normality for all models and

thresholds (P � .001 for all models). DSCs differed significantly

among preprocessing models A0, B0, C0, and D0 (�2 [3] �

50.228, P � .001). Pair-wise comparisons between nearest neigh-

bors indicated that this difference originated from the difference

between A0 and B0 (z � 5.44, P � .001). DSCs did not differ

among sessions B0, C0, and D0.

Hausdorff distances differed significantly among preprocess-

ing models A0, B0, C0, and D0 (F[3, 255] � 56.44, P � .001).

Pair-wise comparisons between nearest neighbors indicated that

this difference originated from the difference between A0 and B0

(P � .001). B0 and C0 did not differ significantly (P � .07), nor

did C0 and D0 (P � .13).

DSC and Hausdorff distance values of the different prepro-

cessing models are shown in Table 4. After we fine-tuned model

A0, the DSC increased significantly from 0.47 � 0.28 to 0.50 �

0.30 (P � .001), and the Hausdorff distance changed from

90.16 � 22.25 to 85.6 � 22.69 (P � .004) without significant

changes in sensitivity or the number of FPs/case.

Visual Inspection
Two examples of our dataset are shown in Fig 3. The model was able

to detect aneurysms of small-to-large size, location, and regional in-

tensity distribution in the 2 displayed volumes. By means of a post-

processing step, false-positive components were removed.

DISCUSSION
Machine learning applications, in particular deep learning, have

recently gained increased attention in the domain of medical im-

aging. These types of algorithms, specifically CNNs, are top per-

formers in most medical-image analysis competitions. The ease of

implementation of CNNs in processing pipelines13 makes them

accessible to a broad range of researchers. Machine learning is

becoming a tool of growing importance in radiology and will

probably change the way radiologists work.

In this study, we demonstrated the great potential of a CNN for

reliable detection of intracranial aneurysms from 3D TOF-MRA. De-

mand for radiologic imaging is constantly growing; therefore, the

steadily increasing workload must be managed by radiology depart-

ments.27 Computer-aided detection tools may assist in preventing

diagnostic errors that could occur due to a physician’s fatigue or lack

of concentration. In a clinical setting, cranial imaging is performed

for several diagnostic purposes. However, potentially relevant find-

ings are often missed if a conspicuity corresponding to the primary

diagnostic purpose of an examination is found.28 This phenomenon

termed “satisfaction of search” is frequently observed in radiologic

practice and could potentially be reduced by sufficient computer-

aided detection tools. To evaluate a realistic scenario, we included

unspecified and therefore rather heterogeneous images (ie, different

scanners, different field strengths) with varying image quality (signal-

to-noise ratio, motion artifacts).
Solely in terms of overall sensitivity, the best model was A0,

without application of skull-stripping or bias correction, with a
sensitivity of 90%. However, this model also had a FPs/case value

of 6.1, which is rather high. The highest positive predictive value

of 0.57 was achieved with model D7, consisting of customized

skull-stripping and N4 bias correction. A sensitivity of 79% was

achieved with a FPs/case rate of 0.8 � 1.3. The amount of prepro-

cessing had a significant impact on the rate of false-positives. In

terms of sensitivity, no significant differences between prepro-

cessing models were detected. Using a thresholding method that

removes segmentation components below a distinct volume, we

were able to further decrease the rate of false-positives.

Aneurysm size had a distinct impact on the performance of the

CNN: For small aneurysms, a lower sensitivity value was mea-

sured. These missed detections resulted in low correlation values

between ground truth volumes and the model-predicted volumes

for small aneurysm sizes. This correlation increased for medium-

sized aneurysms, which were detected with a higher certainty but

in some cases lacked segmentation precision. The correlation for

large aneurysms and the overall correlation were high, the latter

mainly due to a good segmentation capability for medium and

large aneurysms. The DSC could be improved significantly by
skull-stripping from 47% � 28% to 53% � 29%. The Hausdorff
distance likewise improved from a value of 90 � 22 to 70 � 17.

Small aneurysms were underrepresented in the dataset; increas-
ing this number would possibly improve the ability of the model to
segment those aneurysms and predict their size better. A larger data-

set would also decrease a possible overfitting of the model to the
training data. We endeavored to address
this issue using 5-fold cross-validation
and flipping the image as a data aug-

mentation concept.
The ground truth segmentation is sub-

jective and may differ among radiologists.

A similar study showed that intra- and in-

teroperator variability of 20% � 15% and

28% � 12% was reported for the segmen-

Table 1: Sensitivity depending on aneurysm size and
preprocessing model

≤3 mm
(Small)
(n = 13)

>3 and ≤7 mm
(Medium)

(n = 57)

>7 mm
(Large)
(n = 45)

Fisher Exact
Test Statistic

A0 .38 .93 1 29.00, P � .001
B0 .38 .91 .98 25.93, P � .001
C0 .23 .96 .98 38.43, P � .001
D0 .08 .95 .98 49.89, P � .001

Table 2: Correlation between ground truth volume and model volume prediction
depending on aneurysm size and preprocessing model

≤3 mm (Small)
(n = 13)

>3 and ≤7 mm
(Medium) (n = 57)

>7 mm (Large)
(n = 45) Overall

A0 rs � �.28 (P � .36) rs � .46 (P � .001) rs � .91 (P � .001) rs � .90 (P � .001)
B0 rs � �.03 (P � .91) rs � .45 (P � .001) rs � .87 (P � .001) rs � .87 (P � .001)
C0 rs � �.09 (P � .78) rs � .47 (P � .001) rs � .89 (P � .001) rs � .88 (P � .001)
D0 rs � �.31 (P � .31) rs � .43 (P � .001) rs � .89 (P � .001) rs � .88 (P � .001)

Note:—rs indicates the Spearman correlation coefficient.
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tation of brain tumors.29 We attempted to overcome this issue by

evaluating our dataset through another radiologist.

Several approaches for automated detection of intracranial

aneurysms from noninvasive cranial imaging have been reported

previously.14,15,17 However, most were limited by either the use of

conventional computer-aided diagnosis algorithms or being ap-

plicable only on 2D images. For instance, Miki et al14 increased

the number of detections of 2 radiologists using a computer-aided

diagnosis tool for MRA images. Their system is based on different

handcrafted features30 and reached a sensitivity of 82% in source

and reconstructed images of a 3T MR imaging device. Štepán-

Buksakowska et al15 used a computer-aided diagnosis algorithm

that applies global thresholding and region-growing schemes.

They achieved a mean sensitivity of 83.6% by combining radiol-

ogists’ examinations with their tool. Nakao et al17 used a CNN for

detecting aneurysms in 2D MIPs. Their tool detected aneurysms

with a sensitivity of 94.2% with 2.9 FPs/case. However, their work

is limited to 2D projections.

The main limitation of the presented algorithm is poor speci-

ficity. We acknowledge that this issue currently limits clinical util-

ity. However, we demonstrated that an algorithm that was origi-

nally developed for segmentation tasks is able to detect aneurysms

reliably from noninvasive cranial imaging, and this requires only

a very limited number of training samples. We observed that sev-

eral, easily applicable postprocessing steps allow distinct reduc-

tion of the number of false-positives. Because data augmentation

is already included, we assume that for further improvement of

specificity, enlargement of the sample size would be necessary.

Given the low number of untreated aneurysms in MRA, this

would require a multi-institutional approach. Fine-tuning the

network on a larger dataset with a modified training strategy for a

more realistic distribution of classes might improve not only the

DSC and Hausdorff distance but also sensitivity and specificity.

In this study, the performance of DeepMedic was validated in

a clinical dataset, which was based on radiology reports. To fur-

ther investigate whether our approach might contribute to an

improvement of aneurysm detection in a clinical setting, the per-

formance of DeepMedic should be compared with that of human

readers. Another limitation is that the algorithm was trained

solely on cases that had intracranial aneurysms. Because Deep-

Medic works as a voxelwise classifier, this was done for methodo-

logic reasons. The algorithm learns to differentiate between phys-

iologic vessel anatomy and aneurysms by classifying each voxel

within a volume as a positive (aneurysm) or negative (no aneu-

rysm) prediction. Every dataset includes not only aneurysms but

also physiologic vessels. Hence, every aneurysm-free voxel of a

brain vessel could be considered a negative finding in a voxelwise

classifier; therefore, one could argue that the algorithm can also

learn to separate aneurysms from normal vessel anatomy using

only pathologic cases. However, given the relatively low preva-

lence of intracranial aneurysms in the general population, this

approach might lead to overprediction, which explains, to some

extent, the relatively high number of false-positive cases observed

in our study.

To obtain a highly autonomous system, a robust and automated

skull-stripping algorithm for TOF sequences is necessary to obtain a

reliable brain mask comprising all relevant vessels without extracra-

nial or nonbrain tissues. Most skull-strip-

ping methods perform best with T1-

weighted images and need to be adjusted

manually for different acquisition se-

quences.31 Finally, in further research, it

would be advantageous to compare the

performance of DeepMedic in terms of

aneurysm detection with that of other

CNN architectures.

CONCLUSIONS
This study demonstrates that our CNN-

based system can detect intracranial aneu-

rysms with high sensitivity in a 3D TOF-

MRA dataset. The dataset, comprising

acquisitions of different field strengths and

variable image quality, was created to eval-

uate a scenario similar to clinical reality.

Adequate pre- and postprocessing signifi-

cantly reduced the number of false-posi-

FIG 3. Results of the DeepMedic inference and thresholding method. Illustrated are 2 different
subjects (top/bottom). In these volumes, aneurysms of different sizes with heterogenic and
homogeneous intensity distributions are detected. After we remove small components below a
certain volume, false-positives are removed sufficiently.

Table 3: Sensitivity of the different models depending on
aneurysm location and preprocessing model

ICA
(n = 48)

MCA
(n = 26)

A
(n = 19)

P
(n = 22)

Fisher Exact
Test Statistic

A0 .90 .92 .84 .91 .98, P � .86
B0 .88 .88 .79 .95 2.52, P � .48
C0 .85 .92 .84 .95 2.09, P � .59
D0 .83 .92 .79 .91 2.27, P � .53

Note:—A indicates the anterior cerebral arteries (including the anterior communi-
cating artery); P, posterior circulation (including vertebral, basilar, posterior, cerebral
and posterior communicating arteries).

Table 4: Mean DSC and mean Hausdorff distance depending on
the preprocessing model

DSC (SD) Hausdorff Distance (SD)
A0 .47 (.28) 90.16 (22.25)
B0 .53 (.29) 70.20 (16.58)
C0 .53 (.30) 65.40 (18.89)
D0 .53 (.31) 69.67 (19.08)
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tives. The predicted aneurysm volume correlated well with the

ground truth volume for medium- and large-sized aneurysms;

hence, the system could also serve as a tool to predict aneurysm size.
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ORIGINAL RESEARCH
ADULT BRAIN

Automated ASPECTS on Noncontrast CT Scans in Patients with
Acute Ischemic Stroke Using Machine Learning

X H. Kuang, X M. Najm, X D. Chakraborty, X N. Maraj, X S.I. Sohn, X M. Goyal, X M.D. Hill, X A.M. Demchuk, X B.K. Menon, and
X W. Qiu

ABSTRACT

BACKGROUND AND PURPOSE: Alberta Stroke Program Early CT Score (ASPECTS) was devised as a systematic method to assess the
extent of early ischemic change on noncontrast CT (NCCT) in patients with acute ischemic stroke (AIS). Our aim was to automate ASPECTS
to objectively score NCCT of AIS patients.

MATERIALS AND METHODS: We collected NCCT images with a 5-mm thickness of 257 patients with acute ischemic stroke (�8 hours
from onset to scans) followed by a diffusion-weighted imaging acquisition within 1 hour. Expert ASPECTS readings on DWI were used as
ground truth. Texture features were extracted from each ASPECTS region of the 157 training patient images to train a random forest
classifier. The unseen 100 testing patient images were used to evaluate the performance of the trained classifier. Statistical analyses on the
total ASPECTS and region-level ASPECTS were conducted.

RESULTS: For the total ASPECTS of the unseen 100 patients, the intraclass correlation coefficient between the automated ASPECTS
method and DWI ASPECTS scores of expert readings was 0.76 (95% confidence interval, 0.67– 0.83) and the mean ASPECTS difference in
the Bland-Altman plot was 0.3 (limits of agreement, �3.3, 2.6). Individual ASPECTS region-level analysis showed that our method yielded
� � 0.60, sensitivity of 66.2%, specificity of 91.8%, and area under curve of 0.79 for 100 � 10 ASPECTS regions. Additionally, when ASPECTS
was dichotomized (�4 and �4), � � 0.78, sensitivity of 97.8%, specificity of 80%, and area under the curve of 0.89 were generated between
the proposed method and expert readings on DWI.

CONCLUSIONS: The proposed automated ASPECTS scoring approach shows reasonable ability to determine ASPECTS on NCCT images
in patients presenting with acute ischemic stroke.

ABBREVIATIONS: AIS � acute ischemic stroke; AUC � area under curve; ICC� intraclass correlation coefficient; IQR� interquartile range

Management of patients with acute ischemic stroke (AIS) relies

heavily on an assessment of the extent of irreversibly in-

jured brain at baseline. Patients with extensive early ischemic

changes at presentation are unlikely to benefit from thrombolysis

or thrombectomy procedures. Moreover, such patients may also

be at higher risk of developing complications of treatment such as

intracerebral hemorrhage. The Alberta Stroke Program Early CT

Score was devised as a systematic method of assessing the extent of

early ischemic change on noncontrast CT in patients with AIS.1,2

Across the years, ASPECTS has gained credence and is now used

the world over for this purpose,3-7 though it has not been proved

useful for selecting patients for treatment.8,9

Although conceptually, the ASPECTS is a simple method,

scoring early ischemic change on NCCT scans continues to be

a challenge, especially for readers with less experience.10-12

Technical factors such as peak x-ray energy (kiloelectron volt/

megaelectron volt) image processing and display procedures;

patient factors such as old infarcts, brain atrophy, and leu-

koaraiosis; and reader factors such as experience, training, and

specialty, all potentially affect ASPECTS interpretation.11,12 A

solution to improve ASPECTS reading is training readers to

recognize these issues while providing them with strategies

that can help improve the reliability and validity of these reads.

Another solution is to use novel technologies such as machine
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learning and feature extraction to develop automated solu-

tions to ASPECTS interpretation.13-17

In recent years, evidence that automated ASPECTS scoring

methods based on machine learning are comparable with expert

reading of ASPECTS is accumulating.18-24 In this study, we devel-

oped an automated ASPECTS scoring system based on machine

learning and feature engineering and compared it with expert

ASPECTS readings on acute DWI. We introduced multiple high-

order computational textural features into our machine learning

model and hypothesized that this automated method can deter-

mine ASPECTS scores accurately and reliably compared with ex-

pert ASPECTS readings on acute DWI.

MATERIALS AND METHODS
Data are from the Keimyung Stroke Registry, an ongoing single-

center prospective cohort study of patients with acute ischemic

stroke presenting to the Keimyung University Hospital in Daegu,

South Korea. Two hundred fifty-seven patients with acute isch-

emic stroke presenting within 8 hours of last known well who had

baseline NCCT (slice thickness, � 5 mm) followed by DWI per-

formed within 1 hour of NCCT were included in the study. An

expert scored ASPECTS on DWI; any individual region with diffu-

sion restriction occupying �20% of that region was considered af-

fected. To assess the reliability of expert-reading DWI ASPECTS,

another expert was asked to score 60 DWI scans randomly selected

from the 257 patients with AIS.

Of the 257 patient images, 157 were randomly selected for

training a machine learning model, while the remaining 100 im-

ages were used to evaluate the trained model. Specifically, a NCCT

template with ASPECTS regions manually contoured was nonlin-

early registered onto all NCCT images (Fig 1). During the training

stage, 376 texture features (details of texture features are shown in

the On-line Appendix) such as high-order statistics and image

textural features were extracted from each ASPECTS region from

the 157 patient images bilaterally after median filtering. Note that

the feature extraction and classification for each ASPECTS region

were performed in 3D. Information on the side of the brain

affected by ischemic stroke was used as an additional input to

compute difference features between ischemic and normal brain

tissue. Specifically, observers first determined the ischemic hemi-

sphere based on imaging and clinical parameters. Feature differ-

ences were then obtained by subtracting regional level values on

the ischemic side from the those on the contralateral side. Sixty

patients (38 in the training dataset and 22 in the testing dataset)

with posterior circulation strokes were included intentionally to

reflect clinical reality. In patients with posterior circulation

strokes, the left side was regarded as the default ischemic side.

The computed features were first ranked using linear discrim-

inant analysis. The ranked features were input into a random

forest model using the expert-assessed ASPECTS on DWI as a

class label. We used 5-fold cross-validation on the training sam-

ples to select training hyperparameters including the number of

trees in the forest, the maximum depth of trees, and also the num-

ber of ranked features. Class weight was set to deal with the im-

balanced data distribution on the basis of the ratio of abnormal

and normal samples in the training data. The detailed parameter

settings are shown in the On-line Table. We trained a classifier for

each ASPECTS region. The random forest training and testing

were implemented using Scikit-learn in Python (http://scikit-

learn.org/stable/). The trained random forest classifier was then

validated on the remaining 100 test patient images. A flowchart of

the training and testing process of each ASPECTS region is shown

in Fig 2.

Statistical Analysis
Expert ASPECTS readings on DWI of the 100 test images were

used as the ground truth to evaluate the automated ASPECTS

obtained by our method. Agreement on the total ASPECTS score

was measured using the intraclass correlation coefficient (ICC).

Boxplots and Bland-Altman plots were used to illustrate differ-

ences in the assessment of total ASPECTS between the automated

method and the ground-truth (expert-read DWI ASPECTS). The

ICC analysis was also stratified by stroke onset-to-CT time (�90

minutes, n � 69; 90 –270 minutes, n � 21; and �270 minutes, n �

10). Because physicians use the presence or absence of extensive

early ischemic changes to make clinical decisions on treatment in

patients with acute ischemic stroke, we also assessed agreement on

the ASPECTS interpretation between the automated method and

DWI using � statistics on a dichotomized ASPECTS threshold

(�4 versus �4).25 � statistics were also used to assess agreement

between the automated method and expert-read DWI at each

individual ASPECTS region.

Receiver operating characteristics based on the MedCalc for

Windows software (MedCalc Software,

Mariakerke, Belgium) were used to re-
port the area under the curve (AUC)
for the dichotomized ASPECTS (�4
versus �4), and individual region-level

ASPECTS analysis using automated AS-
PECTS, as an independent variable and
expert-read DWI ASPECTS, as a depen-
dent variable. A clustered receiver oper-

FIG 1. Examples of each ASPECTS region. L indicates lentiform; I, in-
sula; C, caudate; IC, internal capsule; M, MCA.

FIG 2. A flowchart of the training and testing processes used in the study for each ASPECTS
region.
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ating characteristic method in R statistical and computing soft-

ware (http://www.r-project.org) was used to report the AUC for

grouped ASPECTS regions.26 In addition, accuracy defined as the

ratio of accurately classified and total samples, sensitivity, and

specificity was also calculated to further measure the performance

of our proposed ASPECTS method.

A linear-weighted � of the trichotomized ASPECTS (0 – 4, 5–7,

8 –10) was computed. A sensitivity analysis was performed by

varying threshold involvement of each ASPECTS region on ex-

pert-read DWI as �0% and �50% involvement compared with

the �20% involvement used for primary analyses. Additionally,

to demonstrate the efficacy of the developed automated ASPECTS

method, we compared the ASPECTS reading of a stroke expert on

the 100 test images with the automated ASPECTS and the expert-

assessed ASPECTS on DWI. All statistical analyses were per-

formed by using MedCalc 17.8 and Matlab (MathWorks, Natick,

Massachusetts). A 2-sided � � .05 was considered statistically

significant.

RESULTS
Of 157 patients included in the training dataset (median age, 69

years; interquartile range [IQR], 62–76 years; 54.8% male), base-

line NCCT was performed within a median time of 46.5 minutes

(IQR, 27–117 minutes) from last known well compared with a

median baseline NCCT to baseline MR imaging time of 39.5 min-

utes (IQR, 30 –51 minutes). Of 100 patients included in the test

dataset (median age, 70 years; IQR, 64 –77 years; 56% male), base-

line NCCT was performed within a median time of 49 minutes

from last known well (IQR, 23.8 –95.5 minutes) compared with a

median baseline NCCT to baseline MR imaging time of 39 min-

utes (IQR, 29 –50.3 minutes). The median baseline ASPECTS on

the training dataset using DWI was 8 (IQR, 6 –9).

The � values for regional and dichotomized ASPECTS be-

tween the 2 expert-read DWI ASPECTSs were 0.86 (95% CI, 0.81–

0.91) and 0.85 (95% CI, 0.56 –1), respectively. The ICC for total

ASPECTS between the 2 expert-read DWI ASPECTSs was 0.90

(95% CI, 0.84 – 0.94).

When patients were stratified by stroke onset-to-CT time

(�90 minutes, n � 69; 90 –270 minutes, n � 21; and �270 min-

utes, n � 10), the ICCs between the automated CT ASPECTS and

the DWI ASPECTS for these 3 subgroups were 0.80 (95% CI,

0.69 – 0.87), 0.77 (95% CI, 0.52– 0.90),

and 0.26 (95% CI, �0.40 – 0.75), respec-

tively. No evidence was found that the

ICC increased in patients with longer

onset-to-CT time using the automated

ASPECTS method.

The median baseline ASPECTS gen-

erated by the automated method on test

data (n � 100) was 8 (IQR, 7–9) versus a

score of 7 (IQR, 6 –9) on the ground

truth DWI. Figure 3A shows a boxplot

overlaid with a scatterplot showing the

distribution of the automated CT

ASPECTS at each individual ASPECTS

on DWI. The intraclass correlation coef-

ficient for total ASPECTS between the

automated method and DWI was 0.76 (95% CI, 0.67– 0.83). Fig-

ure 3B illustrates Bland-Altman agreement plots between the au-

tomated method and DWI for total ASPECTS. The mean differ-

ence in total ASPECTS between the automated method and DWI

was minimal (0.3; limit of agreement, �3.3, 2.6).

Agreement on ASPECTS between the automated method and

DWI using a dichotomized ASPECTS threshold of �4 versus �4

was good (� � 0.78: 95% CI, 0.57– 0.99). Sensitivity (97.8%: 95%

CI, 92.2%–99.7%), specificity (80%: 95% CI, 34.8%–93.3%), F1

measure (0.98), and AUC (0.89: 95% CI, 0.81– 0.94) were reason-

ably good. When ASPECTS was trichotomized (0 – 4, 5–7, 8 –10),

the agreement between the automated method and DWI was

good as well (linear weighted � � 0.66; 95% CI, 0.53– 0.80).

Agreement on ASPECTS between the automated method and

DWI at the individual ASPECTS region level is reported in Table

1. � for agreement between the 2 methods ranged from 0.36 to

0.64. The automated ASPECTS method demonstrated high spec-

ificity but modest sensitivity compared with DWI at the regional

level. F1 measures are also shown in Table 1.

Sensitivity analysis was attempted by varying the threshold in-

volvement of each ASPECTS region on expert-read DWI as �0%

and �50% involvement in addition to the �20% involvement used

for the primary analyses. Region-level agreement between the auto-

mated method and expert-rated DWI ASPECTS for all 3 thresholds

is shown in Table 2. Agreement between the 2 methods was best

when DWI ASPECTS was rated using the �50% threshold method.

The ICC for total ASPECTS between the expert-rated NCCT

and DWI was 0.67 (95% CI, 0.55– 0.77). The agreement between

the expert-rated CT ASPECTS and DWI using a dichotomized

ASPECTS threshold of �4 versus �4 was modest (� � 0.42; 95%

CI, 0.22– 0.62). Sensitivity (81.1%: 95% CI, 71.5%– 88.6%), spec-

ificity (90%: 95% CI, 55.5%–99.7%), F1 measure (0.89), and

AUC (0.85: 95% CI, 0.77– 0.92) were obtained.

The ICC for total ASPECTS between the expert-rated NCCT

and the automated CT ASPECTS was 0.61 (95% CI, 0.47– 0.72).

The agreement between the expert-rated CT ASPECTS and the

automated CT ASPECTS using a dichotomized ASPECTS thresh-

old of �4 versus �4 was modest (� � 0.48; 95% CI, 0.28 – 0.68).

An example of expert-rated DWI ASPECTS, our automated CT

ASPECTS, and expert-rated CT ASPECTS is shown in Fig 4.

FIG 3. A, Boxplot with a scatterplot showing the distribution of the automated CT ASPECTS at
each individual ASPECTS on DWI. B, A Bland-Altman plot illustrating agreement between a total
automated ASPECTS score and ASPECTS scores on DWI. Random jitter has been added to illus-
trate the number of measurements at each ASPECTS point. The horizontal black line represents
the mean difference in the ASPECTS score between the 2 methods, while the dotted lines
represent a 1.96 SD around the difference.
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DISCUSSION
Results from these analyses using 100 patient images show that the

automated ASPECTS method proposed in this article agrees well

with expert-read DWI ASPECTS at a regional level and for the

total ASPECTS. Moreover, good agreement between the auto-

mated method and expert-read DWI ASPECTS for ASPECTS cut-

points (�4 versus �4) may help evaluate patients for the presence

or absence of large infarcts at baseline. These results also show that

the automated ASPECTS method is not inferior to expert-read

ASPECTS on NCCT.

A commercially available automated ASPECTS scoring system

(e-ASPECTS; https://brainomix.com/e-aspects) based on a ma-

chine learning algorithm has shown an ability to detect early isch-

emic changes on NCCT at a level similar to that of junior stroke

physicians while being noninferior to neuroradiologists.19 That

study used ASPECTS on baseline and follow-up CT scans as

the ground truth for comparison.

e-ASPECTS was further evaluated in a

small study of 34 patients in which base-

line CT and DWI scans were obtained

�2 hours apart.20 Another automated

ASPECTS system combining filtering,

bi-level and regional growth, feature se-

lection, and a support vector machine

was tested on 40 patients with AIS using

DWI scans as the ground truth.24 This

method obtained a � of 0.52 for dichot-

omized ASPECTS (�7 versus �7).

However, the NCCT and diffusion-

weighted imaging time was not re-

ported, making it difficult to evaluate its

clinical applicability. Other methods of

scoring ASPECTS automatically have

mostly been tested against expert-read AS-

PECTS on NCCT. A major strength of

this study is the use of an ASPECTS read on acute DWI by an

expert as the ground truth to validate the automated ASPECTS

method. This assures that the validity of the automated

method was tested to a very high standard.

The proposed automated ASPECTS scoring method is based

on feature engineering and random forest learning. Random

forest is considered one of the most recent and popular boost-

ing methods and has proved classification performance for

difficult problems in many medical image–analysis applica-

tions compared with other classifiers.27,28 Random forest is an

ensemble learning method that combines multiple weak clas-

sifiers (decision trees) and lets these decision trees vote for the

most popular class. Each tree in the forest relies on a random

vector sampled independently, and all trees in the forest have

the same distribution. The growth of the tree is governed by

FIG 4. Examples of DWI ASPECTS, the automated CT ASPECTS derived in this study, and expert-
read CT ASPECTS. ASPECTS regions with ischemic changes are shown in color.

Table 1: �, accuracy, F1 measure, sensitivity, specificity, and AUC on each ASPECTS region
Region � (95% CI) Accuracy (%) (95% CI) F1 Measure Sensitivity (%) (95% CI) Specificity (%) (95% CI) AUC (95% CI)

M1 0.59 (0.38–0.81) 90 (90/100) (84.1–95.9) 0.64 47.4 (9/19) (24.4–71.1) 100 (81/81) (95.5–100) 0.74 (0.64–0.82)
M2 0.52 (0.35–0.68) 76 (76/100) (67.6–84.4) 0.73 76.2 (32/42) (60.5–87.9) 75.9 (44/58) (62.8–86.1) 0.76 (0.67–0.84)
M3 0.47 (0.21–0.73) 88 (88/100) (81.6–94.4) 0.54 50 (7/14) (23–77) 94.2 (81/86) (87–98.1) 0.72 (0.62–0.81)
M4 0.36 (0.13–0.63) 85 (85/100) (78–92) 0.35 36.4 (4/11) (10.9–69.2) 91.1 (81/89) (83.1–96) 0.64 (0.54–0.73)
M5 0.54 (0.37–0.7) 77 (77/100) (68.8–85.3) 0.74 68.1 (32/47) (52.9–80.9) 84.9 (45/53) (72.4–93.3) 0.77 (0.67–0.84)
M6 0.39 (0.14–0.64) 86 (86/100) (79.2–92.8) 0.46 35.3 (6/17) (14.2–61.7) 96.4 (80/83) (89.8–99.2) 0.66 (0.56–0.75)
Lentiform 0.64 (0.47–0.81) 85 (85/100) (78–92) 0.75 71.0 (22/31) (52–85.8) 91.3 (63/69) (82–96.7) 0.81 (0.72–0.88)
Insula 0.62 (0.46–0.77) 81 (81/100) (73.3–88.7) 0.83 85.5 (47/55) (73.3–93.5) 75.6 (34/45) (60.5–87.1) 0.81 (0.71–0.88)
Caudate 0.63 (0.42–0.84) 90 (90/100) (84.1–95.9) 0.69 57.9 (11/19) (33.5–79.7) 97.5 (79/81) (91.4–99.7) 0.78 (0.68–0.85)
Internal capsule 0.59 (0.35–0.83) 91 (91/100) (85.4–96.6) 0.64 57.1 (8/14) (28.9–82.3) 96.5 (83/86) (90.1–99.3) 0.77 (0.67–0.85)
All regions 0.60 (0.54–0.66) 84.9 (849/1000) (82.7–87.1) 0.70 66.2 (178/269) (60.2–71.8) 91.8 (671/731) (89.6–93.7) 0.79 (0.75–0.83)

Table 2: Agreement on ASPECTS interpretation at a regional level and for dichotomized ASPECTS (>4 vs. <4) between the automated
ASPECTS method and expert-read DWI ASPECTS using different DWI ASPECTS region-involvement thresholds

DWI ASPECTS
Region-Involvement

Thresholds � (95% CI) Accuracy (%) (95% CI) F1 Measure Sensitivity (%) (95% CI) Specificity (%) (95% CI) AUC (95% CI)
20%

All regions 0.6 (0.54–0.66) 84.9 (849/1000) (82.7–87.1) 0.70 66.2 (178/269) (60.2–71.8) 91.8 (671/731) (89.6–93.7) 0.79 (0.75–0.83)
�4 and �4 0.78 (0.57–0.99) 96 (96/100) (92.2–99.8) 0.98 97.8 (88/90) (92.2–99.7) 80 (8/10) (34.8–93.3) 0.89 (0.81–0.94)

50%
All regions 0.64 (0.57–0.70) 88.8 (888/1000) (86.9–90.8) 0.71 68.2 (133/195) (61.2–74.7) 93.8 (755/805) (91.9–95.4) 0.81 (0.77–0.85)
�4 and �4 1 (1–1) 100 (100/100) (100–100) 1 100 (94/94) (96.2–100) 100 (6/6) (54.1–100) 1 (0.96–1)

0%
All regions 0.56 (0.51–0.61) 79.5 (795/1000) (77–82) 0.72 69.7 (264/379) (64.8–74.2) 85.5 (531/621) (82.5–88.2) 0.78 (0.76–0.79)
�4 and �4 0.46 (0.26–0.66) 81 (81/100) (73.3–88.7) 0.88 93.2 (68/73) (84.7–97.7) 48.2 (13/27) (28.7–68.1) 0.71 (0.61–0.79)
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random vectors. A measure of randomness is introduced into

the training, which can prevent the training classifier from

getting stuck at a local minimum, thereby improving the accu-

racy and reducing the chances of overfitting.

Some previous automated methods have used first-order im-

age features, such as Hounsfield unit (HU) or density and HU

difference between the ischemic and contralateral side as features

for their algorithms. These first-order image features have limita-

tions in patients with subtle ischemic changes and when images

have low signal-to-noise ratios and motion artifacts. The use of

multiple higher order computational textural features as part of

the machine learning algorithms in the automated ASPECTS

method proposed here helps us improve the validity of our

technique.

This study has some limitations. First, of the 157 training im-

ages randomly selected, only 26.1% (410/1570) of ASPECTS re-

gions had ischemic changes versus 73.9% (1160/1570) normal

ASPECTS regions. Improving the performance by tackling the

imbalance in data distribution is a goal for our machine learning

algorithms. Second, this analysis used imaging data from 1 site.

NCCT image acquisition and quality vary across sites; we will,

therefore, need to validate the automated ASPECTS method in

other data from other sites. Third, only 10 patients had ASPECTS

�4 of 100 test patients, thus raising some valid concerns about the

stability of results in the dichotomized ASPECTS analysis. Vali-

dation on a larger dataset is required to demonstrate the robust-

ness of these results. Fourth, only a single atlas was used to localize

the ASPECTS regions, which might not be optimal for all patients

compared with using a method based on multiple atlases. How-

ever, localization based on nonlinear registration using a single

atlas can maintain a good trade-off between computational cost

and accuracy because saving time is critical in the acute stroke

setting. Improving registration accuracy using a single atlas re-

mains an open problem for brain imaging despite some existing

atlas-selection techniques.29

CONCLUSIONS
The automated ASPECTS method developed here could accu-

rately and reliably assign ASPECTS on baseline NCCT scans in

patients presenting with acute ischemic stroke. This work there-

fore further validates the utility of machine learning algorithms in

developing software that can help and support physicians in in-

terpreting brain scans of patients with acute ischemic stroke.
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ORIGINAL RESEARCH
ADULT BRAIN

Radiomics-Based Intracranial Thrombus Features on CT and
CTA Predict Recanalization with Intravenous Alteplase in

Patients with Acute Ischemic Stroke
X W. Qiu, X H. Kuang, X J. Nair, X Z. Assis, X M. Najm, X C. McDougall, X B. McDougall, X K. Chung, X A.T. Wilson, X M. Goyal,

X M.D. Hill, X A.M. Demchuk, and X B.K. Menon

ABSTRACT

BACKGROUND AND PURPOSE: Thrombus characteristics identified on non-contrast CT (NCCT) are potentially associated with recanalization
with intravenous (IV) alteplase in patients with acute ischemic stroke (AIS). Our aim was to determine the best radiomics-based features of
thrombus on NCCT and CT angiography associated with recanalization with IV alteplase in AIS patients and proximal intracranial thrombi.

MATERIALS AND METHODS: With a nested case-control design, 67 patients with ICA/M1 MCA segment thrombus treated with IV
alteplase were included in this analysis. Three hundred twenty-six radiomics features were extracted from each thrombus on both NCCT
and CTA images. Linear discriminative analysis was applied to select features most strongly associated with early recanalization with IV
alteplase. These features were then used to train a linear support vector machine classifier. Ten times 5-fold cross-validation was used to
evaluate the accuracy of the trained classifier and the stability of the selected features.

RESULTS: Receiver operating characteristic curves showed that thrombus radiomics features are predictive of early recanalization with IV
alteplase. The combination of radiomics features from NCCT, CTA, and radiomics changes is best associated with early recanalization with
IV alteplase (area under the curve � 0.85) and was significantly better than any single feature such as thrombus length (P � .001), volume
(P � .001), and permeability as measured by mean attenuation increase (P � .001), maximum attenuation in CTA (P � .001), maximum
attenuation increase (P � .001), and assessment of residual flow grade (P � .001).

CONCLUSIONS: Thrombus radiomics features derived from NCCT and CTA are more predictive of recanalization with IV alteplase in
patients with acute ischemic stroke with proximal occlusion than previously known thrombus imaging features such as length, volume, and
permeability.

ABBREVIATIONS: AUC � area under the curve; GLCM � gray-level co-occurrence matrix; LSW � level-spot waves; ROC � receiver operating characteristic

Acute ischemic stroke treatment using intravenous alteplase, a

tissue-type plasminogen activator, is primarily focused on

dissolving thrombus within the arterial tree. Thrombus charac-

teristics such as length, burden, and permeability identified on

multitechnique CT are potentially associated with recanalization

with IV alteplase.1 For example, a shorter length of middle cere-

bral artery M1 segment thrombus is associated with successful

recanalization with IV alteplase treatment.2,3 It is hypothesized

that thrombus length along with collateral status and angioarchi-

tecture within the cerebral arterial tree may be related to lysis with

IV alteplase.4 Patients with short-but-permeable thrombi are

more likely to be recanalized with intravenous alteplase than

those without.5 Thrombus permeability, measured by attenua-

tion characteristics on noncontrast CT and CT angiography, is

associated with improved functional outcome, smaller final in-

farct volume, and higher recanalization rates.6 Nonetheless, the

ability of these imaging constructs to reliably predict recanaliza-

tion with IV alteplase in patients with proximal intracranial

thrombi is still limited.

Radiomics is an emerging field that converts imaging data into

a high-dimensional feature space using a large number of auto-
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matically extracted data-characterization algorithms.7-9 Com-

pared with measuring intracranial thrombus characteristics such

as length, volume, and permeability, radiomics features distill

multiple-but-subtle variations within the thrombus environment

that cannot be appreciated by the human eye. We hypothesized

that radiomics-based features of intracranial thrombus on NCCT

and CTA are capable of measuring distinct characteristics of

thrombus associated with recanalization with IV alteplase better

than known thrombus characteristics measured on NCCT and

CTA.

MATERIALS AND METHODS
Patient Selection
The primary objective of the study was to identify radiomics-

based thrombus characteristics associated with recanalization of

thrombus with IV alteplase in patients with intracranial ICA or

M1 MCA segment thrombi. Because recanalization of thrombus

with IV alteplase within these proximal intracranial arterial seg-

ments is rare, we used a case-control study design nested within

the precise and rapid assessment of collaterals using multi-phase

CTA in the triage of patients with acute ischemic stroke for IV or

IA Therapy (PRoVe-IT).10 We only included patients who had

thin-slice NCCT (slice thickness �2.5 mm) and CTA (slice thick-

ness �0.625 mm) performed on the same scanner. The study

included all patients fulfilling study inclusion criteria with

ICA/M1 MCA segment thrombi treated with IV alteplase who

achieved recanalization as assessed on the first angiographic ac-

quisition in patients undergoing endovascular therapy or on re-

peat CTA within 4 hours of baseline imaging in patients who did

not undergo endovascular therapy. This time point for assess-

ment of recanalization gives us a clinically relevant measure of

recanalization with intravenous tPA that is relatively early. Pa-

tients were matched for age, sex, and stroke severity with controls

(patients who also had ICA/M1 MCA segment thrombi treated

with IV alteplase but without successful recanalization). After ex-

cluding 22 patients with excessive motion (n � 3), poor image

quality (n � 9), and image coregistration failure (n � 10), we

identified 30 patients and 37 controls for inclusion in the current

study. The study was approved by the Conjoint Health Research

Ethics Board at the University of Calgary.

Thrombus Segmentation
CTA images were automatically aligned with NCCT images using

rigid registration with 3D Slicer (http://www.slicer.org), a pub-

licly available software.11 The quality of the registration was

checked by visual inspection; manual correction was performed

whenever the algorithm registration results were suboptimal. A

senior neuroradiology fellow (J.N.) performed manual contour-

ing of thrombi in a slice-by-slice manner

from axial views of NCCT images using

ITK-SNAP (www.itksnap.org),12 while

viewing the corresponding coregistered
CTA images for guidance. This manual
segmentation was used for the primary
analysis. To analyze the variability intro-
duced by manual segmentation, another
neuroradiology fellow (Z.A.) manually

segmented the same data. The results

based on this segmentation were compared with the primary

analysis. Pearson correlation analysis was also performed regard-

ing the thrombus length and volume of 2 manual segmentations.

Radiomics Feature Extraction of Thrombus
Three hundred twenty-six predefined radiomics image features

that describe thrombus characteristics were extracted in an auto-

mated manner from the above images.7,13 These features can be

divided into 3 sets: 1) first-order statistics, 2) shape and size, and

3) high-order statistical textural information (Table). The first set

quantifies thrombus-intensity characteristics using first-order

statistics calculated from all voxels within the thrombus region.

Set 2 consists of features such as thrombus length, volume, and

compactness.2 Set 3 consists of textural features that can quantify

textural heterogeneity within the thrombus.13 More details on

feature definition are in the On-line Appendix. These features

were calculated in 3D, thereby taking spatial information com-

pared with the neighboring voxels into account. To obtain a sin-

gle-feature vector per thrombus, we calculated the mean value of

each feature across all the voxels within the thrombus. Radiomic

features were extracted from NCCT and CTA images indepen-

dently. A third group, radiomics change features between NCCT

and CTA, was generated additionally by subtracting NCCT fea-

tures from CTA features. Besides the 3 groups described above, a

combination of any 2 or 3 feature groups by concatenation was

also used for analysis. All calculations were implemented in Mat-

lab (R2016b; MathWorks, Natick, Massachusetts). For more im-

plementation details about the support vector machine, please

refer to the On-line Table 3.

Feature Selection and Classification
Linear discriminative analysis was applied to the 3 groups of fea-

tures and all possible combinations of the 3 groups of features to

rank them in order of importance. Receiver operating character-

istic (ROC) analysis was used to compare features in each group

and in all the various group combinations generated above; these

features were then ranked from the highest-to-lowest importance

in each group. The optimum number of features for each group

was thereby determined by the feature combination yielding the

highest area under the curve (AUC) value using a recursive fea-

ture-elimination strategy. To decrease the impact of overfitting,

we performed experiments using selected features by 5-fold cross-

validation with subjects randomly divided into 5 equally sized

groups. Within cross-validation experiments, the support vector

machine model for optimizing radiomics features and parameters

was built on 4 of the 5 folds and evaluated on the subjects in the

Radiomics features used in the analysis
Method No. of Features

Set 1: First-order statistics Voxel intensity distribution 34
Set 2: Shape and size Thrombus length, surface, and volume 6
Set 3: Textural features Gray-level co-occurrence matrix 78

Gray-level run length matrix 66
Neighborhood gray-level difference matrix 10
Law texture 105
Local binary pattern 27
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fifth fold. All cross-validation experiments were repeated 10 times

to evaluate the stability of the selected features.

In addition, the selected features were compared with a clini-

cally used feature, residual flow, subjectively graded using consen-

sus by 2 experts from CTA images,5 with ROC analysis. The se-

lected features were also compared with thrombus permeability

defined as a mean attenuation increase from NCCT to CTA, max-

imum attenuation in CTA, and a maximum attenuation increase

from NCCT to CTA. The mean and maximum Hounsfield units

of thrombus in NCCT and CTA were manually measured by plac-

ing 1–3 ROIs (area of 1–3 mm2) on the thrombus (1 in each third

of the thrombus) on NCCT and CTA.14,15 However, in this study,

the mean and maximum Hounsfield units of thrombus in NCCT

and CTA were automatically calculated from the segmented

whole thrombus in registered NCCT and CTA images. Finally, we

created a multivariable support vector machine model for the

clinically used features, such as thrombus length, volume, residual

flow, and the 4 permeability measurements, for classification ac-

curacy comparisons.

RESULTS
Patient Characteristics
Baseline demographics and other characteristics of the 67 patients

included in this study are summarized in On-line Table 1. The

difference regarding baseline clinical variables, etiology of isch-

emic stroke, and intracranial thrombus imaging characteristics

was assessed using the Wilcoxon rank sum test for nonparamet-

ric data and the Fisher exact test of proportions for categoric

data separately between patients who received intravenous al-

teplase with and without recanalization. There were no statis-

tically significant differences between the 2 groups by the eti-

ology of ischemic stroke (P � 0.05), clinical (P � 0.05), and

imaging parameters (P � 0.05), excluding the occlusion site in

internal carotid artery (P � 0.01) and proximal M1 segment

MCA (P � 0.01), and CT imaging (P � 0.01) and IV alteplase

to recanalization assessment time (P � 0.01).

Determining the Best Radiomics Features
The most discriminative features from each feature group associ-

ated with recanalization with IV alteplase are shown in On-line

Table 2. In particular, the mean of Laws level-spot waves (LSW)7

ranked high in NCCT (third), radiomics change (second), and the

group combining 3 feature groups (third). Figure 1 demonstrates

the radiomics feature map of LSW for 2 patients from the case and

control groups, one from each group. The feature value (gray-

level in this feature map) measures the heterogeneity in the local

neighboring region of each pixel. The higher the feature values

are, the less heterogeneous is the signal from the thrombus. The 2

thrombi in Fig 1 are different in appearance, as seen by the distri-

bution of gray levels in the feature image. The thrombus that

recanalized with intravenous alteplase appears more heteroge-

neous in terms of Laws LSW feature values compared with the

thrombus that did not recanalize.

To determine the radiomics features that best discriminate

patients from controls, we used the top 5 features from the NCCT

feature group, 15 features from the CTA feature group, 6 features

from the radiomics change group, and 12 features from the com-

bination of 3 feature groups listed in On-line Table 2, individu-

ally, to generate ROC curves using 10 � 5-fold cross-validation.

AUC values for different feature combinations were demon-

FIG 1. Visualized feature images of thrombus of 2 patients, one with early recanalization and another without recanalization. The selected
feature, Laws SD of LSW, is demonstrated. The LSW value (gray-level) of each pixel in the feature map is measuring the heterogeneity in the local
region of each pixel.
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strated in On-line Figure 1. The ROC curves of the best features

from each group are plotted in Fig 2. The AUCs are 0.69 � 0.01 for

the best NCCT feature (ie, the SD of maximum probability of the

gray-level co-occurrence matrix with the level number of 60 at

sagittal orientation), 0.69 � 0.01 for the best CTA feature (the

proportion of pixel numbers with 110 –135 HU to the total num-

ber of clot pixels), and 0.69 � 0.03 for the best radiomics change

(ie, the proportion of pixel numbers with 110 –135 HU to the total

number of thrombus pixels, respectively). The ROC curves of the

top 5 features from each feature group are additionally demon-

strated in the On-line Figure 2. An ANOVA test showed that there

were no statistically significant differences among these features

(P � .15). The prediction accuracy of these features is similar to

that of biologically relevant features, such as thrombus length4,16

(AUC � 0.66 � 0.01, P � .27), thrombus volume (AUC � 0.66 �

0.003, P � .19), thrombus permeability measured as14 mean at-

tenuation increase from NCCT to CTA (AUC � 0.68 � 0.03, P �

.16) (Fig 2), but significantly better than the thrombus permea-

bility measurement that uses maximum attenuation in CTA14

(AUC � 0.49 � 0.01, P � .001) and a maximum attenuation

increase from NCCT to CTA (AUC � 0.48 � 0.07, P � .001).

Additionally, a nonradiomics feature, residual flow grade, was

compared with all the selected radiomics features and generated a

similar prediction accuracy (AUC � 0.68 � 0.03, P � .21).

Classification Accuracy
Figure 3 shows ROC curves using different feature combinations
with 10 � 5-fold cross validation. In Fig 3A, the selected 5 NCCT
features are most predictive with an AUC � 0.78 � 0.02, followed

by the 6 radiomics change features with an AUC � 0.77 � 0.04,

while the 15 CTA features are least pre-

dictive with AUC � 0.74 � 0.03. How-

ever, combining these features further

into different groups increases the pre-

diction accuracy greatly (Fig 3B). In

particular, 12 features selected from

the combination group of NCCT,

CTA, and radiomics change features

provide the best prediction accuracy

(AUC � 0.85 � 0.03) and were signifi-

cantly better than features such as

thrombus length (P � .001), thrombus

volume (P � .001), thrombus permea-

bility as measured by a mean attenua-

tion increase from NCCT to CTA (P �

.001) or by maximum attenuation in

CTA (P � .001) or by a maximum atten-

uation increase from NCCT to CTA

(P � .001), and the nonradiomics fea-

ture of residual flow grade (P � .001).
No evidence was found that a combina-

tion of the clinically used features im-
proved prediction accuracy (AUC �

0.68 � 0.03).
Because manual segmentation of

thrombus could introduce variability in

the analysis, a second manual segmenta-

tion of the same data was performed by

another neuroradiology fellow (Z.A.). Pearson correlation coeffi-

cients regarding the thrombus length and volume of 2 manual

segmentations were 0.95 and 0.94, respectively, between the 2

observers. When the analyses were replicated for the second man-

ual segmentations as seen above, the same combination of the

NCCT, CTA, and radiomics change features generated an AUC �

0.83 � 0.02, not significantly different from the results of the first

manual segmentation (P � .27).

DISCUSSION
Using a nested case-control study design, we show that intracra-

nial thrombus heterogeneity on NCCT and CTA as captured by

radiomics is associated with recanalization with intravenous alte-

plase. Radiomics-based feature analysis of intracranial large-ves-

sel thrombi demonstrably increases our ability to predict recanaliza-

tion with intravenous alteplase compared with current clinically

measurable thrombus characteristics such as length, volume, and

thrombus permeability.

Whether IV alteplase will likely result in recanalization in pa-

tients with proximal intracranial thrombus is, in our opinion, an

important piece of information that can help physicians make

appropriate decisions on triage, transport, and treatment of pa-

tients, especially when the risk of administering alteplase (intra-

cranial and otherwise) is considered.17 Patients in whom the

probability of recanalization with intravenous alteplase is likely

very low and who may have a higher risk of bleeding may benefit

from direct transport to the angiosuite for endovascular treat-

ment. Patients in whom the probability of recanalization with

intravenous alteplase is very high and in whom endovascular ac-

FIG 2. ROC results of the best radiomics features from different feature groups, compared with
clinically relevant currently measurable features such as thrombus length, volume, and permeability
measurements, as well as subjective assessment of the residual flow grade. The numbers in the paren-
theses following legend names denote AUC values and ranking after linear discriminative analysis.
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cess is difficult or risky could be given intravenous alteplase and

observed for improvement. One may also weigh these consider-

ations when deciding on transport in patients who are imaged at

primary stroke centers and await transport to comprehensive

stroke centers. We acknowledge that these decisions will not,

however, be taken in isolation and that multiple clinical factors

will also influence such decisions. Moreover, subgroup analysis of

ongoing and future trials testing direct endovascular treatment

versus intravenous alteplase followed by endovascular treatment

in patients with proximal intracranial thrombus may also benefit

to be informed by information that help determine likelihood of

early recanalization with lytic agents. In addition, trials that test

newer thrombolytic agents and augmented thrombolytic tech-

niques may find this information useful in learning about optimal

trial designs.

Radiomics features are computational in a high-dimensional

feature space that is converted from imaging data using many

data-characterization algorithms. In this study, 326 predefined

radiomics features that describe thrombus characteristics, such as

first-order statistics, shape and size, and high-order statistical tex-

tural feature, were automatically extracted from manually seg-

mented thrombus in NCCT and CTA images. These radiomics

features capture subtle variations within the thrombus environ-

ment not easily perceived by the human eye. Individually, our

analysis shows that these features are as good as known thrombus

imaging biomarkers such as thrombus length and permeabil-

ity.4,14 However, when these radiomics features are combined

into a statistical model, the ability for predicting recanalization

with intravenous alteplase is significantly improved (P � .001).

Variability in image acquisition across hospitals and scanners

in clinical practice affects image analysis and therefore the expert

reader’s ability to identify thrombus characteristics such as den-

sity, length, and permeability. The imaging data used in our anal-

ysis were acquired from scanners at multiple centers, and the ra-

diomics features were directly computed from the imaging data,

without any preprocessing or normalization. Our analysis dem-

onstrates that the extracted radiomics features are stable under

various image-acquisition parameters. Our results therefore sug-

gest the potential generalizability of our results. In our opinion,

radiomics-based models predicting recanalization of thrombus

with intravenous alteplase can be further improved with better

standardization of imaging protocols.

Among 67 patients receiving IV alteplase, the patients with

successful recanalization nearly doubled compared with the pa-

tients without recanalization, on the basis of a history of diabetes

and smoking and anticoagulation therapy (On-line Table 1). Al-

though no statistically significant differences were observed from

the limited data in this study, it would be interesting to explore

this trend further with a larger dataset. Another finding from On-

line Table 1 is that longer times from alteplase start to recanaliza-

tion and from CT to recanalization are associated with successful

recanalization, and the patients with ICA and proximal M1 MCA

occlusion have significantly low rates of recanalization (all P �

.01), even from these limited data. These results are consistent

with the results in Menon et al.17 With a plasma half-life of 6 –7

minutes, alteplase is not likely to be biologically active 6 hours

after administration. However, it is possible that the early throm-

bus debulking effects of alteplase translate to less overall throm-

bus, allowing endogenous tissue plasminogen activator to com-

plete the remaining lysis required.17

This study has some limitations. Our sample size was small,

primarily because recanalization of proximal intracranial throm-

bus with intravenous alteplase within a clinically relevant time is

relatively rare. To address this limitation, we used a case-control

study design. We do, however, acknowledge that such a design

informs us about associations but not causality. To address over-

fitting of data, we used a series of steps, including the use of i) a

feature-selection approach to first select the best features associ-

ated with recanalization, ii) a linear support vector machine with

fewer parameters to be derived compared with more complicated

nonlinear machine learning models such as random forests and

deep neural networks, iii) L2 norm regularization to constrain the

model fitting and decrease the effective df without reducing the

actual number of parameters in the model, iv) and a 10� 5-fold

cross-validation strategy to generate a more accurate indication of

how well the model generalizes to unseen data.

FIG 3. ROC curves for the prediction of early recanalization with IV alteplase using 67 patients (30 patients versus 37 controls). The bars on the
curves represent the SDs of 10 repetitions. A, ROC curves for each feature group. B, ROC curves for different combinations of feature groups.
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To address variability in thrombus segmentation between ex-

perts, a second neuroradiology fellow manually contoured all

thrombi using the same processing pipeline. Results were similar

to those in the primary analysis. Feature representation influences

classification accuracy. In this work, the mean value was used to

represent the feature along all voxels within a thrombus,7,13 with-

out taking feature distribution into account. Feature ranking us-

ing linear discriminative analysis was applied on the whole dataset

before cross-validation, which might introduce a selection bias,18

thereby overestimating performance. More extensive validation

on an independent test dataset is required to evaluate the stability

of the selected features. We were unable to explore the underlying

biologic meaning of the radiomics-based imaging. This type of

correlation will need in vitro studies that look at radiomics and

thrombus pathology together.

CONCLUSIONS
This proof-of-principle case-control study shows that statistical

models using radiomics-based imaging features of intracranial

large-vessel thrombi can help identify patients who are likely to

achieve recanalization with intravenous alteplase. Future work on

automating image thrombus segmentation and image analysis

along with further validation of our results can potentially lead to

the development of computer-aided image-analysis software that

could help physicians determine whether patients with proximal

occlusions would recanalize in a reasonable timeframe with intra-

venous alteplase. This knowledge may be useful in the design and

testing of novel thrombolytic agents or enhanced thrombolysis

strategies. Until then however, this method cannot be used for

decision-making in acute stroke care, a time-sensitive situation in

which intravenous thrombolysis has to be administered to eligible

patients promptly and with minimal delay.
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ORIGINAL RESEARCH
ADULT BRAIN

Improved White Matter Cerebrovascular Reactivity after
Revascularization in Patients with Steno-Occlusive Disease

X L. McKetton, X L. Venkatraghavan, X C. Rosen, X D.M. Mandell, X K. Sam, X O. Sobczyk, X J. Poublanc, X E. Gray, X A. Crawley,
X J. Duffin, X J.A. Fisher, and X D.J. Mikulis

ABSTRACT

BACKGROUND AND PURPOSE: One feature that patients with steno-occlusive cerebrovascular disease have in common is the presence
of white matter (WM) lesions on MRI. The purpose of this study was to evaluate the effect of direct surgical revascularization on impaired
WM cerebrovascular reactivity in patients with steno-occlusive disease.

MATERIALS AND METHODS: We recruited 35 patients with steno-occlusive disease, Moyamoya disease (n � 24), Moyamoya syndrome
(n � 3), atherosclerosis (n � 6), vasculitis (n � 1), and idiopathic stenosis (n � 1), who underwent unilateral brain revascularization using a
direct superficial temporal artery–to-MCA bypass (19 women; mean age, 45.8 � 16.5 years). WM cerebrovascular reactivity was measured
preoperatively and postoperatively using blood oxygen level– dependent (BOLD) MR imaging during iso-oxic hypercapnic changes in
end-tidal carbon dioxide and was expressed as %� BOLD MR signal intensity per millimeter end-tidal partial pressure of CO2.

RESULTS: WM cerebrovascular reactivity significantly improved after direct unilateral superficial temporal artery–to-middle cerebral
artery (STA-MCA) bypass in the revascularized hemisphere in the MCA territory (mean � SD, �0.0005 � 0.053 to 0.053 � 0.046
%BOLD/mm Hg; P � .0001) and in the anterior cerebral artery territory (mean, 0.0015 � 0.059 to 0.021 � 0.052 %BOLD/mm Hg; P � .005).
There was no difference in WM cerebrovascular reactivity in the ipsilateral posterior cerebral artery territory nor in the vascular territories
of the nonrevascularized hemisphere (P � .05).

CONCLUSIONS: Cerebral revascularization surgery is an effective treatment for reversing preoperative cerebrovascular reactivity defi-
cits in WM. In addition, direct–STA-MCA bypass may prevent recurrence of preoperative symptoms.

ABBREVIATIONS: ACA � anterior cerebral artery; BOLD � blood oxygen level– dependent; CVR � cerebrovascular reactivity; MMD � Moyamoya disease; PCA �
posterior cerebral artery; PETCO2 � end-tidal partial pressure of CO2; STA � superficial temporal artery

The superficial temporal artery (STA)-middle cerebral artery

(MCA) bypass is a surgical revascularization technique often

used to bypass upstream in symptomatic steno-occlusive disease.

Cerebrovascular reactivity (CVR) is defined as the change in ce-

rebral blood flow (CBF) in response to a vasoactive stimulus, and

reflects the ability of the cerebral vasculature to augment CBF

when cerebral perfusion pressure is reduced (pressure autoregu-

lation)1 and when neural activity is increased (neurovascular cou-

pling).2 Surgical revascularization can improve CVR and reverse

the paradoxic reduction in regional blood known as “steal physi-

ology” in the ipsilateral and often in contralateral gray matter

(GM) hemispheres,3,4 reverse cortical thinning,5 improve neu-

rocognitive function,6 and reduce further ischemic events.7

White matter (WM) may also be adversely affected by steno-

occlusive disease. Chronic hypoperfusion can result in ischemic

injury, leading to axonal degeneration and glial proliferation.8

This effect can result in WM lesions or WM hyperintensities on

T2-weighted imaging or FLAIR imaging. WM lesions signify a

progressive cerebral small-vessel disease that is often observed in

patients with Moyamoya disease (MMD), patients with stroke,

and in aging. Age-related reductions in CVR and perfusion have

been found in WM lesions,9 and WM abnormalities have been

associated with reductions in cognitive function.10 In addition,

there has been a link among impaired WM CVR, cognitive decline
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in Alzheimer disease,11 and cognitive dysfunction and hemody-

namic impairment due to steno-occlusive disease.12 A previous

study reported that WM lesions became reversible by revascular-

ization surgery in MMD partly due to regional CBF increase.13

Thus, revascularization surgery may help improve WM CVR that

could lead to the conservation of or improvement in cognitive

function.

The purpose of this retrospective study was to determine the

effects of revascularization on WM CVR in patients with intracra-

nial steno-occlusive disease. We identified 35 patients who fit our

selection criteria. We measured WM CVR before and after surgi-

cal revascularization in the intervened and nonintervened hemi-

spheres to investigate whether regaining CBF would improve WM

CVR.

MATERIALS AND METHODS
Patients
The study was approved by the research ethics board of the Uni-

versity Health Network, and all patients signed informed consent.

The patients included in this study were selected from a prospec-

tively maintained data base of patients who underwent CVR

blood oxygen level– dependent (BOLD) MR imaging testing as

part of a series of research ethics board–approved studies at Toronto

Western Hospital. The inclusion criteria for this study were the fol-

lowing: 1) patients with intracranial steno-occlusive disease who had

a unilateral direct extracranial-intracranial bypass of the superfi-

cial temporal artery to MCA (STA-MCA); 2) the presence of steal

physiology on the prerevascularization CVR map; 3) an available

preoperative CVR study and at least 1 postoperative CVR study at

3 months or later postsurgery; 4) both preoperative and postop-

erative CVR studies performed with the same CO2 stimulus pro-

tocol and acquisition parameters; and 5) all patient CVR data

being sufficiently free of artifacts to be comparable, as determined

by a neuroradiologist experienced in BOLD MR imaging CVR

assessment (D.J.M.). Thirty-five patients were selected on the ba-

sis of inclusion criteria in this study (19 women; mean age at time

of bypass, 45.8 � 16.5 years). Pathology included MMD (n � 24),

Moyamoya syndrome (n � 3), atherosclerosis (n � 6), vasculitis

(right ICA stenosis) (n � 1), and idiopathic stenosis (n � 1).

Further details are shown in the On-line Table.

Imaging
MR imaging was performed on a 3T system (Signa HDx platform;

GE Healthcare, Milwaukee, Wisconsin) using an 8-channel

phased array head coil. For each patient, an anatomic T1-

weighted 3D spoiled gradient-echo sequence was acquired with

the following parameters that varied from before to after 2009:

voxel size � 0.781 � 0.781 � 2.2 mm/0.85 � 0.85 � 1 mm; TR �

7.88 ms; TE � 3 ms; matrix size � 256 � 256; 60/146 slices;

FOV � 22 � 22 cm; flip angle � 12°. Each patient had the same

pre- and postoperative BOLD MR imaging parameters acquired.

As end-tidal partial pressure of CO2 (PETCO2) was manipulated,

BOLD MR imaging data were acquired using a T2*-weighted sin-

gle-shot spiral gradient-echo sequence with an echo-planar read-

out. Ten out of 35 patients were scanned before 2010 and had the

same acquisition protocol for both pre- and postbypass CVRs,

and 25 patients were scanned after 2010 and had a different ac-

quisition protocol for their pre- and postbypass CVR BOLD

scans. The only differences between protocols included the reduc-

tion of a 2-mm gap, lowering the flip angle by 5°, and increasing

the slices from 20 to 30. Therefore, the BOLD parameters that

varied from before 2010 to after 2010 were the following: voxel

size � 3.75 � 3.75 � 5 mm, 2-mm gap/no gap, TR � 2 seconds,

TE � 30 ms, matrix size � 64 � 64, 20/30 slices, FOV � 24 � 24

cm, flip angle � 90°/85°.

Vasodilatory Stimulus
The control of PETCO2 and the end-tidal pressure of O2 were

achieved during MR imaging using an automated gas blender that

regulates gas composition and flow to a sequential gas-delivery

breathing circuit (RespirAct™; Thornhill Medical, Toronto, On-

tario, Canada) according to the methods previously described.14

The automated gas blender was connected to a soft plastic mask

sealed to the face using transparent dressing film (Tegaderm Film,

1626W; 3M Health Care, St. Paul, Minnesota). Before and after

2013, the patients underwent either a 2-square wave (step) proto-

col or 1-square wave followed by a ramp (step and a ramp) pro-

tocol for manipulating PETCO2 (from resting partial pressure of

CO2 to 10 mm Hg above resting) as previously detailed.3,15 Both

PETCO2 and end-tidal pressure of O2 values were selected from

the raw partial pressure of carbon dioxide and partial pressure of

O2 tracings and were confirmed post hoc by visual inspection and

corrected if needed by a custom-written program (LabVIEW; Na-

tional Instruments, Austin, Texas). Of the 35 patients studied, 2

patients (P14 and P21) had their first CVR fail due to excessive

motion and had their CVR scan restarted with no motion arti-

facts. This scan was used for analysis. One patient (P11) had the

initial postoperative CVR scan fail due to technical issues with the

scanner freezing, causing patient distress with the emergency but-

ton pressed. The patient returned for their follow-up the follow-

ing month.

Data and Statistical Analyses
MR imaging and PETCO2 data were imported to an independent

workstation and preprocessed using AFNI software (http://

afni.nimh.nih.gov/afni),16 SPM8 (http://www.fil.ion.ucl.ac.uk/

spm/software/spm12), and Matlab R2015a (MathWorks, Natick,

Massachusetts). PETCO2 data were time-shifted to the point of

maximum correlation between the rapid changes in PETCO2 and

BOLD signal. CVR was calculated as the slope of the line of best fit

between the percentage change in BOLD signal versus PETCO2.

CVR was calculated on a voxel-by-voxel basis from the slope of a

linear least-squares fit of the BOLD signal data series to the

PETCO2 values and was expressed as the percentage change in

BOLD signal per change in PETCO2 (%/mm Hg). The magnitude

of the slope in each voxel was color-coded from a color spectrum

in which yellow to red denoted a small-to-large positive slope

relating to an increase in CBF, and light to dark blue denoted a

small-to-large negative slope relating to reversal of CBF (ie, para-

doxic vascular steal physiology) (Fig 1).

Anatomic T1-weighted images were segmented into cerebro-

spinal fluid (CSF), GM and WM. CVR masks were generated

containing only WM, and were subsequently transformed into

Montreal Neurological Institute space. Unihemispheric WM
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probability maps were thresholded at 70% probability and were

used as a template for calculating CVR in each hemisphere. These

were transformed into Montreal Neurological Institute space us-

ing SPM8. Unihemispheric statistical parametric mapping GM

probability maps were thresholded at 70% in AFNI and served as

a template for calculating hemispheric CVR for each participant.

Each major arterial vascular territory comprising the MCA, pos-

terior cerebral artery (PCA), and anterior cerebral artery (ACA)

was identified by 2 neuroradiologists (D.J.M. and D.M.M.) and

manually traced, creating ROIs. A Wilcoxon matched-pairs

signed rank test (2-sided, � �.05) was used for statistical analysis

comparing the prerevascularization and postrevascularization

WM CVR values (Fig 2). Results were considered significant after

accounting for multiple comparisons by a Bonferroni correction

if the per-comparison P value �.05/(3 comparisons) was .017.

Additional analyses on GM CVR values pre- and postrevascular-

ization are reported in the On-line Figure.

RESULTS
The mean duration between STA-MCA bypass surgery and the

postoperative CVR study was 8.3 months (median, 5 months).

Each patient’s STA-MCA bypass was patent. There was no corre-

lation between follow-up time and WM CVR changes in the re-

vascularized MCA (r � �0.14, P � .42), PCA (r � �0.12, P �

.47), and ACA (r � 0.012, P � .94) territory. The mean time

between preoperative and postoperative CVR studies was 12.6

months (median, 8 months) (On-line Table).

WM CVR significantly improved after direct unilateral STA-

MCA bypass in the revascularized hemisphere in the MCA terri-

tory (mean � SD, �0.0005 � 0.053 to 0.053 � 0.046

%BOLD/mm Hg; P � .0001) and in the ACA territory (0.0015 �

0.059 to 0.021 � 0.052 %BOLD/mm Hg; P � .0053). There was

no difference in WM CVR after bypass in the ipsilateral PCA

territory (0.128 � 0.059 to 0.13� 0.062 %BOLD/mm Hg; P �

.98) and in the nonrevascularized MCA (mean � SD, 0.091 �

0.057 to 0.092 � 0.055 %BOLD/mm Hg; P � .74), ACA (0.041 �

0.052 to 0.043 � 0.055 %BOLD/mm Hg; P � .87), or PCA

(0.149 � 0.051 to 0.145 � 0.054 %BOLD/mm Hg; P � .62) ter-

ritory (Fig 2).

GM CVR significantly improved after direct unilateral STA-

MCA bypass in the revascularized hemisphere in the MCA terri-

tory (mean � SD, 0.034 � 0.07 to 0.11 � 0.059 %BOLD/mm Hg;

P � .0001). There was no difference in GM CVR after bypass in

FIG 1. BOLD MR imaging CVR maps in standard space overlaid on an
anatomic T1-weighted image of 5 representative patients (P3, P12, P20,
P31, and P32) who underwent a left (P3) and right (P12, P20, P31, and P32)
STA-MCA bypass. The first column shows CVR maps before bypass,
and the second column shows CVR maps within a 1-year follow-up
after revascularization surgery. CVR units are %�BOLD MR signal in-
tensity per millimeter mercury �PETCO2. Areas shown in blue dem-
onstrate decreased and paradoxic (negative) CVR as shown in P3 in the
left hemisphere and P12, P20, P31, and P32 in the right hemisphere (left
column). The resulting CVR maps visually demonstrate improvement
(reduction of steal) postbypass (right column).

FIG 2. Comparisons of pre- and post-unilateral STA-MCA bypass on
white matter CVR in the ipsilateral revascularized and contralateral
nonrevascularized hemispheres in patients with MMD, Moyamoya
syndrome, and steno-occlusive and atherosclerotic disease. The
white matter CVR in revascularized and nonrevascularized hemi-
spheres is shown in different vascular territories: MCA (A), ACA (B),
and PCA (C). The box denotes the interquartile range (25%–75%), the
horizontal line in the box denotes the median, and the whiskers de-
note the minimum and maximum values. Double asterisks indicate
P � .01; 4 asterisks, P � .0001.
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the ipsilateral ACA territory (0.08 � 0.10 to 0.09 � 0.08

%BOLD/mm Hg; P � .21), PCA territory (0.25 � 0.1 to 0.23 �

0.1 %BOLD/mm Hg; P � .23), or in the nonrevascularized MCA

(0.17 � 0.1 to 0.16 � 0.08 %BOLD/mm Hg; P � .1), ACA (0.26 �

0.09 to 0.25 � 0.09 %BOLD/mm Hg; P � .12), or PCA (0.25 �

0.08 to 0.25 � 0.1 %BOLD/mm Hg; P � .09) territory (On-line

Figure).

DISCUSSION
This study shows that the ipsilateral WM CVR improved after

unilateral revascularization of the affected hemisphere with a �10

time increase in the MCA and ACA territories. In addition, there

were some negative changes postbypass in the nonrevascularized

hemisphere. For example, of 35 patients, 18 patients had a nega-

tive change ranging from a 0.18%–10.1% decrease in CVR post-

bypass in the nonrevascularized MCA territory (Fig 2A). This

could be due to the disease progression affecting the contralateral

side and because the WM CVR signal is noisier (ie, the range of

0%–10% pre- and postoperative differences cannot be detected

with confidence). Previous studies have shown that revasculariza-

tion surgery improves cortical GM CVR and reduces the risk of

acute ischemia.3,4 The importance of our findings suggests that

WM CVR impairment, that is related to WM lesions and

associated with chronic ischemia, is also improved with

revascularization.

Previous studies reported WM CVR characteristics in healthy

controls. Sam et al,3 reported the mean WM CVR to be 0.17% �

0.06 %/mm Hg in 27 healthy control subjects (age range, 19 –71

years). Thomas et al17 found that WM CVR was about 4 – 8 times

lower than GM CVR. There is a paucity of literature pertaining to

WM CVR postrevascularization.

Our results are in agreement with those of a previous study

that found significant improvement in WM CVR in the inter-

vened MCA hemisphere but not in the nonintervened hemi-

sphere after revascularization surgery.3 Additionally, Sam et al,3

showed that WM CVR improved bilaterally in both ACA and

PCA territories in 20 patients with steno-occlusive disease,

whereas our findings showed improvement only in the ipsilateral

MCA and ACA territories after revascularization. We suggest that

these discrepancies may have resulted from sample size differ-

ences, heterogeneity in the pathologies of patients, and variability

in revascularization techniques in the form of extracranial-intra-

cranial bypass, carotid endarterectomy, and

encephaloduroarteriosynangiosis.

Patients with steno-occlusive disease have an increased risk of

cerebral hypoperfusion that could consequently lead to brain at-

rophy, cognitive impairment, and dementia.12 The most frequent

presentation of intracranial steno-occlusive diseases such as

MMD is transient ischemic attack or ischemic stroke.18 In MMD,

the risk of recurrent stroke is as high as 10% per year.19 Steal

physiology in MMD and other steno-occlusive diseases is associ-

ated with a high risk of stroke.20 Furthermore, impaired CVR with

steal physiology in steno-occlusive disease has been associated

with cognitive dysfunction,12 ipsilateral cortical thinning,21 and

increased diffusion in WM22; the latter is likely related to in-

creased water diffusivity due to axonal degeneration.23 In patients

with atherosclerotic disease, CVR deficits are associated with in-

creased risk of future ischemic attacks.24 However the clinical

efficacy of revascularization surgery in decreasing this risk re-

mains controversial.25

As a potential benefit to neurocognition, extracranial-intra-

cranial bypass has previously been reported to significantly im-

prove cognitive function in steno-occlusive disease26,27; our study

suggests that WM reperfusion may contribute to the improve-

ment. Additionally, revascularization surgery has been shown to

improve cognitive function in patients with symptomatic primary

carotid stenosis undergoing carotid endarterectomy and carotid

artery stent placement28 and in patients with ICA stenosis under-

going carotid endarterectomy.29 The caveat is that these reported

results were variable and were part of nonrandomized studies.

However, the Randomized Evaluation of Carotid Occlusion and

Neurocognition trial reported no significant difference in 2-year

cognitive changes between 16 patients who underwent current

best medical therapy and 13 patients who underwent extracra-

nial-intracranial bypass.30 In both arms, patients had symptom-

atic ICA occlusion and increased oxygen extraction fraction on

PET. Further studies are needed to assess CVR in patients who

underwent extracranial-intracranial bypass compared with pa-

tients who underwent medical therapy (ie, consistent use of st-

atins and antihypertensives).

The mechanism of restoration of WM CVR requires further

investigation, but the phenomenon has been shown previously.

Patients with steno-occlusive disease who had undergone ex-

tracranial-intracranial arterial bypass surgery had an increase in

their total brain blood supply, particularly the restoration of per-

fusion in hemodynamically compromised brain tissue.31 Revas-

cularization surgery was also previously found to improve cere-

bral perfusion in MMD in the ipsilateral MCA territory in

children32 and adults.33

The assessment of cerebral hemodynamic insufficiency in

steno-occlusive disease has remained a complex issue due to the

lack of suitable methods and consistency between study centers.34

Various imaging methods are used to evaluate cerebral hemody-

namics, including CVR or oxygen extraction fraction using

PET,35 xenon-enhanced CT36, perfusion-weighted MR imag-

ing,37 transcranial Doppler,34 and SPECT.38 BOLD CVR MR im-

aging and oxygen extraction fraction using PET are the most com-

monly used mapping methods. However, PET is costly, not

widely available, more invasive, uses ionizing radiation,39 and

provides no indication of dynamic autoregulation.40 Standard-

ized BOLD MR imaging CVR using CO2 as a vasodilatory stimu-

lus is noninvasive, requires no exposure to ionizing radiation (im-

portant for use in the pediatric population) or contrast agents,

and is a more available method for mapping whole-brain CVR. In

addition, a recent study in patients with advanced steno-occlusive

disease showed that BOLD MR imaging CVR performed very well

against PET CVR using identical CO2 stimuli.41 BOLD CVR MR

imaging is therefore an accessible and readily applied method for

routine clinical use.

CVR can be measured using BOLD MR imaging as a surrogate

for cerebral blood flow and hypercapnic changes in the PETCO2 as

the vasoactive stimulus.42 In healthy individuals, there is a strong

positive relationship between PETCO2 and CBF over a large range

of PETCO2. In steno-occlusive disease, patients may exhibit
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downstream regional decreases in CBF in response to hypercap-

nia. With mild hemodynamic impairment, reductions in CVR

result from a diminished increase in blood flow, whereas in more

severe cases, steal physiology occurs. Vascular steal arises from the

redistribution of blood flow away from any region that has re-

duced vascular reserve to vascular beds with intact reserve, which

results in a greater reduction in flow resistance.15 In addition to

vascular steal, other mechanisms including cerebrovascular auto-

regulation and/or the cerebral metabolic rate of O2 up-regulation

may contribute to negative BOLD CVR.43 Here, an alternative

explanation for a negative BOLD signal could be due to an in-

crease in blood volume, particularly if the CBV changes happen in

arteries or veins that have low oxygen saturation fractions as

found in patients with hypoxia with no change in deoxyhemoglo-

bin concentration in the blood. Additionally, Arteaga et al43 re-

ported negative BOLD in WM with low CBV (0.01– 0.02 mL

blood/mL parenchyma), which would need very sizeable changes

in CBV to explain the magnitude of the CVR BOLD signal de-

crease. Although their stimulus included hyperoxia (and ours did

not), it was proposed that the cerebral metabolic rate of O2 may

increase during the hypercapnic and hyperoxia stimulus because

hypoxic tissue at baseline may metabolize the additional oxygen

provided.43 Partial voluming with CSF (because CSF has no CBF)

in periventricular tissue may have contributed to paradoxic re-

duced flow; however, because the patients have larger regions of

steal, we can rule this out.

There are a number of approaches used to implement a vaso-

active stimulus (eg, breath-holding, administering a constant

level of CO2, injecting acetazolamide) that can result in large vari-

ations in the stimuli and thereby large variations in measured

CVR.44 Our study used BOLD MR imaging with precisely repeat-

able CO2, which minimizes sources of variability and allows de-

tailed mapping of the evolution of CVR changes in patients across

time, accounting for voxelwise test-retest variability compared

against a control CVR atlas.9 This key feature is unique to this

study because accurate assessments in CVR changes are challeng-

ing to separate from test-retest variability with nonrepeatable and

unknown stimuli.

The present study did have limitations. The patient popula-

tion under study included heterogeneous vascular pathology;

nevertheless, each patient underwent standardized unilateral di-

rect STA-MCA bypass surgery. We allowed liberal inclusion cri-

teria with respect to age, medication, and disease process to main-

tain the generality of the results.

CONCLUSIONS
Unilateral extracranial-intracranial bypass improves WM CVR in

the ipsilateral MCA and ACA territories, indicating improvement

in underlying hemodynamic reserve. Prospective studies using

quantitative, reproducible vasodilatory stimuli examining post-

revascularization cognitive performance and other clinical pa-

rameters, including patients who have undergone common med-

ical therapy, are warranted and strongly recommended to shed

further light on the efficacy of bypass revascularization.
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ORIGINAL RESEARCH
ADULT BRAIN

Infarct Volume Predicts Hospitalization Costs in Anterior
Circulation Large-Vessel Occlusion Stroke

X C.D. Streib, X S. Rangaraju, X D.T. Campbell, X D.G. Winger, X S.L. Paolini, X A.J. Zhang, X B.T. Jankowitz, X A.P. Jadhav, and
X T.G. Jovin

ABSTRACT

BACKGROUND AND PURPOSE: Anterior circulation large-vessel occlusion stroke, one of the most devastating stroke subtypes, is
associated with substantial economic burden. We aimed to identify predictors of increased acute care hospitalization costs associated
with anterior circulation large-vessel occlusion stroke.

MATERIALS AND METHODS: Comprehensive cost-tracking software was used to calculate acute care hospitalization costs for patients
with anterior circulation large-vessel occlusion stroke admitted July 2012 to October 2014. Patient demographics and stroke characteristics
were analyzed, including final infarct volume on follow-up neuroimaging. Predictors of hospitalization costs were determined using
multivariable linear regression including subgroup cost analyses by treatment technique (endovascular, IV tPA-only, and no reperfusion
therapy) and sensitivity analyses incorporating patients initially excluded due to early withdrawal of care.

RESULTS: Three hundred forty-one patients (median age, 69 years; interquartile range, 57– 80 years; median NIHSS score, 16; interquartile
range, 13–21) were included in our primary analysis. Final infarct volume, parenchymal hematoma, baseline NIHSS score, ipsilateral carotid
stenosis, age, and obstructive sleep apnea were significant predictors of acute care hospitalization costs. Final infarct volume alone
accounted for 20.87% of the total cost variance. Additionally, final infarct volume was consistently the strongest predictor of increased
cost in primary, subgroup, and sensitivity analyses.

CONCLUSIONS: Final infarct volume was the strongest predictor of increased hospitalization costs in anterior circulation large-vessel
occlusion stroke. Acute stroke therapies that reduce final infarct volume may not only improve clinical outcomes but may also prove
cost-effective.

ABBREVIATIONS: ACLVO � anterior circulation large-vessel occlusion; EWOC � early withdrawal of care; FIV � final infarct volume; IQR � interquartile range;
mTICI � modified TICI score; PH1 � parenchymal hematoma type 1; PH2 � parenchymal hematoma type 2

It is estimated that direct medical costs for stroke treatment in

the United States in 2015 reached $38 billion and will rise to

$51.3 billion in 2020.1 Large-vessel occlusion stroke, one of the

most clinically devastating stroke subtypes, is believed to drive

acute hospitalization costs in a disproportionate manner relative

to other ischemic stroke etiologies.2,3 Recent advances in endo-

vascular treatment for anterior circulation large-vessel occlusion

(ACLVO) stroke have dramatically improved functional out-

comes,4-10 with the unintended consequence of concentrating

acute ACLVO stroke care and the corresponding health care ex-

penses in select tertiary referral hospitals. The economic burden

to these hospitals is an especially timely consideration.

Prior studies addressing the cost of hospitalization in ischemic

stroke have found that endovascular treatment, intubation, base-

line NIHSS, atrial fibrillation, ischemic heart disease, stroke sub-
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type, diabetes mellitus, age, sex, and dehydration are significant

predictors of stroke hospitalization costs.11-16 Hospitalization

costs are typically calculated from billing charges, diagnostic

codes, and insurer or Medicare payments. However, such indirect

accounting methods do not accurately reflect the true cost of de-

livering medical care from the perspective of the hospital.15-18 In

July 2012, the University of Pittsburgh Medical Center (UPMC)

implemented proprietary, comprehensive cost-tracking software,

which captures hospitalization costs with considerably greater pa-

tient-level detail than traditional methods.19 Our aim was to use

this data capture paradigm to determine critical predictors of hos-

pitalization costs in ACLVO stroke.

MATERIALS AND METHODS
Data Sources and Subjects
Institutional review board approval was obtained. Our patient

cohort was derived from 2 prospectively collected databases: our

Get With The Guidelines stroke data base and our endovascular

stroke data base. Patients with acute stroke presenting to our hos-

pital with a primary diagnosis of ACLVO stroke between July

2012 and September 2014 were eligible for analysis. To avoid con-

founding, we restricted the analysis to patients receiving intensive

medical treatment. Withdrawal of care leading to discharge or

death within the first week of hospitalization constituted an ex-

clusion criterion. Patients with lack of follow-up imaging or ex-

tended hospitalization due to factors unrelated to stroke were also

excluded.

Patient demographics, medical history, admission laboratory

values, medications, stroke characteristics, and neuroimaging

findings were incorporated into the analysis. Stroke characteris-

tics and neuroimaging findings included the following: affected

hemisphere, baseline NIHSS score, level of arterial occlusion, final

infarct volume (FIV), parenchymal hematoma type 1 (PH1), and

parenchymal hematoma type 2 (PH2). Etiologic factors such as

underlying atrial fibrillation, ipsilateral carotid stenosis, and ca-

rotid dissection were also studied. The primary reperfusion tech-

nique was classified as endovascular treatment, IV tPA, or no

reperfusion therapy; patients who received both endovascular

treatment and IV tPA were analyzed as having endovascular

treatment.

Measurements
The level of occlusion was defined as the extracranial internal

carotid artery, intracranial internal carotid artery, middle cerebral

artery M1 division, middle cerebral artery M2 division, or tandem

lesions, as determined by catheter-based angiography when avail-

able or the initial vessel imaging study (CTA or MRA). The Al-

berta Stroke Program Early CT Scores were interpreted by the

attending vascular neurologist and recorded at the time of admis-

sion for patients undergoing endovascular therapy. Revascular-

ization status, the modified Thrombolysis in Cerebral Infarction

score (mTICI), was assessed by the interventionalist post-endo-

vascular treatment and prospectively recorded. FIV was calcu-

lated on MR imaging or CT scans obtained 6 – 48 hours postad-

mission by measuring the infarct volume on each slice and then

summating the infarct volumes of the individual slices according

to previously published methodology.20 We have demonstrated

high correlation between infarct volumes calculated by CT and

MR imaging within our database in prior studies.20

Cost Analysis
Our institution developed novel, automated comprehensive cost-

tracking software, which was implemented July 1, 2012. The cost

algorithms of the software incorporate patient-level information

to generate individualized patient-level cost data for each admis-

sion. For example, rather than assigning a uniform cost to all

“stroke protocol” brain MR imaging scans, costs are calculated by

MR imaging acquisition time. Accordingly, MR imaging scans

with longer acquisition times are assigned a higher cost value,

which accounts for the increased nursing and MR imaging tech-

nician resources required, as well as the depreciation of the MR

imaging scanner (simplified equation: CostMRI � (MRI Tech Sal-

ary � TimeMRI) � (Nurse Salary � TimeMRI) � (MRI Deprecia-

tion � TimeMRI). This calculation differentiates the cost of MR

imaging for an uncooperative, aphasic patient with a high NIHSS

score versus a cooperative patient with a low NIHSS score. This

level of detail is captured across all hospital cost domains, includ-

ing the following: supplies, drugs, blood products, clinical ancil-

lary services, diagnostic testing, imaging, laboratory, dietary,

intensive care unit nursing, non-intensive care unit nursing,

pharmacy, surgical services, housekeeping, and miscellaneous ex-

penses, which were included in our analysis. Costs were calculated

from the hospital’s perspective and encompass the duration of the

patient’s acute care hospitalization. Hospitalization costs were ana-

lyzed objectively, independent of reimbursement considerations.

Physicians’ costs as calculated by our software were highly

variable because of differences in physicians’ salaries and the

source of physicians’ salary support. These costs did not accu-

rately correlate with the levels of service provided. To avoid

introducing imprecision into the analysis, we excluded physi-

cians’ costs. Similarly, transfer costs, which occur randomly,

and indirect costs, such as administrative salaries of non-

health care providers, were also excluded. We did not adjust

for inflation because the study duration was limited to a 28-

month period.

Statistical Analysis
Distributions of continuous variables were assessed for normality.

We performed a log-transformation of the hospital cost data to

correct for rightward skewing. All baseline demographics and

stroke characteristics were included in univariate analyses. Vari-

ables with a P value � .25 in univariate linear regression analyses

were entered into multivariable linear regression to determine

base cost models. Variables with a P value � .05 in multivariable

linear regression were considered statistically significant. The fi-

nal model was evaluated for heteroscedasticity graphically by

plotting the fitted-versus-residual values for each subject and for-

mally using the Breusch-Pagan test. If the variance inflation factor

was �2, it would be addressed by removing the less biologically

plausible variable from the model. The goodness-of-fit of the

models was assessed by R2. For ease of interpretation, � coeffi-

cients of each statistically significant variable were exponentiated.

Following this reverse transformation, the exponentiated � coef-

ficients represent the percentage change in hospitalization costs
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attributable to a 1-unit increase of each continuous variable or the

percentage change associated with the presence of a categorical

variable. Within each model, the magnitude of the effect size of

each variable was quantified by partial eta2.

Because endovascular treatment and IV tPA administration

are proven predictors of increased hospitalization costs,11,15,16 the

primary analysis was performed on all eligible patients with

ACLVO while controlling for treatment technique (endovascular,

IV tPA-only, and no reperfusion therapy) by including treatment

technique in the multivariable linear regression model. We then

performed subgroup analyses on each treatment arm. Finally, we

performed sensitivity analyses incorporating previously excluded

patients to assess the robustness of our findings. The statistical

analysis was conducted with STATA software, Version 13.0

(StataCorp, College Station, Texas).

RESULTS
Of the 498 patients who presented to our institution with an

ACLVO stroke during the study period, 345 patients met the gen-

eral inclusion criteria. Of those patients, 4 were excluded because

their hospitalization was prolonged �21 days for reasons unre-

lated to stroke (myotonic dystrophy � 1, alcohol withdrawal � 1,

delayed discharge placement � 2). Three hundred forty-one pa-

tients were included in the primary analysis and comprised 133

patients with endovascular treatment, 61 patients with IV tPA-

only, and 147 patients who received no reperfusion therapy (Fig

1). Median hospitalization costs were $21,871 (interquartile range

[IQR], $15,672–$31,363) for the endovascular therapy group,

$14,456 (IQR, $7626 –$19,701) for the IV tPA-only group, and

$13,401 (IQR, $8308 –$23,589) for the no reperfusion therapy

group. The median age of our cohort was 69 years (IQR, 57– 80

years) with a median baseline NIHSS score of 16 (IQR, 13–21).

Complete patient demographics and stroke characteristics are

summarized in Tables 1 and 2, respectively.

Primary Analysis
Results from our univariate analysis

(On-line Table 1) guided construction

of our best-fit model using multivariable

linear regression. In the primary analysis

of all patients with ACLVO while con-

trolling for the primary reperfusion

technique, significant predictors of log-

transformed hospitalization costs in-

cluded the following: FIV (P � 0.001);

the composite variable PH1 or PH2

(P � .001); baseline NIHSS score (P �

.002); obstructive sleep apnea (P �

.0040); age (P � .009); and ipsilateral ca-

rotid stenosis (P � .020). Age was the

only variable that was inversely associ-

ated with hospitalization costs. The final

model explained 42.07% of the variance

in hospitalization costs (R2 � 42.07%).

The FIV was identified as the strongest

predictor of hospitalization costs, ac-

counting for 20.87% of the total hospi-

talization cost variance as calculated by partial eta2. The variables

did not demonstrate significant collinearity, nor did the model

have heteroscedasticity in the primary or subgroup analyses.

Subgroup Analysis
The FIV was the only variable that remained statistically signifi-

cant across all subgroup models. Irrespective of the treatment

technique, FIV was the strongest predictor of hospitalization costs

as determined by partial eta2. PH1 or the related composite vari-

able, PH1 or PH2, were strongly correlated with cost in all except

the IV tPA-only subgroup, as was obstructive sleep apnea. The

baseline NIHSS score was a significant predictor in all models

with the exception of the subgroup with no reperfusion therapy.

Ipsilateral carotid stenosis and the mTICI score were statistically

significant predictors of cost for the endovascular treatment sub-

group only, while age was inversely associated with cost in the

subgroup with no reperfusion therapy. The P values and expo-

nentiated � coefficients of the statistically significant variables for

each model are summarized in Table 3.

Sensitivity Analysis
Of the 99 patients excluded from the primary and subgroup anal-

yses due to early withdrawal of care (EWOC), complete data were

available for 88 patients. EWOC led to significantly lower hospital-

ization cost (median, $6664; IQR, $4868–$13,765) compared with

aggressive medical and interventional treatment (P � .0001). Pa-

tients with EWOC were older, with larger infarct volumes, higher

baseline NIHSS scores, and increased rates of PH1 and PH2 (On-line

Table 2). When patients with EWOC were included, age, FIV, and

PH1 remained significant predictors of cost, but the model had a

considerably poorer fit (R2 � 30.10%) and the association among

cost, FIV, and PH1 was attenuated due to confounding. Accounting

for EWOC status generated a considerably more robust model (R2 �

42.53) in which FIV, followed by PH1, remained consistently strong

predictors of increased hospitalization cost (On-line Table 3).

FIG 1. Study flow diagram. Endovascular stroke data base July 2014 to October 2014: three hun-
dred twenty-four total stroke interventions (66 posterior circulation, 88 at an affiliated hospital
without cost-tracking) with 173 patients eligible for anterior circulation large-vessel occlusion.
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A second sensitivity analysis included 11 of 12 patients whose

follow-up imaging was performed outside our prespecified 6- to

48-hour time window. Statistically significant predictors of hos-

pitalization costs were identical to those in the primary analysis

(On-line Table 3).

DISCUSSION
We found that in patients with ACLVO stroke, FIV, a well-known

predictor of clinical outcome,8,9,21,22 is also the most robust de-

terminant of hospitalization costs. FIV had the strongest associa-

tion with hospitalization costs in univariate analysis (Fig 2), a

relationship that persisted in all multivariable analyses, including

our primary analysis of all patients with ACLVO and subgroup

analyses of patients with endovascular therapy, IV tPA, or no

reperfusion therapy. Although it is intuitive that larger stroke

volumes lead to more resource-intensive hospital admissions,

we do not believe that this fundamental relationship between

infarct volume and hospitalization costs has been previously

reported.

We constructed our cost-prediction models from baseline pa-

tient demographics and stroke characteristics alone. Given that

we limited our models to variables with P values � .05 and inten-

Table 1: Baseline patient demographicsa

All Patients
(n = 341)

Endovascular Therapy
(n = 133)

IV tPA-Only
(n = 61)

No Reperfusion Therapy
(n = 147)

Cost (median) (IQR) $16,446 $21,871 $14,456 $13,401
($9823–$27,165) ($15,672–$31,363) ($7626–$19,701) ($8308–$23,589)

Age (median) (IQR) 69 (57–80) 68 (58–80) 75 (59–83) 66 (55–79)
Female 165 (48.4%) 65 (48.9%) 33 (54.1%) 67 (45.6%)
A. Fib 162 (47.5%) 65 (48.9%) 37 (60.7%) 60 (40.9%)
Alcohol abuse 27 (7.9%) 7 (5.3%) 4 (6.6%) 16 (10.9%)
Anticoagulation 29 (8.5%) 11 (8.3%) 5 (8.2%) 13 (8.8%)
CAD 78 (23.0%) 26 (19.6%) 19 (31.7%) 33 (22.6%)
CAS 72 (21.1%) 23 (17.3%) 10 (16.4%) 39 (26.5%)
CHF 59 (17.5%) 15 (11.4%) 17 (28.3%) 27 (18.5%)
CKD 19 (5.6%) 3 (2.3%) 4 (6.7%) 12 (8.2%)
Dementia 15 (4.4%) 2 (1.5%) 7 (11.7%) 6 (4.1%)
Dissection 17 (5.0%) 9 (6.8%) 2 (3.3%) 6 (4.1%)
DMII 103 (30.2%) 51 (38.3%) 25 (41.0%) 27 (18.4%)
Hyperlipidemia 149 (43.7%) 64 (48.1%) 29 (47.5%) 56 (38.1%)
Hypertension 291 (85.3%) 111 (83.5%) 55 (90.2%) 125 (85.0%)
Illicit drug use 8 (2.3%) 0 (0.0%) 0 (0.0%) 8 (5.5%)
Obesity 44 (12.9%) 12 (9.0%) 19 (31.1%) 13 (8.8%)
OSA 31 (9.2%) 12 (9.0%) 8 (13.1%) 11 (7.5%)
Psychiatric 33 (9.7%) 9 (6.8%) 7 (11.5%) 17 (11.6%)
Tobacco 124 (36.6%) 40 (30.1%) 21 (34.4%) 63 (42.9%)

Note:—A. Fib indicates atrial fibrillation; CAD, coronary artery disease; Dissection, ipsilateral carotid dissection; CAS, ipsilateral carotid artery stenosis; CHF, congestive heart
failure; CKD, chronic kidney disease; DMII, diabetes mellitus II; OSA, obstructive sleep apnea; Psychiatric, any psychiatric comorbidity.
a Values represent total number and percentage unless otherwise indicated.

Table 2: Stroke characteristicsa

All Patients
(n = 341)

Endovascular Therapy
(n = 133)

IV tPA-Only
(n = 61)

No Reperfusion
Therapy (n = 147)

Baseline NIHSS (median) (IQR) 16 (13–21) 16 (13–19) 16 (12–22) 17 (13–21)
FIV (mL) (median) (IQR) 59.9 (17.1–129) 27 (9.4–86.0) 62.5 (8.7–118.7) 93 (37.8–170.0)
Left hemisphere 175 (51.3%) 65 (48.9%) 38 (62.3%) 72 (48.9%)
Level of occlusion

Extracranial ICA 7 (2.0%) 2 (1.5%) 4 (6.6%) 1 (0.6%)
Tandem occlusion 39 (11.4%) 31 (23.3%) 2 (3.3%) 6 (4.1%)
Intracranial ICA 79 (23.2%) 16 (12.0%) 9 (14.8%) 54 (36.7%)
M1 division of MCA 166 (48.7%) 74 (55.6%) 33 (54.1%) 59 (40.1%)
M2 division of MCA 50 (14.7%) 10 (7.5%) 13 (21.3%) 27 (18.4%)

PH1 14 (4.1%) 3 (2.3%) 8 (13.1%) 4 (2.7%)
PH2 9 (2.6%) 5 (3.8%) 3 (4.9%) 1 (0.7%)
ASPECTS (median) (IQR) Data unavailable 8 (7–9) Data unavailable Data unavailable
Wake-up stroke Data unavailable 19 (14.3%) Data unavailable Data unavailable
Onset to treatment (min) (median) (IQR) 310 (236–465) 138 (115–155)
IA intubation 5 (3.7%)
Recanalization (mTICI)

mTICI 0 1 (0.8%)
mTICI 1 1 (0.8%)
mTICI 2a 4 (3.0%)
mTICI 2b 91 (68.7%)
mTICI 3 36 (26.9%)

Note:—IA indicates intra-arterial (ie, endovascular treatment).
a Values represent total number and percentage unless otherwise indicated.
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tionally excluded postadmission variables such as length of stay,

intubation, and decompressive craniectomy, we find it remark-

able that our primary model still accounted for 42.07% of the total

variance of (log-transformed) hospitalization costs. FIV alone ac-

counted for 20.87% of the variance in hospitalization costs. When

interpreted across the range of observed FIVs, a patient with a

249.2-mL infarct (95th percentile) would have a 148.61% higher

hospitalization cost than an otherwise identical patient with a

2.0-mL infarct (fifth percentile). Under

this hypothetic scenario, with the mean

hospitalization cost of $20,351.23 as a

reference point, such a change in FIV

would increase hospitalization costs by

$30,244.13, or $122.35 for each addi-

tional milliliter of stroke burden (Table

4). Notably, in our analyses, the rela-

tionship between cost and FIV is expo-

nential rather than linear, meaning that

larger increases in FIV have a more pro-

nounced impact (Fig 2). Another con-

sideration is that our primary objective

was to accurately identify critical predic-

tors of increased ACLVO acute care hos-

pitalization costs. By excluding costs

that were highly variable (ie, physicians’

costs) or occurring at random (ie, trans-

fer costs) from the model, we improved

our ability to correctly identify consis-

tent predictors of hospitalization costs

but under-represented the total cost to

the hospital.

In addition to FIV, we also found

that PH1, baseline NIHSS, obstructive

sleep apnea, age, and ipsilateral carotid

stenosis were significant predictors of

hospitalization costs in our primary

analysis. With the exception of ipsilat-

eral carotid stenosis, our findings are

consistent with prior studies of cost

or clinical outcome.11,13,23,24 Increased

hospitalization costs in patients with

ACLVO with ipsilateral carotid stenosis

are presumably a consequence of addi-

tional expenses accrued from endarter-

ectomy or carotid stent placement.

Differences in the cost models gen-

erated by our subgroup analysis may

be explained by inherent differences

among patient populations. For exam-

ple, carotid stenosis was a significant

predictor of hospitalization cost only in

the endovascular therapy subgroup.

Rates of carotid revascularization in pa-

tients with moderate or severe symp-

tomatic carotid stenosis ranged from

100% in the endovascular group to 30%

and 28% in the IV tPA-only and no rep-
erfusion therapy groups, respectively. This discrepancy is a result
of our institutional practice of revascularizing all symptomatic
carotid arteries during the initial hospitalization unless contrain-
dicated by the risk of hemorrhagic conversion attributable to high
FIV. Therefore, patients with larger strokes, such as those seen in
the IV tPA-only and no reperfusion therapy subgroups, undergo

carotid revascularization less frequently, decreasing the impact of

carotid stenosis on acute care hospitalization costs. Conversely,

FIG 2. Univariate analysis: cost versus final infarct volume.

Table 3: Significant predictors of cost

P Value Partial Eta2
Exponentiated

�-Coefficient (95% CI)b

Primary analysis: all ACLVOa (n � 341)
FIV (mL) �.0001 20.87% 1.0037 (1.0029–1.0048)
PH types 1 and 2 �.0001 5.22% 1.6399 (1.3050–2.0610)
NIHSS .0024 2.76% 1.0161 (1.0057–1.0266)
Obstructive sleep apnea .0040 2.48% 1.3391 (1.0981–1.6329)
Age (yr) .0089 2.06% 0.9946 (0.9906–0.9986)
Ipsilateral carotid stenosis .0195 1.65% 1.1902 (1.0285–1.3774)

Subgroup analysis by treatment group
Endovascular therapy (n � 133)

FIV (mL) .0003 10.03% 1.0024 (1.0011–1.0037)
PH type 1 .0006 9.24% 2.4942 (1.4926–4.1680)
Obstructive sleep apnea .0018 7.71% 1.5211 (1.1727–1.9730)
NIHSS .0120 5.08% 1.0206 (1.0046–1.0368)
Ipsilateral carotid stenosis .0290 3.85% 1.2481 (1.0234–1.5221)
mTICI scorec .0364 1.79% Multilevel variable

IV tPA-only (n � 61)
FIV (mL) �.0001 29.11% 1.0043 (1.0025–1.0060)
NIHSS .0300 7.99% 1.0273 (1.0273–1.0524)

No reperfusion therapy (n � 147)
FIV (mL) �.0001 27.92% 1.0042 (1.0031–1.0053)
PH types 1 and 2 .0005 8.37% 2.6371 (1.5458–4.4988)
Obstructive sleep apnea .0300 3.29% 1.5057 (1.0407–2.1784)
Age (yr) .0330 3.20% 0.9925 (0.9857–0.9937)

a Controlled for treatment type: endovascular, IV-tPA, and no reperfusion therapy.
b The exponentiated �-coefficient represents the multiplicative change in cost associated with an increase in 1 unit of
a continuous variable (or the presence of a categoric variable), while holding all other variables constant.
c Multilevel variable with F-distribution.

AJNR Am J Neuroradiol 40:51–58 Jan 2019 www.ajnr.org 55



age was not a significant predictor of cost in the endovascular

subgroup. A potential explanation for this finding is that only

elderly patients with excellent baseline functional status were se-

lected for endovascular stroke treatment.

Our subgroup of patients undergoing endovascular throm-

bectomy was treated before the publication of randomized con-

trolled trials demonstrating the effectiveness of endovascular

therapy. However, these randomized controlled trials did not

meaningfully change our institutional practice, and our findings

remain generalizable. The NIHSS scores and Alberta Stroke Pro-

gram Early CT Scores of our endovascular therapy cohort are also

comparable with those reported in recent endovascular stroke

randomized controlled trials, and our patients were similarly

screened for pretreatment functional independence. Addition-

ally, the primary endovascular treatment technique used at our

institution was the stent retriever, resulting in �90% mTICI 2b or

3 reperfusion rates. We also studied a wide time window of stroke

onset to treatment (interquartile range, 236 – 465 minutes) with

�15% of the cohort having wake-up stroke (Tables 1 and 2).

Finally, there have not been substantial changes in post throm-

bectomy medical care or substantial inflation that would impact

the validity of our key findings.

One of the limitations of our study is that the findings may be

specific to high-volume, tertiary referral, academic hospitals.

However, while absolute costs may differ across hospitals, predic-

tors of cost are likely to be similar because they are ultimately

determinants of resource use. FIV is known to be associated with

inpatient interventions such as tracheostomy, feeding tube place-

ment, and decompressive craniectomy, which both add to hospi-

talization cost and prolong hospital admission.25,26 Further sup-

porting this hypothesis, a post hoc exploratory analysis of our

dataset demonstrated a clear, significant relationship (P � .001)

between increasing FIV and prolonged hospitalization (On-line

Fig 1). Thus, we believe our findings should be applicable to a

broad range of hospitals. Additionally, intermediate and long-

term care, key components of stroke health care costs, were not

taken into account in our analysis. In the Endovascular Therapy for

Ischemic Stroke with Perfusion-Imaging Selection (EXTEND-IA)

trial, Campbell et al9 reported that patients who received endo-

vascular treatment had significantly lower FIVs and returned

home earlier than the control group. Accordingly, it can be ex-

trapolated that lower FIVs are
likely to result in decreased intermediate
and long-term health care costs,
though this hypothesis requires further

investigation.27

Another limitation is the 6- to 48-
hour time window used to calculate in-
farct volumes, which is a reflection of
our clinical practice. We obtain early
MR imaging scans on patients undergo-
ing endovascular recanalization treat-
ment to assess for hemorrhage and guide
postintervention antithrombotic ther-

apy, whereas patients without endovas-
cular recanalization are scanned later for

prognostication and management of ce-

rebral edema. Patients receiving IV tPA

undergo follow-up imaging 24 hours post-treatment per proto-

col, while the timing of imaging in patients who do not receive

reperfusion therapy is determined on a case-by-case basis. Early

imaging may result in an underappreciation of infarct volume.

However, most scans obtained �24 hours from admission were

either for patients having undergone endovascular recanalization

or those not receiving reperfusion therapy who presented with

large completed infarcts (On-line Fig 2); these patients are un-

likely to experience substantial infarct growth.9 By standardizing

our infarct volume calculations to scans obtained between 6 and

48 hours from admission, we limited potential inconsistency in

infarct volume calculations attributable to more variable imaging

timing and progression and/or resolution of cerebral edema. We

acknowledge that the non-uniform timing of follow-up imaging

may introduce imprecision into our calculations, but we do not

believe it alters our fundamental findings.

A further limitation is that our findings only apply to ACLVO

stroke. We intentionally excluded posterior circulation large-ves-

sel occlusions because treatment paradigms in this patient popu-

lation are not driven uniformly by high-level randomized clin-

ical trial data. Additionally, it appears that in ACLVO stroke

lesion location may not be tightly correlated with outcome.28

Outcomes and hospital admission complexity in posterior cir-

culation stroke, however, may be more dependent on lesion

location due to the ramifications of brain stem infarction on

consciousness and respiratory drive.29

Finally, 99 patients were excluded from our primary analysis

because of EWOC. Patients with EWOC represent a clinically

distinct patient population, and their inclusion in our sensitivity

analysis confounds the model. However, controlling for EWOC

status produced the same fundamental finding with FIV the most

robust predictor of increased hospitalization costs. Furthermore,

although EWOC significantly decreases hospitalization costs, it

remains a clinically undesirable outcome. Pursuing EWOC may

be appropriate in a subset of patients with ACLVO, but ideally

cost-effectiveness strategies target cost savings and improved clin-

ical outcomes in parallel.

CONCLUSIONS
We found that FIV, a well-known predictor of stroke-related dis-

ability,7,10,21,22 was the strongest predictor of increased hospital-

Table 4: Expected cost burden per additional infarct volumea

Increased Stroke
Burden (mL)

Expected Increase
in Hospitalization Cost

Net Expected
Cost Increase

Cost per Additional
1 mL of Stroke Burden

1 0.37% $75.11 $75.11
10 3.75% $763.75 $76.38
50 20.23% $4116.33 $82.33
100 44.54% $9065.25 $90.65
150 73.78% $15,015.15 $100.10
200 108.93% $22,168.52 $110.84
247.2b 148.61% $30,244.13 $122.35
300 202.00% $41,108.50 $137.03
350 263.09% $53,539.62 $152.97
400 336.52% $68,485.11 $171.21
413.3c 358.44% $72,946.41 $176.50

a With reference to mean cost � $20,351.23 and primary multivariable analysis (Table 3), holding all variables constant
while increasing the FIV.
b Range of FIVs observed (fifth–95th percentile).
c Full range of observed FIVs (0 –100th percentile).
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ization costs in ACLVO stroke at our institution. Furthermore,

this relationship was exponential—that is, greater absolute in-

creases in FIV have a considerably greater effect on cost. A notable

strength of our cost analysis is the use of detailed patient-level cost

data rather than traditional indirect accounting methods. Addi-

tionally, our study has a relatively large sample size and broad

inclusion criteria and demonstrated consistent findings across

primary, subgroup, and sensitivity analyses. To our knowl-

edge, this is the first time that the fundamental relationship

between FIV and hospitalization costs has been reported. This

finding has considerable economic implications for the treat-

ment of ACLVO stroke. Therapies that reduce FIV not only

improve clinical outcomes, but may also be critical to provid-

ing cost-effective treatment.
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MRI Quantitative T2* Mapping to Predict Dominant
Composition of In Vitro Thrombus

X R. Bourcier, X R. Pautre, X M. Mirza, X C. Castets, X J. Darcourt, X J. Labreuche, X L. Detraz, X H. Desal, X J.-M. Serfaty, and
X C. Toquet

ABSTRACT

BACKGROUND AND PURPOSE: MR imaging quantitative T2* mapping, which provides information about thrombus composition and
specifically the red blood cell content, may be obtained in the setting of acute ischemic stroke before treatment. This could be useful to
adapt the endovascular strategy. We aimed to analyze the red blood cell content of in vitro thrombi in relation to the thrombus-T2*
relaxation time.

MATERIALS AND METHODS: Thirty-five thrombus analogs of different compositions were scanned with an MR imaging quantitative T2*
mapping sequence. Two radiologists, blinded to thrombus composition, measured the thrombus-T2* relaxation time twice at an interval
of 2 weeks. Quantitative histologic evaluations of red blood cell content were performed. Inter- and intraobserver reproducibility of the
thrombus-T2* relaxation time was assessed by calculating intraclass correlation coefficients. Finally, a Spearman product moment corre-
lation between the thrombus-T2* relaxation time and red blood cell content was performed.

RESULTS: The median thrombus-T2* relaxation time was 78.5 ms (range, 16 –268 ms; interquartile range, 60.5 ms). The median red blood
cell content was 55% (range, 0%–100%; interquartile range, 75%). Inter- and intraobserver reproducibility of the thrombus-T2* relaxation
time was excellent (�0.9). The Spearman rank correlation test found a significant inverse correlation between thrombus-T2* relaxation
time and red blood cell content (� � �0.834, P � .001).

CONCLUSIONS: MR imaging quantitative T2* mapping can reliably identify the thrombus red blood cell content in vitro. This fast,
easy-to-use sequence could be implemented in routine practice to predict stroke etiology and adapt devices or techniques for endovas-
cular treatment of acute ischemic stroke.

ABBREVIATIONS: RBC � red blood cell; SVS � susceptibility vessel sign; TT2*RT � thrombus-T2* relaxation time

Sudden occlusion of an intracranial artery by a thrombus rep-

resents the pivotal event in anterior acute ischemic stroke.

Consequently, the primary goal of acute stroke treatment is to

restore perfusion by lysing the thrombus with intravenous throm-

bolysis and/or retrieving the thrombus with mechanical throm-

bectomy.1 The red blood cell (RBC) content may be especially

critical to tailor the endovascular treatment. As demonstrated by

Hashimoto et al,2 the interaction between the stent-retriever

struts and the thrombus is likely dependent on the number of

RBCs in the thrombus.3 Hence a first-line imaging-screening pro-

tocol that can provide the proportion of RBCs in the whole

thrombus would be helpful when planning a treatment strategy.

In this field, the T2* sequence offers acquisition times suited to the

context of emergency acute ischemic stroke. The susceptibility

vessel sign (SVS) on T2* MR imaging is defined by a hypointense

signal, exceeding the diameter of the contralateral artery, located

at the site of the thrombus.4 A positive SVS (SVS�) correlates

with an RBC-dominant thrombus, whereas a lack of SVS (SVS�)

indicates a fibrin-dominant thrombus.3

However, a binary assessment of thrombus composition

(either SVS� or SVS�) may not reflect the complex nature of

thrombi in which different regions may have different content

of RBCs.5-7 Moreover, SVS� can be difficult to determine in
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clinical practice because some thrombi may show a hypointense

signal with a diameter equal to or slightly above that of the con-

tralateral artery. Last, the diagnostic accuracy of the SVS to deter-

mine RBC content varies dramatically among MR imaging ma-

chines.8 Because T2* maps are commonly used to assess the

cardiac and liver iron load in patients with thalassemia,9,10 mea-

suring the thrombus T2* relaxation time (TT2*RT) could provide

quantitative insight into thrombus composition rather than a

qualitative evaluation using the SVS.11 In this study, we aimed to

analyze the RBC content of in vitro thrombi in relation to the

thrombus-T2* relaxation time and to examine the intra- and in-

terobserver agreement of the TT2*RT measurements.

MATERIALS AND METHODS
Blood Collection and Thrombus Formation
Detailed methods for blood collection and thrombus formation

were previously published.12 In brief, ovine blood was obtained

from a licensed facility (Ash Stream, Hollymount, Ireland). Seven

different thrombi analog types were created, with 5 replicate

thrombi for each type. To separate the whole-blood constituents,

we performed centrifugation, and coagulation was generally initiated

following the addition of a calcium chloride solution to the blood

components. Erythrocyte, plasma, and white cell content were con-

trolled by volume in the precoagulated solution. Finally, thrombi

were prepared with different ratios of RBCs and fibrin. Clotted ma-

terial was allowed to mature for approximately 30 minutes to 1 hour

at 37°C. Then, thrombi were formed in either a static or dynamic

environment and mixed with citrated plasma, thrombin, or platelets

to promote thrombus retraction. Of note, the thrombus-creation

results show that the environment influences thrombus composi-

tion. Specifically, even with the same initial volume and constituents

of blood, a thrombus created in static conditions had a vastly differ-

ent final histologic composition than the dynamic thrombus. To

simulate realistic blood conditions and

represent the wide range of human

thrombus compositions, we used both

types of environmental conditions to cre-

ate thrombi. They were suspended in a

physiologic serum within an MR imag-

ing–compatible agarose matrix (Fig 1D).

MR Imaging Analysis
Each thrombus was placed in a vial 4 cm
deep and 8 mm wide, filled with physio-
logic serum. The thrombi were fully sub-

merged at the bottom of the vials but were
not embedded in the agarose gel. Thirty-

five different thrombi were scanned si-

multaneously in an MR imaging machine.

Experiments were performed on a 1.5T

MR imaging unit (Magnetom Aera; Sie-

mens, Erlangen, Germany) equipped with

a system capable of 50 mT/m-1 maximum

strength and 200 mT-1.s-1 maximum

slew rate. A volume coil was used for exci-

tation, while a head/neck coil composed of

20 receiver channels was used for signal

reception.

A quantitative T2* mapping sequence based on multi-gra-

dient-echo was used with the following imaging parameters:

TR, 442 ms; 12 different TEs: 3.30, 4.72, 6.19, 9.12, 13.08,

17.04, 20.98, 24.92, 28.86, 32.80, 36.74, 40.68 ms; slice thick-

ness, 3 mm; gap between slices, 0.3 mm; FOV, 260 � 260 mm;

flip angle, 20°; matrix, 205 � 256; voxel size, 1.3 � 1.3 � 3

mm3; pass band, 930 Hz; acquisition time, 2 minutes and 32

seconds. We performed a 3D-CISS sequence with the following

parameters: TR, 6.09 ms; TE, 2.81; section thickness, 0.5 mm;

intersection gap, 0 mm; FOV, 190 � 154 mm; flip angle, 62°;

matrix, 320 � 240; voxel size, 0.3 � 0.3 � 0.3; pass band, 300

Hz; acquisition time, 2.49 minutes.

The TT2*RT values were measured after coregistration with

3D-CISS images to visualize the boundaries of the thrombi and

manually select an ROI to include the entire thrombus on an axial

slice. The software automatically provided a mean TT2*RT value

in milliseconds (in the ROI), the SD, and the size of the area in

square millimeters.

After the MR imaging acquisition, the thrombus analogs were

immediately embedded in paraffin for histologic analysis. The

measurements by 2 radiologists (a junior radiologist and an expe-

rienced neuroradiologist) blinded to the histologic composition

of the thrombi were performed in 2 sessions 2 weeks apart to

examine inter- and intraobserver reliability.

Histologic Analysis
Immediately after the MR imaging acquisition, the thrombi

were fixed in a 10% formalin solution. Formalin-fixed speci-

mens were then embedded in paraffin, cut into 7-�m-thick

sections, and stained with hematoxylin-eosin. Two experi-

enced pathologists without knowledge of the laboratory-an-

nounced thrombus composition and the imaging findings per-

FIG 1. A, MR images of 3D-CISS analog thrombi. B, MR images of coregistered T2 mapping and
3D-CISS analog thrombus. Thrombi were manually contoured and analyzed in their largest sur-
face, with the support of multiplanar reconstruction. Thrombi were identified by their localiza-
tion in the matrix to allow comparison with histologic data. C, Macroscopic view of floating
thrombi. D, Matrix of agarose gel with holes filled with physiologic serum. Ar indicates surface; Av,
mean T2* relaxation time; E-T, SD.
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formed the histologic evaluation independently. Discordant

results were re-evaluated and were resolved by consensus. We

identified the different components of the thrombi: fibrin/

platelet aggregations, RBCs, and rarely found white blood cells.

Slides were scanned and analyzed using NDP.view software

(https://ndp-view.software.informer.com/). First, a low-power-

field examination was used to identify pure fibrin clots (�95%

fibrin), pure RBC clots (�95% RBCs), and heterogeneous clots.

Preliminary evidence suggested that 2 pathologists working inde-

pendently could reproducibly evaluate a 10% change in RBC con-

tent. Hence, we devised a simple scaling system (Fig 2) based on a

10% threshold that had a stepwise incremental increase in RBC

content for this semiquantitative analysis. When the thrombus

was heterogeneous, a 2-step procedure was devised. First, the

RBC-dominant areas were evaluated by a semiquantitative anal-

ysis using a lattice composed of 10 � 10 squares at a high-power

field. Second, the proportion of the RBC component was calcu-

lated as the ratio (percentage) of selected dominant RBC areas to

the entire thrombus area. A 10% incremental scale was again

applied.

Statistical Analysis
MR imaging quantitative T2* mapping results are expressed as

median, range, and interquartile range due to the non-normal

distribution. Normality of distributions was assessed using histo-

grams and the Shapiro-Wilk test. Inter- and intraobserver repro-

ducibility of the TT2*RT measurements was assessed by calculat-

ing intraclass correlation coefficients. The intraclass correlation

coefficients were estimated using a 2-way random effects model

(absolute agreement). Intraclass correlation coefficient values of

�0.5, between 0.5 and 0.75, between

0.75 and 0.9, and �0.90 were inter-

preted as poor, moderate, good, and ex-

cellent reproducibility, respectively.13

The mean of the TT2*RT values (4

readings) was used in descriptive and

correlation analyses. The correlation

between TT2*RT values and histologic

RBC content was assessed by calculat-

ing the Spearman rank correlation (�)

coefficient. Ninety-five percent confi-

dence intervals for intraclass correla-

tion coefficients and � values were ob-

tained using bootstrap methods (2000

bootstrap samples). All analyses were

computed using R statistical and

computing software (Version 3.5.1;

http://www.r-project.org/).

RESULTS
A total of 35 thrombi were histologically

processed and analyzed. Inter- and

intraobserver reproducibility of the

TT2*RT measurements was excellent,

with an intraclass correlation coeffi-

cient of 0.915 (95% CI, 0.783– 0.981)

for interobserver reproducibility at the

first session, 0.944 (95% CI, 0.814 –

0.991) for interobserver reproducibility at the second session,

0.977 (95% CI, 0.961– 0.988) for intraobserver reproducibility

of the junior radiologist, and 0.982 (95% CI, 0.967– 0.990) for

intraobserver reproducibility of the senior neuroradiologist.

The median TT2*RT value was 78.5 ms (range, 16 –268 ms;

interquartile range, 60.5 ms). The median TT2*RT SD was 28.5

ms (range, 6 – 84 ms; interquartile range, 25.5 ms). The median

TT2*RT area that reflects the cross-sectional size of the thrombi

was 26 mm2 (range, 17– 67 mm2; interquartile range, 23.3 mm2).

The median RBC content was 55% (range, 0%–100%; interquar-

tile range, 75%).

A strong negative correlation between TT2*RT and RBC con-

tent was found, with a correlation coefficient of �0.834 (95% CI,

�0.659 to �0.915) (Fig 3). For fibrin-dominant thrombi, the

median TT2*RT value was 104.25 ms (range, 63–230 ms; inter-

quartile range, 61.9 ms), whereas for the RBC thrombi, the me-

dian TT2*RT value was 54 ms (range, 20 –150 ms; interquartile

range, 45.9 ms) (Fig 4).

As shown in Fig 3, the scatterplot of RBC content against

TT2*RT revealed an outlier (90% RBC content, TT2*RT of 150

ms) with a substantial interobserver discordance (reader 1:

TT2*RT of 80 � 25 ms; reader 2: TT2*RT of 153 � 163.5 ms),

representing a 63% variation between observers. Histologic

analysis indicated a 90% RBC content with a central area

mostly composed of RBCs. However, a large fibrin-rich halo

surrounded the thrombus. This unusual “2-layered” thrombus

created discordance and misinterpretation due to inconsis-

tently measured areas in either the RBC or fibrin-rich layers

(Fig 1C).

FIG 2. This thrombus consists of RBC (A), fibrin/platelet aggregations (B), and very rare white
bloods cells. The RBC-dominant areas were identified on microscopic examination; then, a green
line was drawn to select each of them. The proportion of the RBC component was calculated as
the ratio of selected dominant-RBC areas to the entire thrombus area (hematoxylin-eosin; orig-
inal magnification, G�20; G�400).
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DISCUSSION
We found an inversely proportional correlation between the

thrombus RBC content measured by histology and the TT2*RT

value using MR imaging with in vitro thrombi. This new and short

MR imaging sequence requires �3 minutes for acquisition and

has excellent intra- and interobserver agreement, providing a re-

liable quantitative biomarker for dominant thrombus composi-

tion detectible in routine clinical practice.

Randomized controlled trials have demonstrated the superiority

of bridging therapy over best medical care for patients with con-

firmed large-vessel occlusion but without providing any information

on thrombus composition.14-18 However, studies on human

thrombi retrieved from patients with anterior acute ischemic stroke

have revealed varying compositions.5,6 Because the 2 major compo-

nents of thrombi are RBC and fibrin, the fibrin proportion is roughly

the inverse of the RBC content5,6,19 (eg, if the RBC content is 20%,

the fibrin content will be around 80%, and conversely). When one

engages a thrombus with a stent retriever or aspiration catheter, op-

timal outcomes are likely best achieved when the entire thrombus

can be retrieved in 1 pass without losing any fragments. A fibrin-rich

thrombus can be difficult to engage and may adhere to the vessel

wall; on the other hand, a weakly orga-

nized RBC-rich thrombus can be prone to

fragmentation.20,21

Thus, MR imaging can offer a quan-

titative approach to measuring throm-

bus composition. The SVS has been

studied in the literature on ischemic

stroke treated by intravenous thrombol-

ysis or endovascular means with end

points defined either in terms of recan-

alization or functional outcome.11,22-25

However, the qualitative evaluation of

the SVS (either � or �) limits its ability

to assess the complex and variable com-

position of thrombi. As previously dem-

onstrated, a linear variation of the RBC/

fibrin ratio is observed in samples of

retrieved thrombi.3,5,6 Furthermore, the

diagnostic accuracy of the SVS to predict

thrombus composition varies according

to the MR imaging machine.8 This vari-

ation seems to be a crucial pitfall for any

extensive use of the SVS in large multi-

center studies. The appearance of the

SVS is related to technical parameters

such as TE, voxel size, and magnetic

field.26 Given these limitations, the SVS

should be read in relation to a precise

T2* map calculated using several TRs

with highly controlled imaging parame-

ters. Indeed, a gradient-echo sequence is

commonly used to identify brain hem-

orrhage, but the parameters of this se-

quence are not optimized for the detec-

tion and characterization of a thrombus.

In this study, we acquired 12 different

echo sequences, from 3.30 to 40.68 ms,

allowing us to precisely measure T2* on tissue with both high and

low T2*.

Hence, a quantitative imaging method might be a useful way of

analyzing thrombus composition more precisely. A study found that

acute intramural hematoma due to cerebral artery dissection could

be determined more accurately on T2* quantification mapping.27

One recent study analyzed the performance of T2* mapping (com-

pared with SVS) to detect thrombi.28 The TT2*RT value has also

been found to be related to the number of attempts to reach success-

ful recanalization after endovascular treatment, but the correlation

between TT2*RT and the histologic composition of the thrombus

has never been analyzed.11 In our study, we used distinct thrombus

analogs varying in composition, ranging from RBC-dominant to fi-

brin-dominant.12 This model of thrombus creation holds promise

for translational research on thrombus composition and permeabil-

ity.29 Using in vitro thrombi provides the opportunity to validate the

capacity of the sequence to predict the proportion of RBCs. Thus, in

vitro thrombi are more relevant than ex vivo thrombi for 2 main

reasons: First, our study required thrombi with a composition rang-

ing from extremely RBC-rich to fibrin-only, corresponding to the

FIG 3. Semiquantitative evaluation (10% steps) of the red blood cell content in the thrombi and
corresponding values of the mean thrombus-T2* relaxation time in milliseconds.
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wide range of thrombi encountered in clinical practice, some of

which can be very difficult to retrieve. In particular, fibrin-rich

thrombi are difficult to remove with traditional stent-retriever meth-

ods; hence, there is a need to predict these types of thrombi. Second,

the use of intravenous thrombolysis before thrombus extraction can

modify the thrombus characteristics. In particular, thrombi retrieved

after substantial chemical and mechanical manipulations are likely to

be vastly dissimilar to the original occlusion.

Our study has several limitations. First, the results of TT2*RT

might depend on the magnetic field homogeneity and susceptibility

differences between the thrombus and the medium surrounding it.

To test the influence of these parameters, one would need to repeat

the measurements with thrombi positioned in different orientations.

This was not done in our study; the thrombi were randomly placed

within their vials. As a consequence, during the MR imaging acqui-

sition, the long axis of the thrombi had multiple directions either in

the direction of the phases or the frequency, just like the blood vessels

in vivo. Moreover, to limit the effect of heterogeneities on images, we

performed a 3D shim before each acquisition, allowing a narrow

water-frequency peak. This adjustment only takes 30 seconds, is fully

compatible with use in routine clinical practice, and allows the ro-

bustness and precision of the T2* value to be substantially improved.

Then, a critical point is that the 1.5T Sie-

mens unit offers the possibility of shorten-

ing or lengthening the interecho intervals.

Thus, in the sequence presented here, we

concentrated the echoes around 30 ms for

optimal accuracy. However, the T2* value

is also dependent on magnetic field

strength, and the next step is to analyze the

inter-MR imaging machine agreement for

this sequence. Last, one can argue that sus-

ceptibility-weighted imaging sequences

could be useful for detecting intracranial

thrombi. This is most likely the case be-

cause these sequences are more sensitive to

the RBC content, but they may not effi-

ciently predict the proportion of RBCs in

the thrombus. Furthermore, because of

the longer TEs, the susceptibility-weighted

imaging requires a longer acquisition

time, which can be detrimental in the con-

text of acute ischemic stroke.

CONCLUSIONS
An MR imaging quantitative T2* map-

ping sequence that records the TT2*RT

can reliably identify the thrombus RBC

content in vitro. TT2*RT values are in-

versely related to the RBC content of

thrombi. This new short MR imaging se-

quence provides a quantitative biomarker

of thrombus composition accessible in

clinical routine. Normalization of the

MR imaging quantitative T2* map-

ping sequence between MR imaging

vendors should be considered in the

future if large multicenter studies aim

to include information on thrombus composition before me-

chanical thrombectomy.
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BRIEF/TECHNICAL REPORT
ADULT BRAIN

Two-Layered Susceptibility Vessel Sign and High
Overestimation Ratio on MRI Are Predictive of

Cardioembolic Stroke
X R. Bourcier, X I. Derraz, X S. Bracard, X C. Oppenheim, and X O. Naggara, on behalf of the THRACE Investigators

ABSTRACT
SUMMARY: In a prospective study among patients in the THRombectomie des Artères Cerebrales trial, we analyzed the diagnostic
accuracy of 2 imaging biomarkers, the 2-layered susceptibility vessel sign and a high overestimation ratio, obtained on pretreatment brain
T2* sequences, to identify cardioembolic stroke etiology (107/260 patients). In combination, these 2 biomarkers, on 1.5T or 3T systems (159
and 101 patients, respectively), demonstrated high specificity (0.77 at 1.5T and 1 at 3T) and their simultaneous presence is highly associated
with cardioembolism.

ABBREVIATIONS: CES � cardioembolic stroke; HOR � high overestimation ratio; NPV � negative predictive value; overR � overestimation ratio; PPV � positive
predictive value; SVS � susceptibility vessel sign; THRACE � THRombectomie des Artères Cerebrales; TL-SVS � 2-layered susceptibility vessel sign

Unraveling the etiology in acute ischemic stroke caused by

large-vessel occlusion is important for secondary stroke pre-

vention strategies. However, in many patients, risk factors for

both large-artery atherosclerotic and cardioembolic stroke (CES)

etiology are present. The composition of thrombus in obstructed

arteries varies depending on whether the embolic source is car-

dioembolism or large-artery atherosclerosis.1,2 On admission

brain MR imaging, the susceptibility vessel sign (SVS), defined as

a hypointense signal exceeding the diameter of the contralateral

artery at the thrombus site,3 may be seen on T2*-weighted images.

The SVS was reported to be associated with cardioembolism, but

with conflicting results and low specificity.4-8 Recently, 2 charac-

teristics of the SVS, overestimation ratio (overR), a quantitative

evaluation of the SVS, and the 2-layered susceptibility vessel sign

(TL-SVS), were reported to predict CES.7,8 Indeed, both the TL-

SVS and high overR (HOR) were described as exhibiting almost

perfect specificity for CES.7,8 However, these studies were retro-

spective, monocentric, and used time-consuming susceptibility-

weighted imaging or 3T systems, and the TL-SVS and HOR were

not both evaluated in individual patients. With �200 patients

included with a gradient-echo sequence at either 1.5T or 3T, the

multicenter THRombectomie des Artères Cerebrales (THRACE)

trial9 offers an opportunity to analyze the diagnostic accuracy of

these 2 imaging biomarkers for the prediction of CES.

MATERIALS AND METHODS
THRACE was a randomized controlled trial conducted in 26 cen-

ters in France. Study design and protocol are detailed elsewhere.10

Patients with acute ischemic stroke were eligible for inclusion if

they were 18 – 80 years of age, had an NIHSS score of 10 –25, had

an occlusion of the intracranial ICA or the M1 segment of the

MCA on MRA, could be administered intravenous thrombolysis

within 4 hours of symptom onset, and could undergo thrombec-

tomy within 5 hours of symptom onset. Patients with cervical ICA

occlusion or subocclusive stenosis were excluded. Written in-

formed consent was obtained from all patients or their legal rep-

resentatives. The study protocol was approved by the Comité de

Protection des Personnes III Nord Est Ethics Committee and the

research boards of the participating centers.

For the present study, we included patients screened with an

MR imaging gradient-echo sequence for whom analysis of the

SVS was available. We excluded patients with severe motion arti-

facts on gradient-echo sequences when the presence or absence of

SVS could not be reliably determined. We also excluded 5 patients

screened with susceptibility-weighted imaging instead of a gradi-

ent-echo sequence. MR imaging acquisition parameters of the

sequence were left to the discretion of the recruitment centers
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Jacques Monod, 44 093 Nantes, France; e-mail: romain.bourcier2@gmail.com

Indicates article with supplemental on-line appendix.

Indicates article with supplemental on-line photo.

http://dx.doi.org/10.3174/ajnr.A5865

AJNR Am J Neuroradiol 40:65– 67 Jan 2019 www.ajnr.org 65

https://orcid.org/0000-0002-6506-4019
https://orcid.org/0000-0003-0632-3399
https://orcid.org/0000-0001-9423-6660
https://orcid.org/0000-0003-3410-0862
https://orcid.org/0000-0002-9544-379X


according to their routine practice and were therefore not

standardized.

Readers searched for the TL-SVS, defined as an inhomoge-

neous SVS with a linear low-intensity signal core surrounded by a

peripheral higher intensity signal.8 The overR was manually mea-

sured according to the method previously described (ie, overR �

Width of SVS / Width of Large Artery).7 The ipsilateral large-

artery width proximal to the occlusion was used to calculate the

overR. Note that absence of the SVS was considered as an overR �

1 (Figure).

Stroke etiology was determined at the end of a complete etio-

logic work-up by a stroke neurologist, according to the Trial of

Org 10172 in Acute Stroke Treatment classification.11 In the

THRACE trial, the recommended general work-up, according

to the European Stroke Organisation Guidelines,10 included

physiologic parameters and routine blood tests, a 12-lead electro-

cardiogram, and continuous electrocardiography. In addition,

24-hour Holter electrocardiography monitoring was performed

when arrhythmias were suspected and no other causes of stroke

were found. The echocardiography was recommended when elec-

trocardiographic abnormalities or evidence of cardiac disease on

history was reported or when no other identifiable causes of

stroke were found.

For details of the statistical analysis, see the On-line Appendix.

RESULTS
Two hundred sixty patients, including 107 (41%) patients with

CES (31/101 patients with 3T MR imaging and 76/159 patients

with 1.5T MR imaging), were identified.

Furthermore, the etiologic work-up

found large-artery atherosclerosis in

40 (15%) patients, “other determined

cause of stroke” in 16 (6%) patients, and

“undetermined cause of stroke” in 97

(37%) patients.

Overall, the median overR was 1.59

(range, 1.0 –2.9; interquartile range.

0.29). The median overR was 1.54

(range, 1.0 –2.9; interquartile range,

0.36) and 1.60 (range, 1.0 –2.7; inter-

quartile range, 0.54) at 3T and 1.5T,

respectively.

The TL-SVS was present in 94 (36%)

patients (overall 43/101 patients screened

at 3T and 43/80 patients with the SVS

screened at 3T; overall 51/159 patients

screened at 1.5T and 51/136 patients with

the SVS screened at 1.5T).

At 1.5T, the association of the TL-

SVS and HOR yielded a specificity of

0.77 and a positive predictive value of

0.60.

At 3T, the association of the TL-SVS

and HOR yielded a specificity of 1, a

negative predictive value of 0.74, and

a positive predictive value of 1 (Tables

1–3).

DISCUSSION
In the present study, using 3T systems, the simultaneous presence

of the TL-SVS and HOR offered perfect specificity and a positive

predictive value for CES. Using 1.5T systems, we also showed that

the simultaneous presence of the TL-SVS and HOR had 77%

specificity for CES.

Because exact stroke etiology cannot be determined with a

high degree of reliability in �30% of strokes,12 a direct relation-

ship between imaging characteristics and stroke etiology would be

useful. We demonstrated that in real world conditions (ie, brain

MR imaging performed in 26 different centers on either a 1.5 or a

3T MR imaging unit, using a gradient-echo sequence of �1 min-

ute), the TL-SVS and HOR can have practical implications for

determining stroke etiology at the acute phase.

Recently, from the THRACE trial, qualitative visual binary

grading of the SVS offered a high sensitivity of the SVS to predict

a stroke of cardioembolic origin (0.89; 95% CI, 0.83– 0.95), but

specificity was very low (0.21; 95% CI, 0.14 – 0.27).13 In the pres-

ent study, we demonstrate that adding a more precise analysis of

SVS characteristics (ie, TL-SVS and overR), increased specificity.

This was achieved at the expense of lowering the sensitivity, as

usually occurs when using a combination of biomarkers rather

than a single sign. However, the combined analysis of the TL-SVS

and HOR with cutoff values specific to the MR imaging system

field strength increased specificity values.

Two recent retrospective studies using 3T systems analyzed

separately the diagnostic accuracy of the TL-SVS and HOR for

FIGURE. A and B, Two-layered susceptibility vessel sign. A 62-year-old man with left middle
cerebral artery occlusion because of cardioembolism. 1.5T T2*-weighted gradient recalled-echo
imaging (white arrow) shows a 2-layered SVS with a low-intensity signal core (arrowheads) sur-
rounded by a higher intensity signal. C and D, Susceptibility vessel sign and overestimation ratio
of SVS. A 69-year-old man with right middle cerebral artery occlusion. Overestimation ratio of
SVS was 2.21 and the etiological work-up concluded to a cardiogenic embolism. The sequences
of MR imaging from C, T2*-weighted gradient-echo images. D, The coregistered images of TOF-
MRA and T2*-gradient-echo.
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CES prediction. The authors found specificities of 97%8 and

91%,7 respectively, for the TL-SVS and overR of �2.01 to predict

a CES.7 In our study, by means of a gradient-echo sequence rather

than susceptibility-weighted imaging, the specificity of the TL-

SVS and HOR both appeared lower on 1.5T and 3T systems.

The present prospective study is the largest to date that has

evaluated the TL-SVS and overR in the context of stroke etiology.

Our study has several limitations. First, THRACE was not a trial

designed to specifically investigate stroke etiology. However,

work-ups were performed in referral comprehensive stroke cen-

ters that ensure high quality and extensive etiologic work-ups in

accordance with the current guidelines.10 Second, no information

was registered on the anticoagulation regimen, the use of anti-

platelet agents, or the platelet count before imaging, all factors

that may have influenced the SVS. Third, the diagnostic accuracy

of the SVS to predict thrombus composition varies according the

MR imaging machines,14 and there was no standardization of

gradient-echo sequence parameters among the 26 participating

centers in the THRACE trial. In our opinion, this limitation en-

hances the generalizability of our findings.

CONCLUSIONS
The presence of both the TL-SVS and HOR offers a high specific-

ity for CES etiology on both 1.5 and 3T systems. When a patient

with stroke has both of these imaging biomarkers, a cardioem-

bolic source is highly likely.
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Table 1: Diagnostic performance of the high overestimation ratio
for the prediction of a cardioembolic etiology of stroke

3T (n = 101)
overR >2.25

1.5T (n = 159)
overR >1.33

Sensitivity 0.10 Sensitivity 0.86
Specificity 0.94 Specificity 0.37
PPV 0.43 PPV 0.56
NPV 0.70 NPV 0.74
Accuracy 0.68 Accuracy 0.60

Table 2: Diagnostic performance of the 2-layered susceptibility
vessel sign for the prediction of a cardioembolic etiology of
stroke

3T (n = 101)
TL-SVS

1.5T (n = 159)
TL-SVS

Sensitivity 0.45 Sensitivity 0.39
Specificity 0.59 Specificity 0.75
PPV 0.33 PPV 0.59
NPV 0.71 NPV 0.57
Accuracy 0.54 Accuracy 0.58

Table 3: Diagnostic performance of the combined 2-layered
susceptibility vessel sign and the high overestimation ratio for
the prediction of a cardioembolic etiology of stroke

3T (n = 101)
overR >2.25 and

TL-SVS

1.5T (n = 159)
overR >1.33
and TL-SVS

Sensitivity 0.23 Sensitivity 0.38
Specificity 1.00 Specificity 0.77
PPV 1.00 PPV 0.60
NPV 0.74 NPV 0.58
Accuracy 0.76 Accuracy 0.58
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ORIGINAL RESEARCH
ADULT BRAIN

Differences in the Calculated Transvenous Pressure Drop
between Chronic Hydrocephalus and Idiopathic Intracranial

Hypertension
X G.A. Bateman and X A.R. Bateman

ABSTRACT

BACKGROUND AND PURPOSE: Chronic hydrocephalus is associated with dilated ventricles despite a normal intracranial pressure. In
idiopathic intracranial hypertension, the ventricles are normal despite an elevated intracranial pressure. This apparent paradox has largely
remained unexplained. It is suggested that a pressure difference between the superficial and deep venous territories of the brain could
account for the variation between the 2 diseases. The purpose of this paper is to investigate the cause of this pressure difference.

MATERIALS AND METHODS: Using MR phase-contrast imaging, we calculated the hydraulic diameters of the sagittal and straight sinuses
in 21 patients with hydrocephalus, 20 patients with idiopathic intracranial hypertension, and 20 age-matched controls. The outflow
resistance of each sinus was estimated using the Poiseuille equation. The outflow pressure was estimated using the flow data. A smaller
subset of the patients with hydrocephalus had these studies repeated after successful shunt insertion.

RESULTS: In hydrocephalus, the sagittal sinuses were 21% smaller than those in controls (P � .001); the straight sinuses were not signifi-
cantly different. In idiopathic intracranial hypertension, both sinuses were not significantly different from those of controls. The pressure
drop from the sagittal sinus to the end of the straight sinus was elevated by 1.2 mm Hg in hydrocephalus (P � .001) but not significantly
different from that in controls in idiopathic intracranial hypertension. Shunt insertion dilated the sagittal sinuses in hydrocephalus, leaving
them 18% larger than normal and eliminating the transvenous pressure change.

CONCLUSIONS: There is a transvenous pressure difference in hydrocephalus that is absent in idiopathic intracranial hypertension. This
difference is eliminated by shunt insertion. The findings may have a bearing on ventricular dilation.

ABBREVIATION: IIH � idiopathic intracranial hypertension

It has been estimated that �30,000 shunt procedures are per-

formed in the United States every year to treat hydrocephalus.1

This is despite a lack of understanding of what causes the disease

or how a shunt exactly treats the condition. In chronic hydro-

cephalus, there is deformation of the brain parenchyma, which

requires an expenditure of energy. In a hydraulic system, energy

expenditure requires a pressure difference. It is assumed that a

shunt treats this pressure difference. However, previous searches

for a pressure drop between the ventricles and the subarachnoid

space2 and the brain parenchyma3 or a pulse pressure difference4

have been unsuccessful. Nevertheless, previous work by one of the

current authors suggests that a pressure difference may exist be-

tween the superficial and deep venous territories in normal pres-

sure hydrocephalus,5 and this could supply the energy required

for ventricular dilation. In idiopathic intracranial hypertension

(IIH), the ventricles do not dilate; therefore, a pressure difference

should not exist in this disease.

Recently, a 25% reduction in the sagittal sinus cross-sectional

area in hydrocephalus but no change in the IIH sagittal sinus

cross-sectional area has been found.6 This finding would imply

that an increase in pressure difference between the torcular and

midsagittal sinus could exist in hydrocephalus but not in IIH. The

purpose of the current study was to measure the sagittal and

straight sinus cross-sectional areas and circumferences to calcu-
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late the hydraulic diameter and resistance of each. These data,

together with blood flow data, will allow an estimate of the pres-

sure difference from the midsagittal sinus to the end of the straight

sinus (ie, the transvenous pressure difference). Review of a subset

of the patients with hydrocephalus post-shunt insertion may shed

light on the therapeutic effect of this procedure.

MATERIALS AND METHODS
Subjects
In a previous study undertaken by one of the authors,7 there were

21 patients with chronic idiopathic hydrocephalus (mean age,

45 � 10 years; 7 women and 14 men). There were 20 controls

(mean age, 44 � 10 years, with 8 women and 12 men).7 These

patients were entered into the current study, and the clinical data

for these patients can be reviewed in the prior publication.7 In 8 of

these patients, the study protocol was repeated following shunt

insertion. The average valve pressure set by the neurosurgeon was

105 � 23 mm H2O. The age of these patients was 30 � 10 years,

with 3 males and 5 females. The follow-up was 1.7 � 2.7 years

later. Twenty patients with idiopathic intracranial hypertension

were entered from a prior publication undertaken by one of the

current authors.8 There were 18 women and 2 men of average age

40 � 11 years.8 In all 20, there was an increase in CSF opening

pressure above 25 cm H2O, with the mean pressure being 31 � 4

cm H2O. There was a normal ventricular size and no apparent

cause for the pressure rise in these patients. Informed consent was

obtained for all patients entering the original study,7 which was

given the authorization HNEHREC 07/03/21/5.03. Informed

consent was also obtained for all patients entering this study. The

study was reviewed by the Hunter New England Human Research

Ethics Committee with authorization HNEHREC 16/06/15/5.06.

MR Imaging Technique
All patients were scanned on a 1.5T superconducting magnet

(Verio; Siemens, Erlangen, Germany). In all patients, a standard

brain MR imaging consisting of T1 sagittal, T2 axial, FLAIR axial,

and diffusion-weighted axial images was performed. A time-of-

flight MR venogram was obtained in the off sagittal plane with a

slice thickness of 3 mm. An MR phase-contrast flow-quantifica-

tion sequence was acquired with retrospective cardiac gating. The

TR was 26.5 ms; TE, 6.9 ms; flip angle, 15°; slice thickness, 5 mm;

matrix, 192 � 512; FOV, 150 mm; with a single excitation. The

velocity-encoding value was 40 cm/s. The plane was selected to

pass through the sagittal sinus 3 cm above the torcular and

through the midpart of the straight sinus. The MR imaging was

sourced from the hospital PACS; therefore, all measurements

were performed on the original data. In all patients and controls,

the cross-sectional area and wetted circumference of the sinuses

were measured manually from the magnitude images of the flow-

quantification series by one of the authors (G.A.B.) using the

workstation measurement tool. The straight sinus length was

measured manually from the MRV images from the junction with

the vein of Galen to the torcular using the workstation curved

length tool. The sagittal sinus length was measured from a point in

the sagittal sinus that was in the same horizontal plane (the patient

being supine) as the end of the straight sinus.

Analysis
The hydraulic diameter of each venous sinus segment was calcu-

lated using the formula:

1) Hd � 4A / Circ,

where Hd is the hydraulic diameter, A is the cross-sectional area of

the sinus, and Circ is the wetted circumference of the sinus.9 The

resistance of each sinus was calculated using the Poiseuille

equation:

2) R � 8�L / �r4,

where R is the resistance of each sinus, � is the viscosity of blood

(assumed to be 0.0035 Pa � s10), L is the measured length of each

sinus, and r is the sinus radius, which is taken to be the hydraulic

diameter divided by 2. The pressure drop through the sagittal and

straight sinuses (�P) for each subject was calculated by multiply-

ing the resistance value by the sinus flow (Q) in each instance:

3) �P � RQ.

This was converted from pascals to millimeters of mercury for

ease of discussion.

Statistical Analysis
Normality for all data was tested using a Shapiro-Wilk test with

significance set at .05. Group means and SDs were obtained for

each of the measurements. A nonpaired t test, with a P value � .05,

was used to indicate statistical significance. A paired t test was

used for the patients with hydrocephalus pre- and post-shunt in-

sertion. All statistical analysis was performed using Matlab soft-

ware (MathWorks, Natick, Massachusetts).

RESULTS
Measurements
The sinus hydraulic diameter, resistance, and pressure results are

summarized in On-line Table 1. The pre- and postshunt results

are summarized in On-line Table 2.

The mean sagittal sinus lengths for the controls and patients

with hydrocephalus and IIH were 13.1 � 1.2 cm, 13.5 � 2.1 cm,

and 13.1 � 1.5 cm, respectively, and were not significantly differ-

ent. In hydrocephalus, the hydraulic diameter of the sagittal sinus

was reduced by 21% (P � .001) and the resistance was increased

by 166% (P � .002) compared with controls. None of the other

hydraulic diameters or resistances were significantly different. In

controls, the sagittal and straight sinus blood flow averaged 5.7 �

1.5 mL/s and 1.6 � 0.5 mL/s, respectively; 4.6 � 1.1 mL/s and

1.4 � 0.4 mL/s in hydrocephalus, respectively; and 5.9 � 1.3 mL/s

and 1.8 � 0.5 mL/s in IIH, respectively. In hydrocephalus, there

was a 100% increase in the pressure drop across the sagittal sinus

and a 38% decrease in the pressure in the straight sinus (P � .01

and .04). This result led to an increase in a sagittal sinus-to-

straight sinus pressure difference of 1.2 mm Hg (P � .001) com-

pared with controls. In IIH, the pressure differences were not

significantly different from those of controls.

Following shunt insertion, in the smaller cohort of patients

with hydrocephalus, the sagittal sinuses increased in size by

49% (P � .007). This change reduced the sagittal sinus resis-

tance by 85% (P � .05) and eliminated the transvenous pres-

sure difference.
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DISCUSSION
The current study builds on previous work.7,8 The sagittal sinus

and straight sinus blood flow data have been previously published

for the patients with hydrocephalus and controls.7 The sagittal

sinus blood flow has been previously published for patients with

IIH.8 All other data are new to this article.

The pressure drop through a vessel can be calculated using the

Poiseuille equation.11 Fall et al12 used this equation, finding the

normal resistance of the sagittal sinus to be 20.1 Pa/mL/s and

the straight sinus to be 40.2 Pa/mL/s. Our method varies in 2

important ways from this article. First, we measured a shorter

length of the sagittal sinus because we measured the same vertical

distance from the MR imaging table as the end of the straight sinus

to negate the necessity of allowing for the hydrostatic pressure

difference; and second, we used the hydraulic diameter rather

than assuming the sinuses to be circular in cross-section (personal

correspondence with Dr Baledent PhD email March 2017). The

flow through a triangular tube, such as a venous sinus, is much less

efficient than in a cylindric tube.13 The hydraulic diameter takes

this reduced efficiency into account.9 This combination of factors

gave our controls a lower sagittal sinus resistance than that of Fall

et al12 of 15.9 Pa/mL/s and a higher straight sinus resistance of 108

Pa/mL/s. The sagittal sinus area and circumference have been

measured by others using intravascular sonography in IIH, and

the mean hydraulic diameter of 6.5 mm14 is identical to that in our

control cohort, suggesting an acceptable precision in our method.

Transvenous Pressure Difference
In controls, the pressure drop across the sagittal sinus averaged 0.7

mm Hg, and the straight sinus, 1.3 mm Hg, giving a transvenous

pressure difference of �0.6 mm Hg (the negative value indicating

that the deep territory sinus is of higher pressure). In hydroceph-

alus, the average sagittal sinus pressure drop was doubled at 1.4

mm Hg. The straight sinus resistance was not significantly differ-

ent from that in the controls, but the blood flow was less, giving a

lower pressure drop of 0.8 mm Hg. The average transvenous pres-

sure difference in hydrocephalus was thus 	0.6 mm Hg or 1.2

mm Hg higher than that in controls. In IIH, the sinus pressure

difference was not significantly different from that in controls.

Therefore, an increased transvenous pressure difference corre-

lated with dilated ventricles and a normal difference with small

ventricles.

Paradox of the Change in Sinus Size in Hydrocephalus
In a smaller cohort of 8 patients, the MR imaging protocol was

repeated after shunt insertion. Pre-shunt insertion, all 21 patients

showed small convex sagittal sinuses, similar to that in the

Figure, A. Post-shunt insertion, all patients showed the free walls

of the sinuses to be bowing outward (Figure, B). The change in

appearance was noted to be a helpful sign that the shunt was

working. The dilated sinuses looked like a filled spinnaker on a

yacht (ie, the billowing sail sign; see the On-line Figure for further

examples). The change in size highlights a paradox. The free walls

of the sinuses sit between the CSF and the venous blood. The walls

are concave when the pressure is higher in the CSF than in the

lumen (positive transmural pressure difference) and convex when

the pressure difference reverses.6 Thus, in the 8 patients, the trans-

mural pressure difference reversed after the shunt insertion. The

degree that the sinus wall deflects depends on the magnitude of

the transmural pressure difference and the stiffness of the sinus

wall (ie, the elastic modulus).6

In healthy controls, the transmural pressure difference is

known to be 4 mm Hg, and the sinus wall bulges slightly inward,

giving a cross-sectional area of 42.1 mm2.6 The transmural pres-

sure difference in patients with hydrocephalus was previously es-

timated to be 2.8 mm Hg,7 with this smaller difference producing

a much larger wall deflection than in the controls (see Figure, C

for an example of the pressure differences).6 The inference would

be that the elastic modulus of the sagittal sinus in hydrocephalus is

much lower (ie, the walls are floppy), but this cannot be true. The

speed of pulse wave propagation along the sagittal sinus is in-

creased by 2.4 times in normal pressure hydrocephalus.15 The

speed of a pulse wave is given by the equation V � 
Eh / �r,

where E is the elastic modulus, h is the vessel wall thickness, � the

fluid density, and r is the vessel internal radius.16 Given that

the wall thickness and fluid density are constants, the ratio of the

elastic modulus to the internal radius of the sinus in hydroceph-

alus must increase 5.8 times. The radius is reduced by 20% com-

pared with that in controls. Therefore, the elastic modulus must

be 4.6 times stiffer in hydrocephalus to account for the pulse wave

velocity. The only way the sinus wall can be stiffer and yet still

deflect further with a smaller pressure difference would be if the

walls were irreversibly stretched. Note, post-shunt insertion, the

sinuses greatly dilate with the CSF pressure set by the shunt valves

in this cohort averaging 7.7 mm Hg. A normal sagittal sinus pres-

sure is 7.5 mm Hg.17 Thus, the sinus pressure post-shunt insertion

must be minimally above the CSF pressure, but the sinuses still

overdilate (Figure, D–F).

Venous Territories and Pressure Differences
The venous territories drained by the sagittal and straight sinuses

are known to be separate. Intracerebral venous anastomoses

through the centrum semiovale toward the convexity are nonex-

istent or negligible in humans.18 Instead, a venous watershed ex-

ists, separating paraventricular white matter from a layer of sub-

cortical white matter.18 Thus, a pressure difference could be

maintained between the superficial and deep venous territories.

The capillary and venular pressure in the brain is thought to be

maintained by a Starling resistor due to the compression of the

connecting veins as they pass through the subarachnoid space.19

Thus, a pressure difference in the sinuses would be irrelevant to

the brain parenchyma if both brain territories had their pressures

set by the intracranial pressure. However, Portnoy et al2 main-

tained that the Starling mechanism is absent in the deep system

and the pressure in the deep parenchyma is similar to that in the

dural sinuses. The current study confirms these findings. The

pressure difference between the CSF and the straight sinus is high

in hydrocephalus, so vein of Galen compression should be obvi-

ous. No venous compression was evident in any of the MRVs. The

patient in the Figure, C had the largest CSF-to-vein of Galen pres-

sure difference of the cohort, but no compression was seen. Thus,

it appears that the reduced venous pressure in the deep sinuses is

free to propagate throughout the entire deep system.

The modeling of hydrocephalus in dogs shows an increase

70 Bateman Jan 2019 www.ajnr.org



FIGURE. A, A T2 image of a 16-year-old girl with idiopathic hydrocephalus. Note the transependymal CSF spread. The arrow shows the small
concave sagittal sinus. B, A T2 image following shunt insertion. The valve setting was 100 mm H20. The sinus has increased in size and has convex
margins (ie, the billowing sail sign). C, A postcontrast T1 reconstruction pre-shunt insertion. The white numbers are the CSF pressure from a
lumbar puncture. The black numbers represent the calculated sinus pressures. The 2.8-mm Hg pressure drop from the CSF to the sagittal sinus
is from a previous work.7 Note the 9.3-mm Hg pressure drop from the CSF to the vein of Galen with no sign of venous collapse. The
thalamostriate vein was not compressed but had moved out of plane. D, A reconstruction from the MRV post-shunt insertion, with CSF and
venous pressures appended. The CSF pressure of 7.4 mm Hg is the shunt tube setting. The sagittal sinus pressure of 8.1 mm Hg is an estimate,
given the convex sinus. E, A flow-quantification magnitude image pre-shunt insertion. The straight sinus area is 17.2 mm2, and the sagittal sinus
area is 15.2 mm2. F, A flow-quantification magnitude image post-shunt insertion shows the straight sinus unchanged at 19.3 mm2, but the sagittal
sinus is much larger at 65.4 mm2.
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in sagittal sinus pressure, reduced sinus compliance, and ab-

normal collateral veins.20 The entire sinus length was con-

stricted in the hydrocephalic dogs,20 identical to findings in the

current study.

MR elastography measures the stiffness of the parenchyma of

an organ. The stiffness of the brain increases with venous com-

pression in the neck.21 MR elastography in normal pressure hy-

drocephalus shows increased stiffness in the parietal and occipital

lobes (drained by the sagittal sinus22) and decreased stiffness in

the periventricular white matter23 (drained by the deep system22).

Thus, the MR elastography suggests an increased pressure in the

superficial venous system and decreased pressure in the deep

system.

Is a 1.2-mm Hg Pressure Difference Enough?
The current study has a mixture of patients with active and bal-

anced hydrocephalus, so the calculated pressure difference may be

lower than if only active cases were used. Therefore, the patients

with shunts with active hydrocephalus have higher transvenous

pressures than the remainder of the cohort (1.5 versus 0.6 mm

Hg).

Hydrocephalus is associated with CSF ventricular reflux24 and

evidence of reversed aqueduct flow.25 Transependymal CSF ab-

sorption may exist in hydrocephalus, but is a 1.2-mm Hg pressure

difference enough to dilate the ventricles? It has been suggested

that a transmural pressure difference need not be large to dilate

the ventricles.25 Kim et al26 found that the ventricular enlarge-

ment could be explained by a transmantle pressure gradient of 1.0

mm Hg, similar to the current estimate.

Studies using sagittal sinus ligation in animal models uni-

formly produce an elevation in CSF pressure but no evidence of

hydrocephalus in the acute setting.27 Similarly, acute thrombosis

of the sagittal sinus does not produce hydrocephalus despite

an obvious pressure difference between the venous territories.

Therefore, there must be another variable involved over and

above the pressure drop.

CSF Capillary Absorption
The absorption of CSF into the capillaries requires passage across

the blood-brain barrier. Hladky and Barrand28 argued that net

absorption of CSF across an intact blood-brain barrier is not sus-

tainable regardless of the hydrostatic pressure because the salt

would be left behind and a rapid increase in osmotic pressure

would negate the hydrostatic pressure difference within minutes.

This argument suggests why ligating the sagittal sinus does not

produce ventricular dilation (ie, the blood-brain barrier stays

closed). In human hydrocephalus, the capillary wall shows blood-

brain barrier dysfunction with increased vesicular and vacuolar

transport, open interendothelial junctions, thin and fragmented

basement membranes, and discontinuous perivascular astrocytic

end-feet.29

Difference between Hydrocephalus and IIH
The absorption of CSF is traditionally seen to occur through the

arachnoid granulations, requiring a pressure difference of 4 mm

Hg.8 This pressure drop is maintained by the structural integrity

of the walls of the sinuses.

In IIH, there is collapse of the sinuses below the torcular, and

there is an elevation in central venous pressure due to obesity.30

The venous collapse has the effect of raising the venous sinus

pressure and initially reducing the pressure drop across the arach-

noid granulations so CSF absorption stops. The CSF pressure will

rise until a new equilibrium is reached, where the pressure drop

across the arachnoid granulations reverts back to 4 mm Hg and

CSF absorption resumes at a higher overall pressure. There is no

ventricular enlargement because the pressure in the deep brain

parenchyma is unchanged compared with the superficial paren-

chyma (ie, there is no transependymal CSF absorption, and this

prevents the dilation from occurring).

In hydrocephalus, there is collapse of the sagittal sinus. This sets

up a pressure differential between the superficial and deep brain pa-

renchyma. The increase in sagittal sinus pressure stops CSF absorp-

tion across the arachnoid granulations, and the CSF pressure initially

rises. If the blood-brain barrier becomes deficient in the region of the

subependymal white matter, then CSF can be absorbed through this

route. If the CSF transependymal absorption matches CSF produc-

tion, then the CSF pressure will fall back into the normal range. A

small pressure difference across the ependyma will dilate the ventri-

cles across time. The pressure in the sagittal sinus remains slightly

elevated; thus, the pressure across the arachnoid granulations is re-

duced, and the pressure drop remains unfavorable for CSF absorp-

tion via this route. Shunt insertion eliminates the transvenous pres-

sure difference, and the ventricles can be reduced in size because the

pressure difference between the deep capillaries and CSF reverses.

Limitations
The measurements occurred in quiet respiration in supine pa-

tients. It is difficult to predict how the pressure changes would be

altered in the upright position. The pressure drop between the

CSF and sagittal sinus in the Figure was estimated from a previous

article. The Davson equation would predict a higher pressure dif-

ference of 5– 6 mm Hg.7 This would actually increase the pressure

difference from the CSF to the subependymal capillaries, making

ventricular dilation more likely.

CONCLUSIONS
The size of the sagittal sinus cross-section is smaller in hydroceph-

alus than in controls and IIH. The cross-sectional area of the

straight sinus is not significantly different across groups. If one

considered the sinus blood flow, the current modeling suggests a

small increase in transvenous pressure in hydrocephalus but no

change in IIH. This finding may have a bearing on the cause of

ventricular dilation. Shunting reverses the change.
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ORIGINAL RESEARCH
ADULT BRAIN

Absence of Disproportionately Enlarged Subarachnoid Space
Hydrocephalus, a Sharp Callosal Angle, or Other Morphologic

MRI Markers Should Not Be Used to Exclude Patients with
Idiopathic Normal Pressure Hydrocephalus from Shunt Surgery

X S. Agerskov, X M. Wallin, X P. Hellström, X D. Ziegelitz, X C. Wikkelsö, and X M. Tullberg

ABSTRACT

BACKGROUND AND PURPOSE: Several studies have evaluated the use of MR imaging markers for the prediction of outcome after shunt
surgery in idiopathic normal pressure hydrocephalus with conflicting results. Our aim was to investigate the predictive value of a number
of earlier proposed morphologic MR imaging markers in a large group of patients with idiopathic normal pressure hydrocephalus.

MATERIALS AND METHODS: One hundred sixty-eight patients (mean age, 70 � 9.3 years) with idiopathic normal pressure hydrocephalus,
subjected to standardized quantification of clinical symptoms before and after shunt surgery, were included in the study. Outcome was
calculated using a composite score. Preoperative T1, FLAIR, and flow-sensitive images were analyzed regarding the presence of 13 different
morphologic MR imaging markers.

RESULTS: The median Evans index was 0.41 (interquartile range, 0.37–0.44). All patients had an aqueductal flow void sign present and white
matter hyperintensities. The median callosal angle was 68.8° ( interquartile range, 57.7°–80.8°). Dilated Sylvian fissures were found in 69%; focally
dilated sulci, in 25%; and widening of the interhemispheric fissure, in 55%. Obliteration of the sulci at the convexity was found in 36%, and 36% of
patients were characterized as having disproportionately enlarged subarachnoid space hydrocephalus. Sixty-eight percent of patients improved
after surgery. None of the investigated MR imaging markers were significant predictors of improvement after shunt surgery.

CONCLUSIONS: Disproportionately enlarged subarachnoid space hydrocephalus, a small callosal angle, and the other MR imaging mark-
ers evaluated in this study should not be used to exclude patients from shunt surgery. These markers, though they may be indicative of
idiopathic normal pressure hydrocephalus, do not seem to be a part of the mechanisms connected to the reversibility of the syndrome.

ABBREVIATIONS: DESH � disproportionately enlarged subarachnoid space hydrocephalus; EI � Evans index; iNPH � idiopathic normal pressure hydrocephalus

Idiopathic normal pressure hydrocephalus (iNPH) is a syn-

drome of gait and balance disturbances, cognitive dysfunction,

and urinary incontinence seen predominantly in the elderly pop-

ulation.1-5 Enlarged ventricles on CT or MR imaging are required

for the diagnosis, and different radiologic evaluation techniques

have been used to increase the diagnostic and predictive accuracy

ever since its first description by Adams et al.6 Today, MR imaging

is considered the standard radiologic method, and MR imaging–

based criteria for diagnosing the condition are incorporated in the

international and Japanese diagnostic guidelines.1,2

In the international guidelines, ventriculomegaly with an Ev-

ans index (EI) of �0.3 in combination with at least 1 of 4 support-

ive findings is required for the diagnosis of probable iNPH.2 The

Japanese criteria instead emphasize the finding of disproportion-

ately enlarged subarachnoid space hydrocephalus (DESH), re-

quiring it for the diagnosis of probable iNPH if no Tap-Test or

CSF drainage test is performed.1

The connection between radiologic findings and symptoms in

iNPH has also recently been reinforced with the use of a compos-

ite scale score including morphologic CT findings in patients with

iNPH.7

The use of morphologic MR imaging markers for selecting

appropriate shunt surgery candidates has been investigated, but

results vary; the use of these markers for predictive purposes is still

disputed.8-12 DESH13 has won support as a prognostic marker,14

most recently by Shinoda et al,15 who developed a 10-point grad-

ing scale to aid in patient selection for surgery. Virhammar
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et al8,16 reported that the presence of DESH, a narrow callosal

angle (�63°), and dilation of the temporal horns were predictors

of good surgical outcome.

The use of morphologic MR imaging markers for predicting

outcome after shunt surgery in patients with iNPH requires fur-

ther investigation. Hence, the aim of this study was to investigate

the association between 13 morphologic MR imaging markers

and postoperative outcome in a large consecutive cohort of pa-

tients with iNPH subjected to a detailed clinical evaluation.

MATERIALS AND METHODS
One-hundred sixty-eight patients consecutively diagnosed with

iNPH in accordance with the international guidelines2 who un-

derwent shunt surgery between 2006 and 2013 were included in

the study. Patients were included if they had a complete preoper-

ative MR imaging scan including volumetric T1, FLAIR, and

flow-sensitive T2 sequences. If substantial movement artifacts

were present on any of the sequences, the patient was excluded.

Demographic data of the patient group are shown in Table 1.

Clinical Evaluation
All patients underwent detailed clinical examinations by a neurolo-

gist and a physiotherapist preoperatively and 3–6 months postoper-

atively following standardized protocols.5 To evaluate outcome after

shunt surgery, we created a composite score incorporating 4 contin-

uous measures based on 2 gait tests and 2 cognitive tests (the Timed

10-Meter Walk Test17; the Timed Up and Go Test18; the Identical

Forms Test, measuring perceptual speed and accuracy; and the Bin-

gley Memory Test19). Each score was standardized into a 0–100 scale

with 0 representing the worst possible performance and 100 equaling

the mean performance of healthy individuals at 70 years of age.4,17,20

The composite score was calculated using the mean value of the 4

included tests, and the difference between the pre- and postoperative

score constituted the outcome for each patient. Patients were classi-

fied as improved if their score increased by �5 points.4,5 All shunts

were functioning at the time of the postoperative clinical evaluation.

Imaging
All preoperative MR imaging scans were performed using a 1.5T

Intera (Philips Healthcare, Best, the Netherlands) or a 1.5T

Achieva dStream (Philips Healthcare) scanner. The imaging se-

quences were reformatted and analyzed using an Advantage

Workstation 2.0 (GE Healthcare, Milwaukee, Wisconsin). The

imaging protocol consisted of the following: 1) a sagittal T1-

weighted volume sequence with TR/TE � 25/4.6 ms, flip angle �

30°, FOV � 260 � 260 � 190 mm3, matrix � 260 � 259, and 380

overcontiguous 1-mm slices; 2) a transaxial FLAIR sequence with

TR/TE � 9000/100 ms, inversion recovery delay � 2500 ms,

FOV � 230 � 230 � 230 mm3, matrix � 192 � 192, 44 sections,

3-mm slice thickness, and no gap; 3) a flow-sensitive sagittal TSE

sequence with TR/TE � 10,238/300 ms, FOV � 230 � 230 � 38

mm3, matrix � 384 � 284, thirteen sections, 2-mm slice thick-

ness, and 1-mm gap; and 4) an aqueduct-centered turbo field

echo sequence with TR/TE� 7.7/3.8 ms, flip angle � 60°, FOV �

150 � 150 � 15 mm3, matrix � 256 � 256 with 75 overcontigu-

ous 0.2-mm slices.

On the T1-weighted volume sequences, a line connecting the

anterior and posterior commissures was defined (ie, the anterior/

posterior commissure plane).8,16,21 The T1-weighted 3D volumes

were then reformatted generating coronal images perpendicular

to and transaxial images parallel to the anterior/posterior com-

missure plane. All reformatted T1-weighted volume sequences

had voxel sizes of 1 � 1 � 1 mm and were used with the FLAIR,

TSE, and turbo field echo sequences in the image analyses.

In total, 13 imaging markers were analyzed (Figure).

The EI was measured on transaxial T1-weighted images as the

index between the maximum diameter of the frontal horns and

the maximum inner skull diameter in the slice above the foramen

of Monro (Fig A). Then, the maximum diameter of the temporal

horns was recorded bilaterally (Fig B). The callosal angle was an-

alyzed on coronal T1 images at the level of the posterior commis-

sure (Fig C).16

Coronal T1 images were also used to measure the widest di-

ameter of the third ventricle between the anterior and posterior

commissures (Fig D). On sagittal T1 slices, the widest anteropos-

terior midline diameter of the fourth ventricle was determined

along a line perpendicular to the posterior border of the brain

stem (Fig E).

Obliteration of the high-convexity sulci was assessed on

transaxial T1 images and graded as obliterated if no sulci were

distinguishable on the 10 most cranial slices covering the ver-

tex (Fig F).

The presence of focally enlarged (transport) sulci was analyzed

on transaxial and coronal T1 series. The sulci were only deter-

mined as focally widened if there were no signs of general cortical

atrophy, the sulcal widening was asymmetric, and the affected

sulci lacked connection with the Sylvian fissure. The number of

focally widened sulci was recorded (Fig G).

Dilation of the Sylvian fissures was measured on coronal T1

images using an ordinal scale (Fig H).16,22 Widening of the ante-

rior part of the interhemispheric fissure was estimated on trans-

axial T1 images using a 3-step ordinal scale (Fig I). The flow void

phenomenon in the cerebral aqueduct and fourth ventricle (flow

void sign) was evaluated and graded using the ordinal scale devel-

oped by Algin et al23 and later modified by Virhammar et al (Fig

J).8 Periventricular and deep white matter hyperintensities were

analyzed on transaxial FLAIR series using the scale developed by

Fazekas et al.24

DESH was considered present if patients showed signs of Syl-

vian fissure dilation (ordinal rating 1 or 2) in conjunction with

obliterated sulci at the high convexity.

Analyses were performed in a retrospective manner with in-

vestigators blinded to the patients’ clinical data. To ensure repro-

ducibility, 2 authors (S.A., M.W.) analyzed all variables indepen-

dently in 10 randomly selected patients and calculated interrater

Table 1: Demographic data of 168 patients with iNPH
Data

Age (mean) (SD) (yr) 71 (9.3)
Male/female (%) 61:39
Symptom duration (mean) (SD) (mo) 47 (59)
Comorbidity (%)

Hypertension 49
Cardiovascular disease 26
Diabetes mellitus 15
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reliability. In cases in which discrepancies occurred, the variables

were redefined and re-evaluated until an interrater reliability of

�0.7 was achieved. The development of the image-analysis pro-

tocol was supervised by an experienced neuroradiologist (D.Z.)

who also assisted in the refinement of MR imaging markers as

required until the interrater reliability ratings were sufficient. In

addition, 20% of patient scans were randomly selected and re-

evaluated by one of the authors (S.A.) to calculate the test-retest

reliability, which was �0.8 for all variables.

Statistics
All statistical tests were performed using nonparametric proce-

dures. Differences in distributions among binary variables were

tested using the McNemar test. Tests of differences between

groups for ordinal and interval data were performed using the

Wilcoxon rank sum test. Correlations were tested using Spearman

rank correlations. Associations between outcome and analyzed

MR imaging variables were assessed using logistic regression

models with results presented as odds ratios with 95% confidence

intervals. Interrater and test-retest reliability was calculated using

intraclass correlation coefficients for continuous variables and the

weighted/unweighted Cohen � for ordinal and nominal variables,

respectively. Statistical significance was P � .05. All calculations

were performed in SPSS, Version 24.0, released in 2014 (IBM,

Armonk, New York).

Ethical Considerations
The data collection was approved by the Ethics Committee for

Medical Research at Gothenburg University, with written in-

formed consent obtained from all participants or close relatives.

RESULTS
Surgical Outcome
Sixty-eight percent (n � 115) of the patients improved after shunt

surgery, 23% (n � 39) were unchanged, and conditions of 8%

(n � 14) deteriorated. Improvement was most pronounced in the

gait domain (Table 2).

Preoperative MR Imaging Findings and Outcome
All patients had an EI of �0.3, a present flow void sign, white

matter hyperintensities, and a callosal angle of �90° (Table 3).

Dilation of the Sylvian fissures was found in 72%, while focal

dilation of the supra-Sylvian sulci and obliteration of sulci at the

high convexity were more uncommon (28%–36%). Thirty-nine

percent had a callosal angle of �63°(responders, 39%; nonre-

sponders, 38%; P � not significant). There were no significant

differences between responders and nonresponders in the distri-

bution of any of the morphologic MR imaging markers or in the

prevalence of periventricular and deep white matter changes. Fur-

thermore, the severity of white matter changes did not have any

effect on postoperative outcome.

In the logistic regression models adjusted for age and sex, no

MR imaging marker was significantly associated with postopera-

tive improvement, neither for the total score nor for any of the

subdomain scores.

FIGURE. Morphologic MR imaging markers analyzed in 168 patients
with iNPH preoperatively. A, Evans index. B, Maximum width of the
temporal horns. C, Callosal angle. D, Maximum width of the third
ventricle. E, Maximum anteroposterior diameter of the fourth ventri-
cle. F, Obliteration of sulci at the vertex. G, Transport of sulci on
transaxial and coronal images (left-right). H, Width of the Sylvian fis-
sures graded 0 to 1–2 (left-right). I, Width of the interhemispheric
fissure graded 0 to 1–2 (left-right). J, Flow void sign graded 1 to 2–3
(left-right, 0 not shown in the figure).

Table 2: Pre- and postoperative gait, cognitive, and total scores
in 168 patients with iNPH

Preoperative Postoperative P
Gait (median) (IQR) 38 (17–61) 66 (43–87) �.001
Cognition (median) (IQR) 35 (19–66) 50 (20–75) �.001
Total (median) (IQR) 39 (23–63) 57 (38–76) �.001

Note:—IQR indicates interquartile range.
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Correlations with Clinical Symptoms
A few measures were significantly correlated with preoperative

clinical symptoms. However, the correlations were all weak (ie,

�.30) (Table 4).

DISCUSSION
In this study of 168 patients with iNPH, we analyzed a number of

proposed MR imaging markers for the prediction of outcome

after shunt surgery. We could not show

significant associations between any of

the analyzed MR imaging markers and

postoperative improvement, nor were

there significant differences in the pres-

ence of proposed imaging markers be-

tween improved and nonimproved pa-

tients. Specifically, a small callosal angle

or the finding of DESH was not associ-

ated with a favorable outcome.

The lack of correlation between mor-

phologic MR imaging markers and post-

operative improvement corroborates

some earlier studies9,12,25 and contra-

dicts other publications that have re-

ported significant associations between

postoperative improvement and the

presence of a narrow callosal angle,16 the

DESH phenomenon,15,16 and dilation of

the temporal horns.8

A possible explanation for the differ-

ent results regarding the predictive value

of morphologic imaging markers re-

ported here compared with many earlier

studies could be the selection of patients.

We based the iNPH diagnosis and deci-

sion to perform shunt surgery on clinical

and radiologic criteria, and only in pa-

tients in whom the outcome of shunt

surgery was considered uncertain was

the CSF Tap-Test or lumbar infusion

test used as a supplementary test. Lumbar puncture was per-

formed for intracranial pressure measurement and exclusion of

other disorders. Furthermore, with the exception of the EI, none

of the imaging markers were specifically required for diagnosis.

Diagnostic criteria requiring the presence of DESH, a positive

response to CSF drainage, or an increased resistance to CSF out-

flow such as the Japanese guidelines,1 entail a possible selection

bias in which patients who would potentially improve after shunt

surgery were excluded from studies. We believe that the inclusion

of patients with iNPH in our study is more general with less se-

lection bias compared with many earlier studies, which could ex-

plain differences in results reported. Overall, we consider the pa-

tient sample representative, and the results reported here are

robust. Moreover, our results are in agreement with those of Cra-

ven et al12; and in a recent report by Benedetto et al26 using a

CT-based method to assess DESH, there were no differences be-

tween patients who improved and those who did not improve

after shunt surgery.

Another possible cause of the contradictory results in some

earlier studies might be the use of different outcome measures. In

our study, the aim was to use a sensitive outcome measure similar

to the iNPH scale designed by Hellström et al4 in order to base our

calculations on improvements in continuous variables that are

norm-based and thus reproducible. Many of the previous studies

have used the modified Rankin Scale, which was developed for use

in patients with stroke and does not measure symptom severity in

Table 3: Preoperative morphologic MRI markers in 168 patients with iNPH

All Patients No.
Median/%

(IQR)
Improved

(Median/%)

Not
Improved

(Median/%) P
Evans index 0.41 (0.37–0.44) 0.40 0.39 NS
Temporal horns (mm) 9.1 (7.5–11.0) 9.0 9.1 NS
Callosal angle 68° (56°–81°) 68° 69° NS
Third ventricle width (mm) 15.5 (13.3–18) 15.4 16.5 NS
Fourth ventricle width (mm) 14.7 (13.2–16.3) 14.7 14.6 NS
Transport sulci (%) 0 72 75 68 NS

1 17 19 11
2 8 6 14

�2 3 0 7
Dilated interhemispheric fissure (%) 0 42 45 38 NS

1 49 45 54
2 9 10 8

Obliterated sulci at vertex (%) 36 36 35 NS
Dilated Sylvian fissure (%) 0 28 31 22

1 45 45 46
2 27 24 32

DESH present (%) 36 36 34 NS
Flow void sign (%) 0 0 0 0

1 30 30 26
2 42 37 47
3 28 35 27

PVH (%) 0 0 0 0 NS
1 57 58 49
2 26 25 29
3 17 17 22

DWMH (%) 0 0 0 0 NS
1 46 47 45
2 37 42 29
3 17 11 26

Note:—PVH indicates periventricular hyperintensities; DWMH, deep white matter hyperintensities; NS, not significant;
IQR, interquartile range.

Table 4: Correlation coefficients between clinical symptom
severity and preoperative MRI findings in 168 patients with iNPH

Total
Symptom

Score
Gait

Score
Cognition

Score
EI �0.09 �0.04 �0.12
Temporal horns (mean) �0.30 0.1 �0.15a

Interhemispheric fissure �0.20 �0.04 �0.04
Callosal angle 0.17 0.13 0.16
Third ventricle �0.19 �0.25a 0.07
Sylvian fissures (mean) �0.1 �0.15a 0.08
Obliterated sulci 0.19 0.18 0.13
DESH 0.11 0.06 0.11
Flow void 0.03 0.09 �0.03
Fourth ventricle �0.20a �0.20a 0.16
Transport sulci 0.07 0.18 0.08
PVH �0.26a �0.22a �0.23a

DWMH �0.22a �0.21a �0.17a

Note:—PVH indicates periventricular hyperintensities; DWMH, deep white matter
hyperintensities.
a P � .05.
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iNPH but instead provides a general measure of disability.27

Other groups have applied outcome scales based on ordinal or

nominal ratings,8,10,15 making a direct comparison with the re-

sults presented here more difficult. To maximize the sensitivity

and validity of results, one should use quantitative outcome mea-

sures if possible.4 Using outcome measurements that are blunt or

potentially not measuring an actual improvement of hydroce-

phalic symptoms (such as the modified Rankin Scale) increases

the risk of misjudging proposed imaging markers and their use as

predictors of postoperative outcome.

The prevalence of DESH in this study is lower in comparison

with previous publications.8,13,28 This outcome might be because

in accordance with the international diagnostic guidelines, the

components of the DESH phenomenon were not part of the di-

agnostic criteria for the evaluated iNPH group. Furthermore, we

graded sulcal compression at the vertex as obliterated or not,

meaning that patients who did not show complete sulcal obliter-

ation but still had some degree of compression in conjunction

with Sylvian dilation were graded as not having DESH. However,

DESH prevalence figures in patients with iNPH of around 30%

have previously been reported,12 and the same authors did not

find any support for DESH as a predictive factor for shunt respon-

siveness, confirming our results.

While DESH is a common finding in patients with iNPH and

can aid in diagnosing the disorder, this study implies that it should

be used neither as an obligatory diagnostic finding nor as a pre-

dictive marker, given the risk of excluding patients from shunt

surgery who might benefit from the procedure.

All patients in our study presented with an EI of �0.3, in

agreement with the international guidelines.2 In addition, the

ventriculomegaly also involved the third and fourth ventricles in

most patients, corroborating previous findings.9 The enlarge-

ment of the third and fourth ventricles also correlated signifi-

cantly, albeit weakly, with the gait symptom score. Although these

findings could not significantly predict good postoperative out-

come, they are still important to consider from a pathophysio-

logic aspect. Infratentorial periventricular structures might be in-

volved in the development of clinical symptoms.5,29,30

All patients presented with white matter changes on preoper-

ative MR imaging. The severity of these changes did not differ

significantly between shunt responders and nonresponders in this

study; this result corroborates previously published work8,31 and

reinforces the theory that the extent of white matter damage

should not exclude patients from shunt surgery.

Our findings of only weak correlations between ventricular

dilation or white matter changes on the one hand and symptom

severity on the other differ markedly from a recent study re-

porting an association between 8 CT-based imaging markers

and the severity of clinical symptoms.7 The cited study used the

iNPH grading scale,4 and the statistical analysis was performed

using linear regression modeling, which we were unable to

reproduce given the absence of a linear relationship between

our dependent and independent variables and non-normal

data distribution.

Our findings support the view that clinical improvement in

iNPH after shunt surgery is mainly attributed to increased metab-

olism and extracellular fluid flow in predominantly periventricu-

lar regions of the brain and not morphologic changes as measured

on structural MR imaging. Support for this notion comes from

imaging studies of perfusion32-35 and diffusion29,36 and CSF bio-

marker studies37,38 as well as a recent study indicating reduced

glymphatic clearance in patients with iNPH.39

The results reported here imply that morphologic MR imaging

markers only correlate with symptom severity in a limited way

and cannot predict postoperative outcome. To find reliable mark-

ers for selecting appropriate candidates for shunt surgery, focus

should be turned to the use of higher order MR imaging analyses,

such as diffusion- and perfusion-based techniques as well as com-

binations of MR imaging and biochemical methods. Further

studies are needed in this area.

Strengths and Weaknesses
The strengths of this study are the large consecutively included

patient population, a prospective data collection, and the detailed

assessment of clinical outcome after shunt surgery. We also re-

aligned all scans before the subsequent analysis, thus minimizing

the effects of possible misalignment. In addition, with the excep-

tion of the EI, the analysis of all variables was performed after the

diagnosis of iNPH was made, thus reducing the risk of selection

bias.

The main limitations are the retrospective image analysis and

the fact that a group of patients diagnosed before 2006 had to be

excluded because they lacked MR imaging scans that fulfilled our

inclusion criteria. The excluded patients did not differ in any de-

mographic data nor in our outcome score compared with our

study population. In all, we consider the evaluated patient sample

and the results reported here to be representative.

CONCLUSIONS
DESH, a small callosal angle, and the other MR imaging markers

evaluated in this study should not be used to exclude patients

from shunt surgery. These markers, though they may be indica-

tive of iNPH, do not seem to be a part of the mechanisms con-

nected to the reversibility of the syndrome.
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ORIGINAL RESEARCH
ADULT BRAIN

Brain �-Amyloid and Atrophy in Individuals at Increased Risk
of Cognitive Decline

X I.K. Martikainen, X N. Kemppainen, X J. Johansson, X J. Teuho, X S. Helin, X Y. Liu, X S. Helisalmi, X H. Soininen, X R. Parkkola,
X T. Ngandu, X M. Kivipelto, and X J.O. Rinne

ABSTRACT

BACKGROUND AND PURPOSE: The relationship between brain �-amyloid and regional atrophy is still incompletely understood in
elderly individuals at risk of dementia. Here, we studied the associations between brain �-amyloid load and regional GM and WM volumes
in older adults who were clinically evaluated as being at increased risk of cognitive decline based on cardiovascular risk factors.

MATERIALS AND METHODS: Forty subjects (63– 81 years of age) were recruited as part of a larger study, the Finnish Geriatric Intervention
Study to Prevent Cognitive Impairment and Disability. Neuroimaging consisted of PET using 11C Pittsburgh compound-B and T1-weighted
3D MR imaging for the measurement of brain �-amyloid and GM and WM volumes, respectively. All subjects underwent clinical, genetic,
and neuropsychological evaluations for the assessment of cognitive function and the identification of cardiovascular risk factors.

RESULTS: Sixteen subjects were visually evaluated as showing cortical �-amyloid (positive for �-amyloid). In the voxel-by-voxel analyses,
no significant differences were found in GM and WM volumes between the samples positive and negative for �-amyloid. However, in the
sample positive for �-amyloid, increases in 11C Pittsburgh compound-B uptake were associated with reductions in GM volume in the left
prefrontal (P � .02) and right temporal lobes (P � .04).

CONCLUSIONS: Our results show a significant association between increases in brain �-amyloid and reductions in regional GM volume
in individuals at increased risk of cognitive decline. This evidence is consistent with a model in which increases in �-amyloid incite
neurodegeneration in memory systems before cognitive impairment manifests.

ABBREVIATIONS: AD � Alzheimer disease; APOE � Apolipoprotein E; A� � �-amyloid; PIB � Pittsburgh compound-B; PIB� � PIB negative; PIB� � PIB positive

Alzheimer disease (AD), the most common form of late-life

dementia, is characterized by abnormal deposits of neurofi-

brillary tangles of � protein and plaques of �-amyloid (A�) pro-

tein in the brain, eventually leading to neurodegeneration and

cognitive decline. The accumulation of A� in the brain is believed

to be a key factor in the development of AD, and recent evidence

suggests that reduction of brain A� in the early stages of AD may

slow down cognitive and functional decline.1 Therefore, there is a

need to find biomarkers that identify individuals at risk of developing

AD pathology who might benefit from therapeutic interventions be-

fore substantial irreversible neurodegeneration occurs.

Neuroimaging using PET and ligands specific for A� such as
11C-labeled-Pittsburgh compound-B (11C PIB) allows the mea-

surement of brain fibrillary A� load in vivo. Previous studies have

found increases in brain 11C PIB uptake not only in patients with

AD but also in patients at risk of AD.2 The increases in 11C PIB
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uptake in these patient samples are significantly associated with

brain atrophy.3,4 However, the evidence is mixed on the relation-

ship of brain volumes and A� load in elderly subjects without

clear cognitive impairment: Earlier studies have found both pos-

itive5,6 and negative associations7 or no associations.8 This incon-

sistency may be related to differences in methodology and the

stage of AD pathology of the samples.

Here, we studied the relationships between brain A� and apo-

lipoprotein E (APOE) �4 carrier status with regional GM and WM

volumes in a population-based sample of elderly individuals

without manifest cognitive impairment but at high risk of devel-

oping dementia based on a cardiovascular risk factor profile. Ear-

lier research suggests substantial regional variation in the acceler-

ated brain atrophy related to early A� accumulation.9 Therefore,

we hypothesized that increases in 11C PIB uptake are associated

with specific patterns of brain volume loss. A better understand-

ing of the relationship between A� and brain atrophy would not

only elucidate AD mechanisms in at-risk subjects but also poten-

tially help develop imaging-based identification of individuals

who might benefit from early intervention.

MATERIALS AND METHODS
Subjects
The subjects were recruited as part of the Finnish Geriatric Inter-

vention Study to Prevent Cognitive Impairment and Disability

(clinicaltrials.gov identifier NCT01041989). The study enrolled

subjects 60 –77 years of age with Cardiovascular Risk Factors, Ag-

ing and Dementia scores of at least 6 points10 and cognition at a

mean level or slightly lower than that expected for age. At least 1 of

the following criteria was required for inclusion: 1) Word List

Memory Task of �19 words, 2) Word List Recall of �75%, or 3)

Mini-Mental State Examination score of �26/30 points. In gen-

eral, the subjects are representative of the Finnish elderly popula-

tion with several risk factors for dementia.11,12 The exclusion cri-

teria included major depression, dementia, or marked cognitive

decline, Mini-Mental State Examination scores of �20, and

symptomatic cardiovascular disease.

Here, we studied a subgroup of the above-mentioned sam-

ple (Turku University Hospital cohort), consisting of 40 sub-

jects (21 men, 19 women; mean age, 71 � 5.2 years). Before

analyses, all neuroimaging data were evaluated for image qual-

ity. Written informed consent was obtained from all subjects

who participated in the study. The study was approved by the

Coordinating Ethics Committee of the Helsinki and Uusimaa

Hospital District.

Clinical Measurements
The clinical measurements have been previously described in de-

tail.13 The cognitive performance was evaluated using the modi-

fied Neuropsychological Test Battery,14 yielding a total composite

z score and domain z score measures of memory, executive func-

tion, and processing speed. Total serum cholesterol and plasma

glucose concentrations were determined enzymatically using

commercial reagents and a clinical chemistry analyzer, Architect

c8000 (Abbott Laboratories, Abbott Park, Illinois).

APOE Genotyping
Genomic DNA was extracted from venous blood samples with a

chemagic Magnetic Separation Module I (Perkin Elmer, Waltham,

Massachusetts) using magnetic beads. The APOE genotype was

determined by polymerase chain reaction using TaqMan geno-

typing assays (Applied Biosystems, Foster City, California) for

2 single-nucleotide polymorphisms (rs429358 and rs7412) and

an allelic discrimination method on the ABI 7500 platform

(Applied Biosystems).15

Neuroimaging
11C PIB [N-methyl-11C-2-(4-methylaminophenyl)-6-hydroxy-

benzothiazole] was produced as described earlier.16 On average,

406 � 110 MBq of 11C PIB was injected intravenously, and a scan

from 60 to 90 minutes (3 � 10-minute frames) after injection was

performed with an Ingenuity TF PET/MR scanner (Philips

Healthcare, Best, the Netherlands). All images were reconstructed

using a line-of-response row-action maximum likelihood algo-

rithm with MR imaging– based attenuation correction using a

segmentation-based algorithm with 3 tissue classes, including the

head coil template used in the MR imaging protocol.17 The data

were reconstructed using 2 iterations and 33 subsets. The image

matrix size was 128 � 128 � 90, with an axial FOV of 256 � 256

mm and an isotropic voxel dimension of 2 mm. All quantitative

corrections for PET data were applied, including scatter, ran-

doms, attenuation, detector deadtime, and normalization. Nei-

ther time-of-flight information nor resolution modeling was ap-

plied in this study. Sagittal T1-weighted 3D MR imaging data were

acquired for the measurement of brain GM and WM volumes,

with TR � 25 ms, TE � 5.5 ms, and a reconstructed isotropic

voxel dimension of 1 mm.

PET and MR Imaging Data Processing
The neuroimaging data were processed using SPM8 (http://www.

fil.ion.ucl.ac.uk/spm/software/spm12). The 11C PIB images were

realigned and coregistered to the individual MR image and nor-

malized to Montreal Neurological Institute space. 11C PIB uptake

data were extracted using the standard automated segmentations

by FreeSurfer 5.0 (http://surfer.nmr.mgh.harvard.edu).18 Re-

gional 11C PIB uptake was quantified as a region-to-cerebellar

cortex ratio during the 60- to 90-minute scan duration. The 11C

PIB uptake values in the right and left hemispheres were averaged

for data analysis.

MR imaging data processing for voxel-based morphometry

analysis was performed using the VBM8 toolbox (http://dbm.

neuro.uni-jena.de/vbm.html), with default parameters for image

processing. This included bias regularization and tissue classifica-

tion and registration using linear (affine) and nonlinear transfor-

mations within a unified model.19 High-dimensional spatial

normalization was accomplished using Diffeomorphic Anatomi-

cal Registration Through Exponentiated Lie Algebra. The analysis

was performed on the volumes of GM and WM, multiplied by the

nonlinear, but not linear, components derived from the normal-

ization matrix. This procedure preserves actual local GM and

WM volumes, accounting for individual brain size (modulated

volume). The realigned and normalized GM and WM segments
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were smoothed with a Gaussian kernel with a full width at half

maximum size of 8 mm.

Data Analysis
The PET images were visually interpreted by 2 experienced read-

ers, and subjects were classified as either PIB positive (PIB�) or

PIB negative (PIB�) on the basis of consensus agreement. The

subjects with PIB� findings had cortical 11C PIB retention in at

least 1 region typically affected by �-amyloid deposition in AD,

while the subjects with PIB� findings had only nonspecific 11C

PIB retention in the WM. Brain GM and WM volumes were com-

pared between the PIB� and PIB� samples and APOE �4 carriers

and noncarriers voxel-by-voxel using an unpaired t test. The as-

sociations between 11C PIB uptake and brain GM and WM vol-

umes, and interactions between 11C PIB uptake and APOE �4

carrier status with regional GM and WM volumes were analyzed

using whole-brain voxel-by-voxel multiple linear regression anal-

ysis. Age and sex were covaried in all analyses. Primary analyses

were conducted using a composite 11C PIB uptake value, calcu-

lated as the average uptake in the following regions: anterior cin-

gulate cortex, lateral temporal cortex, parietal cortex, posterior

cingulate cortex, precuneus, and prefrontal cortex. Additionally,

the 11C PIB uptake values for the precuneus, prefrontal cortex,

and posterior cingulate cortex were used for regression analysis

because they are among the first regions to show increases in 11C

PIB uptake in mild cognitive impairment.2 The associations were

determined separately in the PIB� and PIB� samples.

Voxels with GM or WM values of � 0.1 were excluded from

the analysis. A height threshold of P � .001 (uncorrected) was

used across the whole brain for searching significant differences in

brain GM and WM volumes (P � .05, family-wise error rate–

corrected for multiple comparisons at the cluster level). Extent

threshold was defined by the expected number of voxels per clus-

ter based on random field theory. Cluster sizes were adjusted for

nonstationary smoothness.20 In addition to the measures of GM

and WM volume, microangiopathy-related hyperintensities in

deep WM were evaluated on axial FLAIR images using a semi-

quantitative scale (0 � absence, 1 � punctate foci, 2 � beginning

confluence of foci, 3 � large confluent areas).21

Statistical analyses were performed using SPSS, Version 23.0

(SPSS Statistics for Windows; IBM, Armonk, New York). Planned

correlations were determined between clinical measures and GM

and WM volumes in the PIB� and PIB� samples. In these anal-

yses, statistical significance was set at P � .05, and no correction

for multiple tests was applied to these correlations.

RESULTS
General Characteristics and APOE Genotype of the
Subjects
The general characteristics of the subjects are shown in Table 1.

APOE genotype was determined in 39 subjects. This sample con-

sisted of 12 APOE �4 carriers (�2/�4, n � 1; �3/�4, n � 10; �4/�4,

n � 1) and 27 APOE �4 noncarriers (�2/�3, n � 2; �3/�3, n � 25).

Brain 11C PIB Uptake and GM and WM Volumes
The average global brain GM volume was 618 � 73 mL in the

PIB� sample and 624 � 52 mL in the PIB� sample, and the

average brain WM volume was 502 � 76 mL in the PIB� sample

and 520 � 61 mL in the PIB� sample. There were no differences

in the global GM and WM volumes between the samples (GM:

F1,37 � 0.17, P � .68; WM: F1,37 � 1.21, P � .28). In the whole-

brain voxel-by-voxel analyses, no significant differences were

found in the GM and WM volumes between the PIB� and PIB�

samples, even when using a very lenient search threshold (P � .05,

uncorrected).

In line with our earlier work, significant correlations were

found between the regional 11C PIB uptake values and the com-

posite 11C PIB uptake value in the PIB� sample (all bivariate ROI

correlations, P � .001; Pearson r � 0.70 – 0.98). Therefore, the

composite 11C PIB uptake value can be used as a proxy for overall

brain A� load in this study.

In the PIB� sample, increases in composite 11C PIB uptake

were associated with smaller GM volumes in the right temporal

lobe (temporal pole, parahippocampal gyrus; peak Montreal

Neurological Institute coordinates at [29, 14, �30], cluster size �

1170 mm3, z � 4.0, P � .04). At a lower search threshold (P �

.01), this region also encompassed the right hippocampus and

areas of the medial occipitotemporal gyrus (Fig A, -B). The in-

creases in 11C PIB uptake in the precuneus were associated with

smaller GM volumes in the left prefrontal lobe (inferior frontal

Table 1: Sample demographics and clinical characteristicsa

Characteristics All PIB− PIB+ PIB− vs PIB+
No. (% women) 40 (48%) 24 (50%) 16 (44%) �2

1 � 0.15, P � .70
Age (yr) 71 � 5 70 � 6 72 � 4 t38 � �1.19, P � .24
APOE �4 carriers (%) 12 (31) 4 (17) 8 (53) �2

1 � 5.83, P � .02
Body mass index (kg/m2) 27 � 3 28 � 3 26 � 2 t38 � 2.14, P � .04
Systolic blood pressure (mm Hg) 137 � 15 138 � 15 136 � 15 t38 � 0.31, P � .76
Diastolic blood pressure (mm Hg) 81 � 8 80 � 8 82 � 9 t38 � �0.65, P � .52
Total serum cholesterol level (mmol/L) 5.2 � 1 4.9 � 1 5.5 � 1 t38 � 1.69, P � .10
Education (yr) 9 (2) 9 (2.75) 8 (2) U � 158, P� .36
Physical activity � twice per week (%) 63 52 80 �2

1 � 3.02, P � .08
Mini-Mental State Examination 27 (2) 27 (2) 27 (3) U � 158, P � .35
Total composite z score 0.03 � 0.5 0.06 � 0.6 �0.01 � 0.5 F1,37 � 0.018, P � .90
Memory z score �0.05 � 0.6 �0.10 � 0.5 0.06 � 0.7 F1,37 � 2.42, P � .13
Executive function z score 0.04 � 0.6 0.20 � 0.6 �0.10 � 0.4 F1,37 � 1.94, P � .17
Processing speed z score 0.2 (0.9) 0.4 (1) 0.2 (1) F1,37 � 0.03, P � .86
Dementia risk score 7.5 (3.75) 8 (3.75) 7 (2) U � 161, P � .39
Fazekas score 1 (2) 1 (2) 2 (1.75) U � 144, P � .18

a Data are given as mean � SD or median (interquartile range).
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gyrus; [�38, 32, 4], 262 mm3, z � 3.8, P � .02; Fig C). At trend

level (P � .06), an association was found between increases in
11C PIB uptake in the prefrontal cortex and smaller GM vol-

umes in the right temporal lobe (temporal pole, parahip-

pocampal gyrus, amygdala; [29, 12, �30], 1390 mm3, z � 3.7).

There were no regions with a significant positive correlation

between 11C PIB uptake and GM volume. In the PIB� sample,

no significant associations were found between brain 11C PIB

uptake and GM volume (all regions, P � .05). No significant

associations were found between 11C PIB uptake and regional

WM volume in the PIB� or PIB� samples. The main results

are summarized in Table 2.

APOE �4 Carrier Status and GM and WM Volumes
No significant differences were found in global brain GM volumes

between APOE �4 carriers and noncarriers (F1,36 � 1.44, P � .24).

The global WM volumes were significantly smaller in APOE �4

carriers compared with noncarriers (F1,36 � 4.62, P � .04). In the

whole-brain voxel-by-voxel analysis, no significant differences

were found in regional GM volumes when comparing APOE �4

carriers and noncarriers. Furthermore, no significant interactions

were found between APOE �4 carrier status and composite 11C

PIB uptake with regional GM volume. Regarding regional WM,

APOE �4 carriers had significant reductions in WM volumes in

the right parieto-occipital region compared with APOE �4 non-

carriers ([18, �87, 32], 4810 mm3, z � 4.7, P � .001). No signif-

icant regions were found in the opposite contrast (APOE �4 car-

riers � APOE �4 noncarriers). No interactions were found

between APOE �4 carrier status and composite 11C PIB uptake

with regional WM volume.

Clinical Correlations
In the overall sample, larger global GM and WM volumes were

associated with younger age (GM: r � �0.35, P � .01; WM: r �

�0.37, P � .009). Larger global WM volumes were also associated

with higher Mini-Mental State Examination scores at trend level

(r � 0.28, P � .08). Correlations between regional GM or WM

volumes and clinical measures, including WM hyperintensities,

were short of significance (all P values � .05).

DISCUSSION
PET imaging using ligands specific for A�, such as 11C PIB, allows

the evaluation of AD pathology even before clinical symptoms

emerge. However, a number of patients with PET scans positive

for 11C PIB do not develop AD, indicating that other biomarkers

are needed to accurately identify individuals who might benefit

from pharmaceutical or life-style interventions.1,12 Earlier studies

in patients with AD and its prodromal states have found signifi-

cant correlations between 11C PIB uptake and brain volume

loss,3,4,22,23 which is more closely related to the cognitive symp-

toms than A� load.6,8 Significant correlations have been de-

scribed between brain A� accumulation and atrophy even in el-

derly subjects with no cognitive symptoms5,6; in fact, it has been

suggested that this correlation is particularly strong at early stages

of AD pathology.24,25 Our present data extend the previous ob-

servations by showing significant associations between increases

in brain A� and GM loss in elderly subjects at high risk of cogni-

tive impairment. However, some studies in cognitively healthy

subjects have failed to find associations between 11C PIB uptake

and atrophy8 or have even suggested a positive correlation be-

tween 11C PIB uptake and GM volume.7 Considering the distinct

time scales of brain A� accumulation and GM loss, these discrep-

ancies may relate to differences in the stage of AD pathology

among the samples.

In the PIB� sample, a significant association was found be-

tween increases in the composite measure of brain 11C PIB uptake

and smaller GM volumes in the right temporal lobe, encompass-

ing structures of the medial temporal lobe memory system. This

finding is in line with previous work in cognitively healthy elderly

subjects5,6,24,25 and suggests that asymptomatic elderly individ-

uals who are at risk of cognitive decline and have a substantial

brain A� load show signs of impending neurodegeneration in

FIGURE. Associations between increases in 11C PIB uptake and reduc-
tions in GM volume in subjects with PIB� findings at increased risk of
cognitive decline. In subjects classified as positive for 11C PIB uptake,
significant associations are found between increases in composite 11C
PIB uptake and reductions in GM volume in the right temporal lobe (A
and B) and increases in 11C PIB uptake in the precuneus and reductions
in GM volume in the left prefrontal lobe (C). D, The significant nega-
tive correlation between composite 11C PIB uptake and GM volume in
the right temporal lobe in the PIB� sample (closed circles). No cor-
relation is found in the PIB� sample (open circles). The R and P values
were calculated using the average GM volumes extracted at P � .001.

Table 2: Summary of associations between 11C PIB uptake and brain regional GM volume

11C PIB Uptake Measure
Correlation with GM Volume; Region; Peak X, Y, Z

Coordinates; Cluster Size; z Score; P Value
Composite Negative correlation, right temporal lobe (29, 14, �30), 1170 mm3, z � 4.0, P � .04
Precuneus Negative correlation, left prefrontal lobe (�38, 32, 4), 262 mm3, z � 3.8, P � .02
Prefrontal cortex Negative correlation, right temporal lobe (29, 12, �30), 1390 mm3, z � 3.7, P � .06
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the temporal lobe. Although no significant associations were

found between temporal lobe volume and cognition (Mini-

Mental State Examination, total z score, and subscores of the

modified Neuropsychological Test Battery), the significance of

coexisting brain A� load and temporal lobe atrophy in clini-

cally healthy elderly is highlighted by data suggesting that the

adverse effect of these variables on cognition is synergistic.26

Therefore, it is likely that the subjects with PIB� findings with

temporal lobe atrophy in this study are at high risk of future

cognitive decline.

In addition, increases in 11C PIB uptake in the precuneus in

the PIB� sample were significantly associated with GM volume

reductions in the left prefrontal lobe. While studies on brain at-

rophy in the context of AD pathology have generally focused on

medial temporal lobe structures, AD has also been shown to be

associated with atrophy in a number of other brain regions, in-

cluding the frontal lobes, precuneus, and posterior cingulate cor-

tex.27,28 Furthermore, brain A� load in cognitively healthy elderly

has been shown to be associated with GM volume loss in the

frontal, parietal, and temporal lobes.5,27 There is even evidence

suggesting that emerging A� pathology in cognitively healthy

elderly is particularly associated with frontoparietal atrophy,

while atrophy in the temporal lobe structures accelerates later

as clinical symptoms begin to manifest.29 The mechanisms be-

hind the regional differences in A�-associated atrophy are not

well-understood: Potential mechanisms include differences in

the afferent and efferent connections and vulnerability to A�-

related toxicity.

Earlier studies have shown that the APOE �4 allele is associated

with CSF A� levels and changes in brain GM and WM in mild

cognitive impairment and AD.30-32 Although regional reductions

in WM volumes were found in APOE �4 carriers compared with

noncarriers, the APOE �4 carrier status had no effect on the rela-

tionship between 11C PIB uptake and GM volume, corroborating

the results from previous studies conducted in clinically healthy

elderly and subjects with mild cognitive impairment.33,34 These

findings are in line with evidence showing that while APOE �4

carrier status has a major effect on A� deposition, the effects on

atrophy are subtle and are mediated by both A�-dependent and

A�-independent mechanisms.35

Finally, this study has a few limitations. First, because the

subjects were clinically selected to represent an elderly popu-

lation with several risk factors for dementia, it is likely that they

have mixed pathologies; conversely, some of the pathologies

related to cognitive impairment may not have been considered

in the current study. Second, the sample size was relatively

small for the evaluation of associations between GM and WM

volumes and clinical variables and the effects of APOE �4 on

the relationship between 11C PIB uptake and GM and WM

volumes. Third, the cross-sectional data do not allow deter-

mining whether the subjects with PIB� findings with impend-

ing temporal lobe atrophy develop cognitive impairment later

on. Therefore, replication of these findings in larger samples as

well as longitudinal studies are needed to determine the pre-

dictive power of 11C PIB PET and GM volume in cognitive

impairment in at-risk elderly individuals.

CONCLUSIONS
Our results show that elderly individuals who are at increased risk

of cognitive decline based on cardiovascular risk factors and have

PET scans positive for 11C PIB exhibit reductions in regional GM

volume in proportion to increases in brain A� load. Our findings

are consistent with the model in which brain A� accumulation

incites neurodegeneration before cognitive decline manifests.

Furthermore, the results suggest that the brain A�-associated

GM loss affects both the medial temporal lobe memory system

and the neocortex. Together this evidence emphasizes the im-

portance of finding biomarkers that identify individuals at risk

of developing AD pathology who might still benefit from ther-

apeutic interventions.
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ORIGINAL RESEARCH
ADULT BRAIN

Defining the Normal Dorsal Contour of the Corpus Callosum
with Time

X K.L. Krause, X D. Howard, X D.R. Pettersson, X S. Elstrott, X D. Ross, X J.T. Obayashi, X R. Barajas Jr, X A. Bonde, and X J.M. Pollock

ABSTRACT

BACKGROUND AND PURPOSE: Morphological changes of the corpus callosum have been associated with a large number of congenital
neurocognitive and psychiatric disorders. Focal defects or notches of the dorsal surface of the corpus callosum have not been well characterized.
Our purpose was the following; 1) to characterize the dorsal contour of the corpus callosum during the life span, 2) to characterize the relationship
of contour deviations to neighboring vessels, and 3) to determine whether contour deviations are congenital or acquired.

MATERIALS AND METHODS: We retrospectively reviewed normal sagittal T1-weighted brain MR images. A “notch” was defined as a
concavity in the dorsal surface at least 1 mm in depth. The corpus callosum was considered to be “undulating” if there were �2 notches,
including an anterior and posterior notch. The presence of a pericallosal artery and its relationship to a notch were assessed.

RESULTS: We reviewed 1639 MR imaging studies, spanning 0 – 89 years of age. A total of 1102 notches were identified in 823 studies; 344
(31%) were anterior, 660 (60%) were posterior, and 98 (9%), undulating. There was a positive correlation between the prevalence (P � .001)
and depth (P � .028) of an anterior notch and age and a negative correlation between the prevalence of a posterior notch and age (P �

.001). There was no difference between patient sex and corpus callosum notching (P � .884). Of the 823 studies with notches, 490 (60%)
were associated with a pericallosal artery (P � .001).

CONCLUSIONS: The prevalence and depth of notches in the anterior corpus callosum increase significantly with age; this finding suggests
that most notches are acquired. There is a significant positive association between the presence of a corpus callosum notch and adjacent
pericallosal arteries, suggesting that this may play a role in notch formation.

ABBREVIATIONS: CC � corpus callosum; FAS � fetal alcohol syndrome

The corpus callosum (CC) is the midline commissural white

matter tract that connects the 2 cerebral hemispheres. It is

located at the depth of the interhemispheric fissure and forms the

roof of the lateral ventricles. It is divided into 5 named sections

from anterior to posterior: rostrum, genu, body, isthmus, and

splenium.1,2 The CC is the largest white matter tract in the brain,

with approximately 180 million callosal fibers,3 which allow so-

phisticated interhemispheric communication. With such physio-

logic importance, the CC has a blood supply from both the ante-

rior and posterior circulation by way of a number of different

pericallosal vessels.4,5

The MR imaging characteristics of the CC and neighboring ves-

sels have been well-described2 and are becoming more detailed as

MR imaging technologies continue to advance. In turn, a number of

reports also describe the MR imaging characteristics of a wide variety

of congenital and acquired CC pathologies, such as fetal alcohol spec-

trum disorders.1,2,6-11 Thus, the intrinsic morphology of the CC has

become the subject of intense investigation and debate in its associa-

tion with multiple cognitive and neuropsychiatric disorders.9,12-14

The MR imaging characteristics of the dorsal callosal contour

and its intimate association with pericallosal blood vessels have

not been well studied or described in the literature. Given that the

morphology of the CC is so carefully scrutinized in a number of

pathologic conditions, our objective was to investigate the normal

dorsal morphology of the CC during the human life span, its

anatomic relationship to neighboring vessels, and whether any

contour deviation is a congenital or acquired etiology.

MATERIALS AND METHODS
Study Population
This retrospective, single-center study was approved by the insti-

tutional review board with a waiver of patient consent. Initially,
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3800 consecutive brain MR imaging examinations with reported

impressions containing the keywords “normal” or “no acute pro-

cess” were reviewed. These data were then screened for all radio-

graphically normal study findings, spanning patient ages 1 day (0

years) to 90 years, that contained a diagnostic-quality midline

sagittal T1-weighted image. Studies were excluded for any patho-

logic process, including but not limited to developmental anom-

alies, hydrocephalus, intracranial hemorrhage, infarction, en-

cephalomalacia, demyelinating disease, trauma, malignancy, any

surgical intervention, or motion-limited examinations.

A team of neuroradiologists and neurosurgeons then visually

inspected the dorsal surface of each CC on a midline sagittal T1-

weighted image. A CC was designated “normal” if the dorsal sur-

face contained no notching (Fig 1A). A “notch” was defined as a

focal concavity in the dorsal surface the depth of which was at least

1 mm from a tangential line to the surface of the CC (Fig 1B). The

notch was noted to be in either the anterior or posterior half of the

body of the CC. The CC was considered “undulating” if there

were �2 notches, including both an anterior and posterior notch

(Fig 1C). The depth and location of the notch was recorded. Each

image was also examined for the presence of a visible pericallosal

artery flow void and whether the artery was seen within the notch

(Fig 1D).

Statistical Analysis
Subjects were sorted by age and grouped into 5-year increments,

starting at age zero. A Poisson regression model was used to de-

termine whether the prevalence of a notch changes with time, and

a Spearman � correlation was used to determine whether the

depth of a notch changes with time. A Student t test was used to

determine whether patient sex affects the depth of anterior and

posterior notches. �2 tests were used to determine whether sex or

the presence of a blood vessel significantly affects the presence of

a notch. Logistic regression was used to determine whether age is

a significant predictor variable for undulation, with undulation

as a binary dependent variable. Logistic regression was also used

to determine whether age is a significant predictor variable for the

occurrence of anterior and posterior notches. Statistical analysis

was undertaken using SPSS Statistics, Version 24 (IBM, Armonk,

New York), and P values were considered significant at �.05.

RESULTS
Retrospective review revealed 1639 unique brain MR imaging

studies that met study inclusion criteria; 919 (56%) were female

patients and 720 (44%) were male. Ages ranged from 0 to 89 years.

There was a total of 1102 notches identified in 823 MR imaging

studies; 344 (31%) were located in the anterior half, and 660

(60%) were in the posterior half of the corpus callosum. There

were 98 (9%) studies that demonstrated an undulating pattern.

From the total of 919 females and 720 males, 460 females (50%)

and 363 males (50%) demonstrated evidence of a notch. There

was no significant difference between sex and the prevalence of a

notch (P � .884) (Table).

The prevalence of an anterior or posterior notch was signifi-

cantly affected by age (Fig 2). There was a significant positive

correlation between the prevalence of an anterior notch and ad-

vancing age (P � .001, OR � 1.095; 95% CI, 1.067–1.123), so the

odds of an anterior notch increased by 1.1 times for each age

category. Conversely, there was a significant negative correlation

between the prevalence of a posterior notch and age (P � .001,

OR � 0.967; 95% CI, 0.948 – 0.987), so the odds of a posterior

notch decreased by 0.967 for each age category. Age was also

found to be a statistically significant predictor of undulation of

the corpus callosum (P � .002, OR � 1.106; 95% CI, 1.008 –

1.025). We then specifically examined the 0- to 1-year of age sub-

population cohort (n � 24) to determine the earliest prevalence of

notches. This subpopulation had a 12% prevalence of an anterior

notch and a 21% prevalence of a posterior notch.

Age had a variable effect on the depth of the notch (Fig 3). The

average depth of the anterior notch over all age groups was 1.5

mm, and that of the posterior notch was 1.7 mm. The depth of the

anterior notch significantly increased [Rs(345) � 0.118, P � .028]

with increasing age. In contrast, age had no significant effect on

the depth of the posterior notch [Rs(658) � 0.019, P � .622]. Sex

also did not affect the depth of either the anterior [t(343) � 1.613,

P � .147] or posterior [t(656) � �0.253, P � .330] notch.

FIG 1. A, Midline sagittal T1-weighted image shows an example of a
normal corpus callosum without evidence of anterior or posterior
notching. B, A “notch” was defined as a depression in the dorsal sur-
face whose depth was at least 1 mm from a tangential (dashed) line to
the surface of the CC. The solid arrow line shows a 3-mm-deep an-
terior notch. C, Three areas of notching indicated by the white arrows
correspond to an undulating configuration. D, Midline sagittal T1-
weighted image shows that a 3-mm anterior notch (arrow) is present.
The flow void from the pericallosal artery is visualized extending into
the notch (arrowhead).

Retrospective review summary of brain MR imaging studies,
notch count, and position

Review Summary
Brain MR imaging studies reviewed (No.) 1639
Brain MR imaging studies, with notches (No.) 823
Notches identified in 823 MR imaging studies (No.) 1102
Female (No.) (%) 919; 56

Notch identified 460; 50
Male (No.) (%) 720; 44

Notch identified 363; 50
Anterior position (No.) (%) 344; 31
Posterior position (No.) (%) 660; 60
Undulating, �2 notches (No.) (%) 98; 9
Pericallosal artery notch association (No.) (%) 490; 60
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There were 604 (37%) studies in which a pericallosal artery

flow void was identified. In 490 of the 823 (60%) studies in which

a CC notch was present, a pericallosal artery flow void was signif-

icantly associated with the presence of a notch (P � .001) (Table).

DISCUSSION
To our knowledge, this is the first study describing the MR imag-

ing characteristics of the dorsal CC surface across the human life

span. Here we demonstrate that notching of the dorsal CC surface

is present in infancy in up to 21% of individuals, suggesting that it

can be a physiologic anatomic feature. This study shows that the

strongest correlation is between an anterior notch prevalence and

increasing age. The posterior notch and undulating pattern had a

moderate correlation. These dynamic age-related changes suggest

that notching is an acquired anatomic feature in most individuals.

It has been previously demonstrated that the morphology of

the CC does not remain static with time. Tanaka-Arakaw et al15

reported that the callosal growth from 0 to 25 years of age is

nonlinear; there is an initial marked growth in the total cross-

sectional area in the first few months to years of life, which then

plateaus during later childhood and adolescence. Then, after 16

years of age, the total area of the CC progressively declines

throughout the life span.16-18 Furthermore, the individual com-

ponents of the CC develop at different rates.2 There is an initial

growth of the genu beginning at birth to 5– 6 years, followed by

subsequent growth of the splenium until 10 –12 years.19,20 Al-

though debated in the literature, these changes do not seem to be

sex-dependent. Multiple studies have demonstrated that there is

not a consistent statistical change in the absolute callosal area

between men and women throughout the life span.15,16,20-23

Our study also supports the dynamic evolution of the CC with

time. Our data suggest that as patients age, the prevalence and

depth of an anterior notch in the dorsal callosal surface increase

significantly. The depth of the anterior notch is most shallow dur-

ing childhood and adolescence and then gradually increases with

advancing age. It seems conceivable that as the CC ages and its

midline cross-sectional area diminishes, the notch depth and thus

its prominence become more obvious.

In contrast, however, the prevalence of the posterior notch

decreased with age in our study, and the depth did not signifi-

cantly differ with time. It is known that in the older population,

the total white matter volume and the corpus callosum cross-

sectional area decrease across time.16-18 Concurrently, there is

also a compensatory increase in the ventricular volume from

brain atrophy, leading to a more rounded contour and relative

flattening of the posterior callosal surface compared with the

younger population.24 Hypothetically, this flattening of the CC

FIG 2. Scatterplot of prevalence versus age in 5-year increments. The posterior notch prevalence (red squares and red line) decreases with time,
R2 � 0.29. The anterior notch prevalence (blue diamonds and blue line) increases with time, R2 � 0.60. The undulating pattern prevalence (green
triangles and green line) also increases with time, R2 � 0.28.
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with time could account for the decreasing prevalence of a poste-

rior notch with increasing age. The posterior notch in the younger

population was frequently a manifestation of having a thicker

splenium than in the older population. In these younger patients,

the thicker splenium created a measurable notch based on our

methodology, which may also account for the decreasing preva-

lence with increasing age. Alternatively, the decrease in notching

posteriorly with age might be due to atrophy of the posterior body

and splenium of the CC due to biparietal pathologies.

We found that the prevalence of an anterior notch at any age is

significantly correlated with the presence of a neighboring blood

vessel. The CC is supplied by an extensive network of anastomos-

ing vessels between the anterior and posterior cerebral arteries.

The rostrum, genu, and body are mostly supplied by the perical-

losal artery, a branch of the anterior cerebral artery. As demon-

strated in a gross anatomic study by Türe et al,4 in 60% of speci-

mens, the pericallosal artery was entirely within the callosal

sulcus, coursing along the superficial dorsal aspect of the CC.

Another 30% of specimens demonstrated vessels with an irregular

course through the callosal sulcus, and only 10% were not associ-

ated with the CC at all. The terminal segment of the pericallosal

artery then anastomoses with the posterior pericallosal artery, a

branch of the posterior cerebral artery, which supplies most of the

splenium.

Given this extensive, intimate association between the perical-

losal vasculature and dorsal callosal surface, our data suggest that

the etiology of a callosal notch on MR imaging may be an effect of

the pericallosal artery either directly indenting or focally obscur-

ing the CC along its course or falling into an adjacent notch.

Arteries are well-known for distorting adjacent white matter

structures such as the pons and medulla in cases of dolichoectasia

of the vertebral artery.25 It seems plausible that with time, hyper-

trophy or increased tortuosity of the pericallosal artery could sim-

ilarly distort the contour of the adjacent CC surface. Increased

tortuosity of the vessel with time could account for the increasing

prevalence of undulation of the dorsal surface as the CC accumu-

lates additional notches. This finding may be compounded by

normal callosal atrophy with aging. As the cross-sectional area of

the CC diminishes with time, the vessels lose their normal support

from the callosal surface. This, in turn, could lead to a vessel “fall-

ing” into an adjacent notch or “draping” of pericallosal vessels

over the CC, further providing the appearance or deepening of a

callosal notch on MR imaging. Similarly, the increase in anterior

notching prevalence with age might be due to the much larger

diameters of the proximal A2 vessels than the smaller, less pulsa-

tile posterior vessels.

Describing the dorsal contour of the CC with time in a large

population can help us better classify findings as normal, ab-

normal, acquired, or congenital. The morphology of the CC

has been suggested to play a role in a number of different

FIG 3. Scatterplot of notch depth (millimeters) versus age. No significant difference is seen in the depth of the posterior notch with increasing
age (R2 � 0.01). There is a significant increase in the depth of the anterior notch with increasing age (R2 � 0.39).
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neurocognitive and psychiatric disorders. In particular, the

CC has been widely studied in fetal alcohol syndrome

(FAS),9,13,14,26,27 which affects approximately 2%–5% of the

population in the United States.28,29 An article by Riley et al,9

from 1995, postulated that focal abnormalities or what we refer

to as “notches” of the CC might be secondary to insults that

occur after its complete formation. The Riley article itself does

not address or describe these focal abnormalities but, ironi-

cally, remains highly cited in the medicolegal literature for

establishing focal abnormalities of the CC as part of the FAS

spectrum.9 When we further analyzed our patients younger

than 1 year of age to determine the percentage of our popula-

tion that might have congenital notches, there was a 12% an-

terior notch prevalence and a 21% posterior notch prevalence.

The discrepancy between the low prevalence of FAS in the

population (2%–5%) and high prevalence of notches of the CC

in our earliest age group (12%–21%) suggests that notching is

unlikely to be directly associated with FAS. However, the sig-

nificance of the prevalence discrepancy may be limited by the

small sample size of patients younger than 1 year of age (n �

24) in our study and thus may warrant further investigation to

more accurately define these percentages.

It follows that this study is intrinsically limited by its nar-

row focus of only examining the dorsal surface of the CC.

Furthermore, this was not a longitudinal study because single

patients were not followed across time to track their potential

development of notches. Additionally, this patient population

represents a regional sample, and a similar analysis in a differ-

ent region might result in different values. This is a purely

radiographic study, and although each subject was examined

for any intracranial pathology, we do not have any data that

describe the clinical functionality of these patients. Other more

global observations that may influence CC morphology, such

as callosal area or total cerebral volume, were not quantified.

Furthermore, we only measured the absolute depth of the

notch but did not measure the depth relative to the thickness of

the CC. Studies containing small-vessel ischemic changes or

studies with generalized cerebral atrophy were not excluded.

These are both states that could influence CC volume. Finally,

the study relied on flow voids to locate the pericallosal artery

and did not have dedicated angiographic correlates. These

could be areas of future study.

CONCLUSIONS
Analysis of �1600 brain MR imaging studies suggests that the

presence of a dorsal callosal notch can be a common anatomic

variant, affecting 50% of both men and women. The correlation

of a posterior notch and an undulating pattern with age was mod-

erate, while there was a strong correlation of anterior notch prev-

alence with age. The prevalence and depth of a notch are dynamic

phenomena that change throughout the life span, providing evi-

dence that notching can also be an acquired finding that, at least in

some cases, is the result of normal aging. Furthermore, the pres-

ence of a notch can also be associated with a neighboring perical-

losal artery.
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Compressed Sensing–Sensitivity Encoding (CS-SENSE)
Accelerated Brain Imaging: Reduced Scan Time without

Reduced Image Quality
X J.E. Vranic, X N.M. Cross, X Y. Wang, X D.S. Hippe, X E. de Weerdt, and X M. Mossa-Basha

ABSTRACT

BACKGROUND AND PURPOSE: Compressed sensing–sensitivity encoding is a promising MR imaging acceleration technique. This study
compares the image quality of compressed sensing–sensitivity encoding accelerated imaging with conventional MR imaging sequences.

MATERIALS AND METHODS: Patients with known, treated, or suspected brain tumors underwent compressed sensing–sensitivity en-
coding accelerated 3D T1-echo-spoiled gradient echo or 3D T2-FLAIR sequences in addition to the corresponding conventional acquisition
as part of their clinical brain MR imaging. Two neuroradiologists blinded to sequence and patient information independently evaluated
both the accelerated and corresponding conventional acquisitions. The sequences were evaluated on 4- or 5-point Likert scales for overall
image quality, SNR, extent/severity of artifacts, and gray-white junction and lesion boundary sharpness. SNR and contrast-to-noise ratio
values were compared.

RESULTS: Sixty-six patients were included in the study. For T1-echo-spoiled gradient echo, image quality in all 5 metrics was slightly better
for compressed sensing–sensitivity encoding than conventional images on average, though it was not statistically significant, and the lower
bounds of the 95% confidence intervals indicated that compressed sensing–sensitivity encoding image quality was within 10% of conven-
tional imaging. For T2-FLAIR, image quality of the compressed sensing–sensitivity encoding images was within 10% of the conventional
images on average for 3 of 5 metrics. The compressed sensing–sensitivity encoding images had somewhat more artifacts (P � .068) and less
gray-white matter sharpness (P � .36) than the conventional images, though neither difference was significant. There was no significant
difference in the SNR and contrast-to-noise ratio. There was 25% and 35% scan-time reduction with compressed sensing–sensitivity
encoding for FLAIR and echo-spoiled gradient echo sequences, respectively.

CONCLUSIONS: Compressed sensing–sensitivity encoding accelerated 3D T1-echo-spoiled gradient echo and T2-FLAIR sequences of the
brain show image quality similar to that of standard acquisitions with reduced scan time. Compressed sensing–sensitivity encoding may
reduce scan time without sacrificing image quality.

ABBREVIATIONS: CNR � contrast-to-noise ratio; CS � compressed sensing; SENSE � sensitivity encoding; SPGR � echo-spoiled gradient echo

The excellent soft-tissue contrast resolution and specialized se-

quences targeting different aspects of pathophysiology make

MR imaging the optimal technique for studying the brain. Despite

the many advantages of brain MR imaging, MR imaging acquisi-

tion is a time-consuming endeavor compared with CT. Long im-

age-acquisition times limit both the clinical application and prac-

ticality of MR imaging, particularly in medically unstable and

pediatric patients.

MR imaging acquisition time is largely influenced by the num-

ber of data points sampled from k-space, the way these data points

are sampled, and the way in which image reconstruction is per-

formed. Several image-acquisition and postprocessing techniques

have been developed to reduce image-acquisition time while still

preserving image quality.1,2 These include parallel MR imaging

and compressed sensing (CS) MR imaging techniques, which rely

on different reconstruction constraints to accelerate image pro-

duction.3 Combining these techniques can lead to image-acquisi-

tion acceleration factors that far exceed what is achievable by either

parallel or CS MR imaging alone.3-6 This combined image-accelera-

tion technique is referred to as CS-sensitivity encoding (SENSE) MR
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imaging, and it has the potential to dramatically decrease overall im-

aging times while still preserving image quality.

Despite the many technical advancements that have been

made in accelerating MR imaging acquisition and image recon-

struction, robust evaluation of these acceleration techniques in

clinical practice is still warranted. Clinical verification of the abil-

ity of these accelerated image-acquisition techniques to produce

diagnostic-quality images of the central nervous system is essen-

tial before broader implementation of these imaging techniques

into clinical practice can occur. Only a small number of studies

have investigated the performance of CS-SENSE MR imaging in

limited patient populations as it relates to body imaging.4,5 Very

few studies have evaluated CS in brain MR imaging, with the

studies performed focusing on the evaluation of multiple sclerosis

lesions on T2-FLAIR,7 brain MR imaging quality assessment in

healthy controls,8 and evaluating achievable acceleration, recon-

struction schemes, and artifacts generated from retrospective CS.9

To date, however, no one has critically

evaluated the clinical performance of the

integrated CS-SENSE algorithm for MR

imaging applied to imaging of the cen-

tral nervous system, to our knowledge.

In addition, we present the first work to

apply CS acceleration in a brain tumor

clinical population. The purpose of the

current study was to compare the image

quality of CS-SENSE accelerated 3D T1-

echo-spoiled gradient echo (SPGR)

(CS-SENSE SPGR) and T2-FLAIR (CS-

SENSE FLAIR) sequences with the cor-

responding conventional acquisitions.

We hypothesized that CS-SENSE accel-

erated sequences will have image quality

equivalent to that of conventional ac-

quisitions while accelerating imaging.

MATERIALS AND METHODS
Patient Selection
With our institutional review board ap-

proval and after obtaining informed

written consent, adult patients (18

years of age or older) were prospec-

tively scanned between February 8,

2017, and January 19, 2018, for assess-

ment of the MR imaging brain tumor

protocols of our institution with inclu-

sion of a conventional sequence and a

corresponding CS-SENSE accelerated

acquisition when the clinical schedule

permitted. CS-SENSE accelerated ac-

quisition was performed before or after

the corresponding conventional ac-

quisition in alternating order (to mit-

igate potential bias from ordering ef-

fects), with both sequences performed

after gadolinium administration for

both T2-FLAIR and SPGR.

Image Acquisition
All imaging was performed on a 3T Ingenia MR imaging scanner

(Philips Healthcare, Best, the Netherlands) using a 16-channel

head coil (In Vivo, Gainesville, Florida). Each patient underwent

the brain tumor imaging protocol of our institution. This in-

cluded the following sequences: axial DWI, axial T1-spin-echo,

sagittal 3D T2-FLAIR with gadolinium, axial 3D T1-SPGR with

gadolinium, and coronal and axial T1-spin-echo with gadolin-

ium. In addition to these conventional acquisitions, each patient

underwent either a CS-SENSE accelerated 3D T2-FLAIR (Fig 1)

or a CS-SENSE accelerated gadolinium-enhanced 3D T1-SPGR

sequence (Fig 2), which was performed during their routine MR

imaging examination. The sequence scan parameters for both the

conventional and CS-SENSE MR imaging sequences are listed in

Table 1. The CS-SENSE FLAIR and CS-SENSE SPGR sequences

had acceleration factors of 1.3 and 1.7 with scan time reduc-

FIG 1. Conventional and CS-SENSE accelerated sagittal 3D T2-FLAIR images from the same pa-
tient demonstrate a treated primary brain tumor within the left frontal lobe. Note the sharp
borders of the brain parenchymal lesion detected in both images, while CS-SENSE 3D FLAIR (right)
was acquired with a 25% scan time reduction.

FIG 2. Conventional and CS-SENSE accelerated axial T1-SPGR images are from the same patient.
The arrow demonstrates a small metastasis within the left cerebellar hemisphere that was de-
tected by both sequences equally well. Acquisition of the CS-SENSE SPGR (right) was 35% faster
than the conventional SPGR (left).
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tions of 25% and 35% compared with the conventional acqui-

sition counterparts, respectively. These CS-SENSE accelerated

acquisitions used a balanced variable density incoherent un-

dersampling acquisition scheme and iterative reconstruction

to solve an inverse problem with a sparsity constraint. Specif-

ically, the images were acquired using a random undersam-

pling pattern with the Poisson disc style distribution. Image

reconstruction was performed using a wavelet transform for

the sparsity term, according to the common CS and parallel

imaging problem definitions. Prior knowledge of noise decor-

relation, regularization, and coil sensitivities was used to pro-

vide an optimal SNR as a starting point, allowing additional

acceleration capabilities via sparsity constraining. The recon-

struction algorithm was based on a modified fast iterative shrinkage/

soft thresholding algorithm (FISTA) scheme,10 which entails itera-

tive reconstruction. Conventional clinical acquisition T2-FLAIR and

T1-SPGR sequences served as imaging control sequences against

which the CS-SENSE FLAIR and SPGR sequences could be

compared.

Image Evaluation
Two experienced board-certified neuroradiologists (M.M.-B. and

N.M.C.) blinded to the imaging technique and patient clinical

information independently evaluated all CS-SENSE and corre-

sponding conventional sequences. All imaging studies were de-

identified and randomized so that each rater was unaware of

whether they were reviewing a CS-SENSE or conventional acqui-

sition. Raters evaluated overall imaging quality on the following

4-point scale: 1, nondiagnostic; 2, limited but interpretable; 3,

minimally limited; and 4, optimal quality. Image SNR was rated

on the following 5-point scale: 1, markedly diminished SNR that

renders the images uninterpretable; 2, moderately diminished

SNR that affects interpretation; 3, diminished SNR that only

mildly limits interpretation; 4, mildly diminished SNR that does

not affect image interpretation; and 5, optimal SNR. Image arti-

facts were evaluated on the following 5-point scale: 1, severe im-

age artifacts; 2, moderate artifacts; 3, mild artifacts; 4, trace arti-

facts; and 5, no artifacts. Brain parenchymal lesion border

sharpness was evaluated on the following 3-point scale: 1, a lesion

whose borders were indistinguishable from background brain; 2,

a lesion with blurry margins; and 3, sharp lesion margins. Finally,

gray-white matter sharpness was assessed using the following

3-point scale: 1, indistinguishable gray-white sharpness; 2, blurry

gray-white sharpness; and 3, well-defined gray-white sharpness.

In addition to qualitative image evaluation, quantitative

evaluation of SNR and the contrast-to-noise ratio (CNR) was

also performed for each CS-SENSE and conventional acquisi-

tion, respectively. For each patient, ROIs were drawn on rep-

resentative images from each CS-SENSE and conventional ac-

quisition. ROIs were positioned within the normal subcortical

white matter, within a focal brain lesion, and outside the pa-

tient, in what was classified as image background. All ROIs

were the same size and had nearly identical positioning be-

tween sequences. As reported elsewhere in the literature,7,11

SNR and CNR were calculated as follows: SNR � SI/SDnoise

and CNR � (SIlesion � SIWM)/SDnoise, where SI is the average

signal intensity of the lesion or white matter and SDnoise is the

SD of noise.

Statistical Analysis
While raters evaluated images using 4- or 5-point scales, they

ultimately only used 2–3 levels of each scale, with the middle level

being the most common. To improve interpretability, we dichot-

omized all scales, mainly to get the best possible balance of ratings

above and below the threshold. Specifically, image quality was

dichotomized as optimal image quality (5 versus 1– 4), optimal

SNR (5 versus 1– 4), no or trace artifacts (4 –5 versus 1–3), sharp

gray-white matter boundaries (3 versus 1–2), and sharp lesion

boundaries (3 versus 1–2).

The percentages for each image-quality metric were compared

between CS-SENSE and the corresponding conventional images

(FLAIR versus CS-FLAIR, SPGR versus CS-SPGR) using the non-

parametric bootstrap to calculate 95% CI and P values for the

differences. The widths of the 95% CIs were used to help assess a

plausible range of differences in image quality between CS-SENSE

and the corresponding conventional images. Ratings from both

raters were analyzed together for the primary analysis and sepa-

rately as a sensitivity analysis. Bootstrap resampling was per-

formed by patient to account for the nonindependence of ratings

by both raters of the same images and for multiple scans acquired

from some patients.

Interrater agreement was assessed using the Cohen � and by

counting how often both raters, 1 rater, and neither rater rated

CS-SENSE images at least as highly as conventional images. All

statistical calculations were conducted with R statistical and com-

puting software (Version 3.1.1; http://www.r-project.org/).

Throughout, 2-tailed tests were used with statistical significance

defined as P � .05.

Table 1: Imaging parameters for CS-SENSE accelerated and conventional MRI sequences
3D T2-FLAIR CS-SENSE 3D T2-FLAIR 3D T1-SPGR CS-SENSE 3D T1-SPGR

FOV (cm) 230 � 2230 � 150 230 � 230 � 150 240 � 240 � 168 240 � 240 � 168
True voxel size (mm3) 1 � 1 � 2 1 � 1 � 2 1.1 � 1.1 � 1.1 1.1 � 1.1 � 1.1
Interpolated voxel (mm3) 1 � 1 � 1 1 � 1 � 1 1 � 1 � 0.5 1 � 1 � 0.5
TR/TE (ms) 25/3.6 25/3.6 4800/301 4800/301
Slices (No.) 150 150 300 300
TI (ms) – – 1650 1650
SENSE acceleration factor (RL, FH) (2, 1) (2, 1) (2.4, 1.7) (2.4, 1.7)
CS acceleration factor – 1.3 – 1.7
Total acceleration factor 2 3.4 4.1 5.3
Scan time (min:sec) 4:33 3:36 4:43 2:56
Scan time reduction – 25% 35%

Note:—RL indicates Right-to-left; FH, Foot-to-head; –, Not used/no value.
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RESULTS
Patient Data
Sixty-nine patients were reviewed. Three patients were scanned

with 1 of the 2 accelerated image-acquisition sequences but were

not scanned with the corresponding conventional sequence and

were excluded from analysis. This step resulted in a final cohort

of 66 patients. Of these 66 patients, 35 patients were imaged

with CS-SENSE FLAIR for a total of 35 scans (16 women

[45.7%]; 25–74 years of age; median, 47 years). Thirty-one

patients were imaged with the CS-SENSE SPGR, with 1 patient

being scanned twice and a second patient being scanned 3

times, each at different time points, resulting in a total of 34

CS-SENSE SPGR scans (16 women [51.6%]; 18 – 83 years of

age; median, 63 years). Ninety-five percent of patients in-

cluded in this cohort demonstrated brain lesions on MR imag-

ing (On-line Table 1). There were a total of 89 and 56 lesions on

FLAIR and SPGR, respectively. There were lesions in 34 pa-

tients (34 scans) in the FLAIR cohort, 22 of whom had multiple

lesions. Lesions were also present in 29 patients (32 scans) in

the SPGR cohort, 10 of whom had multiple lesions. Lesion

sizes are summarized in On-line Table 2.

Qualitative Image Comparison
Pooled image-quality ratings are summarized in Table 2. For

FLAIR, there were no statistically significant differences in overall

image quality, SNR, gray-white matter boundary sharpness, or

lesion-border sharpness between CS-SENSE and conventional se-

quences, with the lower bound of the 95% CIs indicating that

image quality of the CS-SENSE images was within approximately

10% of the conventional images by these metrics. However, there

was a trend toward more artifacts on CS-SENSE compared with

conventional images (11.4%, P � .068).

For SPGR, there were no significant differences in any image-

quality metric between CS-SENSE and conventional SPGR,

though CS-SENSE images had slightly higher image-quality rat-

ings on average than the conventional images. By each metric,

image-quality ratings of CS-SENSE were within 10% of the con-

ventional SPGR ratings based on the lower bound of the 95% CI.

Differences in image quality were most noticeable between the

CS-SENSE SPGR and the standard SPGR; 50% of accelerated

SPGR studies demonstrated optimal image quality compared

with 37% of the standard SPGR acquisitions.

The image-quality results were generally similar when exam-

ined by each rater separately with a few notable exceptions. For

FLAIR, rater 1 tended to rate gray-white boundary sharpness of

CS-SENSE images more highly than on conventional images

(�8.6%, P � .14), while rater 2 rated CS-SENSE images lower

than on conventional images (�17.1%, P � .001). For SPGR,

rater 1 rated SNR and lack of artifacts in CS-SENSE images

more highly than on conventional images (�20.6%, P � .026

and �26.5%, P � .027, respectively), while rater 2 rated the

images more similarly (�11.8%, P � .27 and �0.0%, P � .99,

respectively).

Interrater Agreement
Interrater agreement scores for the CS-SENSE and conventional

sequences are listed in Table 3. Interrater agreement for each im-

age quality was mostly poor to fair for FLAIR (� � 0.4) but fair to

moderate for SPGR (� � 0.2– 0.6). Despite some differences in

absolute ratings, raters both agreed 77%–91% of the time that the

image-quality metrics of the CS-SENSE FLAIR were at least as

good as the those of conventional images and rarely agreed that

the CS-SENSE FLAIR images were worse than conventional im-

ages (Table 4). Similarly, raters both agreed 67%– 87% of the time

that the image-quality metrics of the CS-SENSE SPGR were at

least as good as those of the conventional images, while only

agreeing 0%– 6% of the time that the conventional images were

better. In terms of disagreement, there was �1 disagreement on

the Likert scale only for artifact severity (On-line Figure), which

occurred in 7/69 comparisons. This level of disagreement did not

occur for any other qualitative metrics.

Table 2: CS-SENSE and conventional MRI sequence qualitative evaluation

Metric

SAG FLAIR (n = 70 Reads) SPGR (n = 68 Reads)

Acquisitiona Difference Acquisitiona Difference

CS-SENSE Conventional Mean (95% CI) P Value CS-SENSE Conventional Mean (95% CI) P Value
Optimal image quality 19 (27.1) 19 (27.1) 0.0% (�510.0–10.0) �.99 34 (50.0) 25 (36.8) 13.2% (�5.7–31.8) .15
Optimal SNR 6 (8.6) 5 (7.1) 1.4% (�55.7–8.6) .67 27 (39.7) 24 (35.3) 4.4% (�59.7–18.2) .55
No or trace artifacts 52 (74.3) 60 (85.7) �511.4% (�524.3–0.0) .068 46 (67.6) 37 (54.4) 13.2% (�53.0–28.6) .11
Sharp gray-white matter boundaries 36 (51.4) 39 (55.7) �54.3% (�512.9–4.3) .36 27 (39.7) 26 (38.2) 2.2% (�58.1–12.2) .67
Sharp lesion boundaries 57 (86.4) 55 (83.3) 2.3% (�57.1–11.7) .65 52 (83.9) 52 (83.9) 0.8% (�58.6–10.0) .84

Note:—SAG indicates sagittal.
a Values are No. (%) where higher percentages indicate a higher prevalence of good image quality.

Table 3: CS-SENSE and conventional MRI interrater agreement

Metric

SAG FLAIR (n = 35 Exams) AX SPGR (n = 34 Exams)

CS-SENSE Conventional CS-SENSE Conventional

� (95% CI) � (95% CI) � (95% CI) � (95% CI)
Optimal image quality 0.20 (0.00–0.43) 0.17 (�0.07–0.43) 0.32 (0.00–0.59) 0.57 (0.26–0.83)
Optimal SNR 0.00 a �0.07 a 0.12 (�0.19–0.42) 0.11 (�0.18–0.42)
Trace or no artifacts 0.41 (0.07–0.72) �0.14 a 0.60 (0.26–0.86) 0.50 (0.28–0.74)
Sharp gray-white matter boundaries 0.01 a 0.02 (�0.14–0.16) �0.10 (�0.30–0.04) �0.04 (�0.19–0.07)
Sharp lesion boundaries 0.18 (0.00–0.53) 0.00 a 0.31 (�0.09–0.69) 0.33 (0.00–0.70)

Note:—AX indicates axial; SAG, sagittal.
a The 95% confidence interval was not provided when ratings were too uncommon to calculate reliably with the bootstrap.
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Quantitative Assessment
The white matter SNR or lesion CNR measurements were high for

both conventional and CS-SENSE FLAIR acquisitions (�44 in all

cases), though there was a trend toward higher SNR and CNR

values on average for the CS-SENSE acquisition (Table 5). White

matter SNR measurements were also relatively high for conven-

tional and CS-SENSE SPGR acquisitions (�28 in all cases) with

little numeric difference between them on average (difference in

medians, 0.3; P � .75). The lesion CNR measurements from the

SPGR acquisitions tended to be lower and ranged from 9 to 24

overall. The CNR was slightly higher on average in CS-SENSE

than on the conventional acquisitions (difference in medians,

3.3; P � .31), but the difference was not statistically significant

(Table 5).

DISCUSSION
Long MR imaging acquisition times represent a significant limi-

tation to widespread use of MR imaging. This is especially true for

MR imaging in the evaluation of both clinically unstable and pe-

diatric patients: Increased MR imaging scan time may expose

these individuals to an increased need for sedation or result in

limited diagnostic quality due to motion. Long image-acquisition

times also negatively impact radiology workflow, leading to

scheduling bottlenecks. Finally, long acquisition times contribute

to the high cost of MR imaging. Given the significance of image-

acquisition time for patient safety, clinical efficiency, image qual-

ity, and cost, technical effort has been made to decrease image-

acquisition and reconstruction times. CS techniques show

promise in providing imaging acceleration without significant

image-quality degradation. Despite the promise these accelera-

tion techniques hold for improving patient throughput and de-

creasing imaging cost, rigorous evaluation of the performance of

these acceleration techniques in a clinical imaging population has

yet to be undertaken. To our knowledge, this is the first study to

translate CS-SENSE, which combines and integrates CS and

SENSE parallel imaging, to a clinical brain tumor patient popula-

tion to evaluate image quality relative to corresponding conven-

tional MR imaging sequences.

In the current study, we hypothesized that CS-SENSE acceler-

ated sequences would have image quality equivalent to that of

standard acquisitions while accelerating imaging. To evaluate this

hypothesis, we compared the clinical performance of 2 CS-SENSE

accelerated MR imaging sequences with their corresponding con-

ventional sequences in a clinical cohort undergoing brain tumor

MR imaging scans. On the basis of blinded multirater evaluations

of multiple clinically pertinent imaging variables, these acceler-

ated acquisitions largely performed as well as their conventional

counterparts across several image-quality metrics, including

overall image quality, SNR, image artifacts, gray-white matter

boundary sharpness, and parenchymal lesion border sharpness.

In particular, the lower bounds of 95% CIs of the differences in

image quality between CS-SENSE and conventional images indi-

cated that the CS-SENSE images were within 10% of the conven-

tional images for all metrics for the SPGR sequence and for 3 of 5

metrics for the FLAIR sequence. The CS-SENSE acquisitions had

no significant differences in white matter SNR and lesion CNR

relative to their corresponding conventional acquisitions, and in

fact, there was a trend toward higher values for the CS-SENSE

FLAIR relative to the conventional FLAIR. CS-SENSE showed at

least comparable SNR and CNR measures relative to their con-

ventional counterparts. While this finding is somewhat counter-

intuitive considering the undersampling algorithm used by CS-

SENSE, increased/similar SNR is thought be a result of the

denoising algorithm incorporated into CS-SENSE. CS-SENSE

FLAIR and SPGR sequences decreased imaging time by 25% and

35% relative to conventional sequences, respectively. These re-

sults confirm that CS-SENSE sequences produce diagnostic-qual-

ity MR images of the brain specifically for brain tumor protocols

while reducing overall image-acquisition time compared with

conventional acquisitions.

To date, multiple MR imaging techniques have been devel-

oped with the goal of accelerating image-acquisition and recon-

Table 4: Interrater agreement on image-quality comparisons of CS-SENSE and conventional MRIa

Metric

SAG FLAIR (n = 35 Exams) AX SPGR (n = 34 Exams)

Image Quality of
CS-SENSE ≥ Conventional

Image Quality of
CS-SENSE ≥ Conventional

Both Raters 1 Rater Neither Rater Both Raters 1 Rater Neither Rater
Optimal image quality 28 (80.0) 7 (20.0) 0 (0.0) 26 (76.5) 6 (17.6) 2 (5.9)
Optimal SNR 32 (91.4) 3 (8.6) 0 (0.0) 23 (67.6) 10 (29.4) 1 (2.9)
Trace or no artifacts 27 (77.1) 5 (14.3) 3 (8.6) 29 (85.3) 3 (8.8) 2 (5.9)
Sharp gray-white matter boundaries 28 (80.0) 7 (20.0) 0 (0.0) 26 (76.5) 8 (23.5) 0 (0.0)
Sharp lesion boundaries 29 (87.9) 4 (12.1) 0 (0.0) 27 (87.1) 3 (9.7) 1 (3.2)

Note:—SAG indicates sagittal; AX, axial.
a Values are No. (%).

Table 5: White matter SNR and lesion-white matter CNR

Variable

SAG FLAIR (n = 35 Exams) AX SPGR (n = 34 Exams)

Acquisitiona Difference Acquisitiona Difference

CS-SENSE Conventional Valueb (95% CI) P Value CS-SENSE Conventional Valueb (95% CI) P Value
White matter SNR 68 (62–89) 59 (51–75) 8.6 (�0.2–17.8) .062 43 (34–69) 43 (28–69) 0.3 (�10.9–13.7) .75
Lesion-white matter CNR 68 (49–81) 60 (44–78) 8.6 (�2.4–17.4) .083 15 (9–32) 12 (6–24) 3.3 (�3.2–8.8) .31

Note:—SAG indicates sagittal; AX, axial.
a Values are median (interquartile range).
b Values are the difference in medians of the two acquisitions.
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struction times. Examples of these acceleration techniques in-

clude parallel imaging and CS. Because parallel imaging and CS

rely on different pieces of ancillary information for image produc-

tion, it is possible to combine and integrate these acceleration

techniques,1-3,5,6,12 with the resultant combined technique referred

to as CS-SENSE MR imaging. Most interesting, integration of these 2

individual acceleration techniques is synergistic and results in an im-

aging-acceleration factor that exceeds the accelerations achieved by

either parallel imaging or CS alone while still keeping image noise

low.3,5 Liang et al3 illustrated this principle using MR imaging phan-

toms, demonstrating superior performance of CS-SENSE relative to

parallel imaging or CS alone at increasing acceleration factors. Otazo

et al5 independently came to similar conclusions when they demon-

strated that a combined CS-SENSE technique resulted in a 2-fold

increase in acceleration over CS alone.

Despite the increases in imaging acceleration observed with in

vitro phantom imaging, little has been done to evaluate the per-

formance of CS-SENSE acceleration techniques in a clinical pa-

tient population. Chandarana et al4 used a novel CS-SENSE

accelerated T1-weighted gradient-echo technique with a golden-

angle radial k-space sampling scheme to evaluate 8 healthy sub-

jects undergoing multiphase liver MR imaging. The authors con-

cluded that their CS-SENSE accelerated sequence produced

diagnostic-quality images. Kayvanrad et al8 evaluated accelerated

brain MR imaging using CS, parallel imaging, or low-resolution

scans in 5 healthy volunteers and found that CS significantly out-

performed parallel imaging and low-resolution imaging with a

number of sequences. Sharma et al9 performed retrospective CS

of fully acquired datasets in 15 neuroimaging datasets to deter-

mine appropriate reconstructions and delineate expected artifacts

in these reconstructions; they found 2-fold acceleration to be

appropriate with ringing and blurring artifacts the most com-

monly encountered artifacts. These studies evaluated small co-

horts of healthy volunteers and not patient populations. Tole-

dano-Massiah et al7 evaluated the clinical performance of CS 3D

FLAIR in a multiple sclerosis population and demonstrated that

CS produces diagnostic-quality images of the brain while reduc-

ing imaging time. In contrast to this study, which evaluated CS-

accelerated FLAIR image quality, we evaluated the clinical perfor-

mance of CS-SENSE acceleration of both T1- and T2-weighted

sequences in a brain tumor patient population that has not pre-

viously been evaluated with these acceleration techniques.

CS-SENSE has its own inherent technical limitations. While

undersampling of k-space is essential to decreasing image-acqui-

sition time, if too few data points are acquired, then image quality

is adversely affected. This issue manifests as decreased SNR and

increased image blurring.3 Technical challenges also arise during

image reconstruction. To accurately reconstruct CS-SENSE im-

ages, solution of an optimization problem with multiple mathe-

matical constraints is required. This process proves computation-

ally complex and time-consuming. Fortunately, immediate

sensitivity coil compression to a smaller number of virtual coils

can aid in reducing the time required to complete the iterative

reconstruction process.13 The iteration used in the current exam-

ination reconstructs inline in �1 minute.

Our study had several limitations and challenges. The clinical

cohort evaluated was relatively limited in size. Additionally, the

current study evaluated imaging acceleration using CS-SENSE in

patients undergoing an MR imaging brain tumor protocol. Indi-

viduals with other central nervous system pathologies were not

included in our clinical cohort, limiting generalizability to other

brain MR imaging applications. Because imaging focused on the

brain, these results may not be generalizable to other pathologies

or anatomic sites including spine, head and neck, and body MR

imaging. Further investigation is necessary to establish the value

of CS-SENSE in these anatomic regions. Interrater agreement (�)

ranged from 0 to 0.6 for the current study across all evaluations.

The raters reviewed the accelerated sequences randomly and in-

dependent of the corresponding conventional acquisition using

qualitative scales, both of which likely contributed to the limited

agreement. Although raters had disagreements on the actual rat-

ing, they usually agreed �80% of the time that CS-SENSE image-

quality metrics were at least as good as those for conventional

images. Last, raters did not perform a diagnostic or clinical task

such as detecting or characterizing lesions or changes in lesions, so

further study is needed to confirm that these tasks are not ad-

versely affected by CS-SENSE acceleration.

CONCLUSIONS
Accelerated CS-SENSE MR imaging provides equivalent image

quality compared with corresponding conventional MR imaging

in patients undergoing brain MR imaging of tumor by 3D T2-

FLAIR and T1-SPGR sequences based on qualitative and quanti-

tative assessment. CS-SENSE acceleration does not appear to ad-

versely impact overall image quality relative to the corresponding

conventional acquisitions. The results of this study are consistent

with our hypothesis that there are no appreciable differences be-

tween the CS-SENSE acquisitions and their conventional coun-

terparts. On the basis of these results, use of CS-SENSE acceler-

ated sequences in clinical practice can be considered to reduce

scan time and improve throughput without loss of image quality,

specifically for 3D T2-FLAIR and T1-SPGR sequences in brain

tumor MR imaging protocols.
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ORIGINAL RESEARCH
ADULT BRAIN

Determinants of Deep Gray Matter Atrophy in Multiple
Sclerosis: A Multimodal MRI Study

X G. Pontillo, X S. Cocozza,X R. Lanzillo, X C. Russo, X M.D. Stasi, X C. Paolella, X E.A. Vola, X C. Criscuolo,X P. Borrelli, X G. Palma,
X E. Tedeschi, X V.B. Morra, X A. Elefante, and X A. Brunetti

ABSTRACT

BACKGROUND AND PURPOSE: Deep gray matter involvement is a consistent feature in multiple sclerosis. The aim of this study was to
evaluate the relationship between different deep gray matter alterations and the development of subcortical atrophy, as well as to
investigate the possible different substrates of volume loss between phenotypes.

MATERIALS AND METHODS: Seventy-seven patients with MS (52 with relapsing-remitting and 25 with progressive MS) and 41 healthy
controls were enrolled in this cross-sectional study. MR imaging investigation included volumetric, DTI, PWI and Quantitative Suscepti-
bility Mapping analyses. Deep gray matter structures were automatically segmented to obtain volumes and mean values for each MR
imaging metric in the thalamus, caudate, putamen, and globus pallidus. Between-group differences were probed by ANCOVA analyses,
while the contribution of different MR imaging metrics to deep gray matter atrophy was investigated via hierarchic multiple linear
regression models.

RESULTS: Patients with MS showed a multifaceted involvement of the thalamus and basal ganglia, with significant atrophy of all deep gray
matter structures (P � .001). In the relapsing-remitting MS group, WM lesion burden proved to be the main contributor to volume loss for
all deep gray matter structures (P � .006), with a minor role of local microstructural damage, which, in turn, was the main determinant of
deep gray matter atrophy in patients with progressive MS (P � .01), coupled with thalamic susceptibility changes (P � .05).

CONCLUSIONS: Our study confirms the diffuse involvement of deep gray matter in MS, demonstrating a different behavior between MS
phenotypes, with subcortical GM atrophy mainly determined by global WM lesion burden in patients with relapsing-remitting MS, while
local microstructural damage and susceptibility changes mainly accounted for the development of deep gray matter volume loss in
patients with progressive MS.

ABBREVIATIONS: DD � disease duration; DGM � deep gray matter; DMT � disease-modifying treatment; EDSS � Expanded Disability Status Scale; FA � fractional
anisotropy; HC � healthy controls; LL � lesion load; MD � mean diffusivity; PMS � progressive MS; QSM � Quantitative Susceptibility Mapping; rCBV � relative CBV;
RRMS � relapsing-remitting MS

Deep gray matter (DGM) involvement is generally regarded as

a consistent feature in MS, generating particular interest due

to its clinical relevance.1

Indeed, the occurrence of DGM atrophy in these patients, of-

ten described as an early phenomenon,2,3 has been proved by several

volumetric MR imaging studies, with a significant correlation with

clinical disability, cognition, and disease progression.3-5

Along with volume loss, a wide range of pathologic changes

affecting the DGM of patients with MS has been also demon-

strated using different advanced MR imaging techniques. In par-

ticular, DTI studies showed the presence of microstructural

damage in these structures,6-9 while PWI and Quantitative

Susceptibility Mapping (QSM) studies described decreased cerebral

perfusion10-13 and a complex pattern of susceptibility changes14-17

affecting the DGM of patients with MS, respectively.

Although atrophy most certainly reflects neuronal loss, the

main causes driving its development in MS are still debated. In-Received July 18, 2018; accepted after revision October 29.
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deed, DGM volume loss could be either due to the occurrence of

primary local pathology or secondary to WM inflammatory dam-

age, leading to Wallerian degeneration and deafferentation.18,19

From this background and despite the relatively wide knowledge

about the multifaceted involvement of DGM in MS, a study si-

multaneously investigating the contribution to the development

of subcortical GM atrophy of these different physiopathologic

changes is, to date, lacking.

We therefore collected different MR imaging variables related

to distinct aspects of DGM damage in patients with both relaps-

ing-remitting MS (RRMS) and progressive MS (PMS), to investi-

gate the relationship between these alterations and the develop-

ment of subcortical GM atrophy, as well as the possible different

physiopathologic substrates of DGM volume loss between MS

phenotypes.

MATERIALS AND METHODS
Subjects
In this single-center observational study, 77 patients with MS (52

RRMS and 25 PMS according to the 2013 revised definition of MS

phenotypes20) and 41 healthy controls (HC) were enrolled from

October 2013 to July 2015 in a neuroimaging study of neuroin-

flammatory disorders.21,22 All patients with MS fulfilled the 2010

revised McDonald criteria,23 while none of the HC presented with

any condition that could affect the CNS. For all patients, the Ex-

panded Disability Status Scale (EDSS) score was determined

within 1 week from MR imaging by an experienced neurologist as

an index of clinical disability, along with the record of disease

duration (DD) and disease-modifying treatment (DMT) type

(On-line Table 1).

Demographic and clinical characteristics of all subjects in-

cluded in the analysis are provided in Table 1.

Standard Protocol Approvals, Registrations, and Patient
Consents
The protocol was approved by the “Carlo Romano” ethics com-

mittee for biomedical activities of “Federico II,” University of

Naples, and written informed consent was obtained from all par-

ticipants before the beginning of the study in accordance with the

Declaration of Helsinki.

MR Imaging Data Acquisition and Processing
A complete description of all the acquired sequences, along with

all processing procedures, is available in the On-line Appendix.

Briefly, the acquisition protocol included a 3D T1-weighted

sequence used for volumetric analyses, a 3D-FLAIR sequence for

the quantification of demyelinating lesion load (LL) volume, an

echo-planar imaging sequence for the dynamic susceptibility con-

trast–PWI analysis, an unenhanced 3D double-echo FLASH se-

quence for the calculation of QSM maps, and, in a subgroup of 59

patients (38 RRMS, 21 PMS) and 38 HC, an echo-planar imaging

sequence for DTI analysis.

DGM segmentation was achieved using the FIRST routine

(FMRIB Integrated Registration and Segmentation Tool; http://

fsl.fmrib.ox.ac.uk/fsl/fslwiki/FIRST) implemented in FSL, Ver-

sion 5.0.10; the latter was also used to extract fractional anisotropy

(FA) and mean diffusivity (MD) maps from the DTI datasets.

PWI data were analyzed using Olea Sphere software, Version 2.3

(Olea Medical, La Ciotat, France) to generate relative cerebral

blood volume (rCBV) and relative CBF maps. A complete de-

scription of all processing steps required for the calculation of

QSM images is available in Palma et al,24 Borrelli et al,25 and

Palma et al.26

For each subject, DTI, PWI, and QSM maps were coregistered

to the 3D T1-weighted sequence via affine registration, and seg-

mentation masks were used to obtain DGM volumes and mean

values for each MR imaging metric (Fig 1).

Statistical Analysis
Distribution of all data was preliminarily checked with graphs and

tests (ie, the Levene test for homoscedasticity and the Kolmogo-

rov-Smirnov test for normality), and those variables showing a

significantly skewed distribution (namely, LL) were normalized

by log-transformation.

Group differences were probed by the Student t (age, DD),

Pearson �2 (sex, DMT), and Mann-Whitney (EDSS) tests, while

differences in MR imaging metrics were tested by ANCOVA anal-

yses, including age, sex, and DD (when comparing MS sub-

groups) as covariates.

To determine the main contributors to subcortical GM atro-

phy in patients with MS, we conducted analyses as follows. For

each DGM structure, the relationship between advanced MR im-

aging metrics and the respective normalized volume was prelim-

inarily investigated using partial correlation analyses (age-, sex-,

and DD-corrected) in the whole MS population and within the

different subgroups. Variables showing a significant correlation

with DGM volume loss were entered in the third and final step of

each hierarchic multiple linear regression analysis, in which vol-

ume was set as the dependent variable and clinical and demo-

graphic variables (age, sex, DD, and type of DMT) were entered in

the first block and LL in the second step.

Finally, to explore the potential additional value of multiple

MR imaging parameters for the prediction of clinical disability

Table 1: All subjects’ demographics and clinical variablesa

MS HC
P Value

(MS vs HC) PMS RRMS
P Value

(PMS vs RRMS)
Age 41.2 � 11.0 43.6 � 13.9 .34 43.7 � 11.8 40.0 � 10.6 .17
Sex 33 F/41 M 20 F/21 M .54 10 F/15 M 23 F/29 M .73
DD 12.1 � 7.6 NA NA 14.3 � 7.6 11.1 � 7.5 .09
EDSS 3.5 (2.0–7.5) NA NA 5.5 (3.0–7.5) 3.5 (2.0–6.0) �.001b

DMT 71/77 (92.2%) NA NA 22/25 (88.0%) 49/52 (94.2%) .34

Note:—NA indicates not applicable.
a Age and DD (in years) are expressed as mean � SD; EDSS, as median (range).
b Significant difference.
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in all groups, we also preliminarily investigated the relation-

ship between the EDSS score and DGM metrics that proved to

be significantly different between patients with MS and HC via

partial correlation analyses (age-, sex-, and DD-corrected).

MR imaging metrics showing a significant correlation with

EDSS were then entered in the fourth and final block of a

hierarchic multiple linear regression analysis for the prediction

of clinical disability, including clinicodemographic variables

in the first step, LL in the second block, and DGM volumes in

the third step, with the same analysis also probed within dif-

ferent MS subgroups.

All analyses were performed with the Statistical Package for the

Social Sciences, Version 24 (IBM, Armonk, New York), with a

significance level set at P � .05, Bonferroni-corrected for multiple

comparisons. For the regression analyses, multiple-comparison

correction was adopted for the models only, while independent

predictors were considered significant at P � .05.

Data Availability
Anonymized data will be shared by request from any qualified

investigator.

RESULTS
Demographic and Clinical Findings
The MS and HC groups did not significantly differ in age (P � .34)

and sex (P � .54). Similarly, when we compared PMS and RRMS,

the 2 subgroups did not show any significant difference in terms

of age (P � .17), sex (P � .73), DD (P � .09), or DMT (P � .34),

with patients with progressive MS showing a more severe clinical

impairment compared with those with RRMS (P � .001).

Between-Group MR Imaging Analysis
A complete list of the results of the between-group analysis re-

garding MR imaging metrics is available in Table 2.

Compared with HC, patients with MS showed a significant

reduction of all brain volumes (all with P � .001), with the PMS

subgroup presenting with a slightly higher lesion load compared

with the RRMS group (P � .03, not significant after Bonferroni

correction), while no differences emerged between phenotypes in

terms of brain tissue volumes.

A significant atrophy of both the thalamus and basal ganglia

was found in MS compared with HC (all with P � .001), with

increased MD values in patients at the level of caudate nucleus and

thalamus (P � .001) and a trend toward increased FA in the pu-

tamen (P � .02, not significant after Bonferroni correction). Fi-

nally, patients showed a reduction of susceptibility values in the

thalamus compared with HC (P � .001), while no differences

emerged for PWI measures.

When possible differences between MS phenotypes were

probed, PMS compared with RRMS showed a significant volu-

metric reduction of the thalamus (P � .005), caudate (P � .007),

globus pallidus (P � .001), and, to a lesser extent, the putamen

(P � .02, not significant after Bonferroni correction), with bor-

derline higher MD (P � .05, not significant after Bonferroni cor-

rection), significantly reduced rCBV values (P � .002) at the level

of the caudate nucleus, and a trend toward higher FA in the pu-

tamen (P � .05, not significant after Bonferroni correction).

Partial Correlation Analyses
A complete list of all the results obtained from the preliminary

correlation analyses is available in the On-line Appendix and cor-

responding On-line Tables 2 and 3.

Relationship between Advanced MR Imaging Metrics and
DGM Volumes
A list of the results of the regression analyses investigating the

relations between advanced MR imaging metrics and DGM vol-

umes in patients with MS as well as within different subgroups is

reported in Tables 3 and 4, respectively.

The regression analysis conducted on the entire MS group

showed that LL (all with P � .02) and microstructural GM

FIG 1. Results of the coregistration between different MR imaging modalities (upper row), with superimposed deep gray matter masks (lower
row). From left to right, 3D T1-weighted volume, fractional anisotropy, mean diffusivity, relative cerebral blood volume, relative cerebral blood
flow, and Quantitative Susceptibility Mapping images.
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changes (all with P � .001) were independent predictors of vol-

ume loss for the investigated DGM structures, with an additional

significant contribution of susceptibility changes to the develop-

ment of thalamic volume loss (P � .007).

When the regression analyses were probed in the different MS

phenotypes, LL proved to be a constant independent predictor of

volume loss for all the DGM structures in the RRMS group (all

with P � .006), with an additional and relative contribution of

local microstructural GM changes in the development of thalamic

(P � .02) and caudate (P � .04) atrophy. On the other hand,

microstructural damage was the main determinant of DGM atro-

phy in patients with PMS (all with P � .01) without a significant

value of global MR imaging measures but coupled with suscepti-

bility changes in the development of volume loss at the level of the

thalamus (P � .05).

Scatterplots of the relationships between DGM volumes and

significant MR imaging predictors in patients with MS and within

the different subgroups are shown in Figs 2 and 3, respectively.

Relationship between DGM Metrics and Clinical Disability
The regression analysis showed that the only independent predic-

tor of clinical disability in the MS group was thalamic volume

(standardized � � �0.306, P � .02), which explained, in addition

to clinicodemographic variables and LL, 32.2% of the variance of

the EDSS (�R2 � 5.6%, P � .001) without incremental explana-

tion of the variance provided by other advanced MR imaging

measures (On-line Table 4). No significant differences between

RRMS and PMS emerged in the same analysis.

DISCUSSION
In this study, we used a multimodal MR imaging approach to

investigate different features of DGM involvement in MS, con-

firming the presence of a diffuse and multifaceted involvement of

subcortical GM structures in this condition. We demonstrated

that WM lesion burden represents the main determinant of DGM

atrophy in RRMS, with a concomitant though relative role of local

microstructural damage, which, in turn, proved to be the main

Table 2: MRI metrics for all subjects included in the analysisa

MS HC P Value (MS vs HC) PMS RRMS P Value (PMS vs RRMS)
LL 13.8 � 16.2 NA NA 18.3 � 16.7 11.6 � 15.7 .03c

NBV 1467.8 � 86.9 1547.2 � 67.7 �.001b 1440.0 � 101.7 1481.2 � 76.3 .17
NGMV 745.8 � 60.4 793.5 � 54.8 �.001b 724.7 � 66.3 755.9 � 55.3 .09
NWMV 722.0 � 36.6 753.6 � 27.6 �.001b 715.3 � 46.4 725.3 � 30.7 .31
DGM Volumes

Thalamus 18.7 � 2.6 21.9 � 2.1 �.001b 17.4 � 3.1 19.4 � 2.1 .005b

Caudate 8.4 � 1.4 9.5 � 1.2 �.001b 7.7 � 1.6 8.7 � 1.1 .007b

Putamen 12.3 � 1.8 13.8 � 1.8 �.001b 11.5 � 1.3 12.9 � 1.5 .02c

Globus pallidus 4.5 � 0.7 5.0 � 0.6 �.001b 4.1 � 0.8 4.6 � 0.5 .001b

DGM Diffusion
MD thalamus 0.95 � 0.09 0.88 � 0.06 �.001b 0.98 � 0.11 0.96 � 0.11 .25
MD caudate 1.00 � 0.10 0.92 � 0.08 �.001b 1.04 � 0.10 0.98 � 0.10 .05c

FA putamen 0.272 � 0.024 0.263 � 0.019 .02c 0.282 � 0.029 0.267 � 0.020 .05c

DGM Perfusion
rCBV caudate 2.8 � 1.0 3.1 � 1.0 .12 2.3 � 1.0 3.0 � 0.9 .002b

DGM Susceptibility
� thalamus �26.8 � 31.4 �7.7 � 22.4 .001b �38.7 � 31.4 �21.1 � 30.1 .14

Note:—NBV indicates normalized brain volume; NGMV, normalized gray matter volume; NWMV, normalized white matter volume; NA, not applicable.
a Values are expressed as means � SD (volume in milliliters, MD in �10�3 mm2/s, rCBV in milliliters/100 mL, FA is a scalar value between 0 and 1, � is in parts per billion).
b Significant difference.
c Not significant after Bonferroni correction.

Table 3: Results of the analyses exploring the relationship between MRI measures and DGM volume in the entire MS group

DGM Volumes

Model Predictor

R2 (�R2) F (�F) P Value Standardized � T P Value
Thalamus 0.679 (0.320) 13.266 (21.902) �.001

DMT �0.205 �2.189 .03
LL �0.347 �3.383 .002
MD thalamus �0.515 �4.738 �.001
� thalamus 0.295 2.818 .007

Caudate 0.609 (0.297) 11.337 (19.351) �.001
DMT �0.265 �2.729 .009
LL �0.279 �2.696 .009
MD caudate �0.422 �4.122 .001
FA caudate �0.494 �5.255 �.001

Putamen 0.445 (0.187) 6.944 (17.546) �.001
DMT �0.272 �2.429 .02
LL �0.278 �2.367 .02
FA putamen �0.516 �4.189 .001

Globus pallidus 0.300 (0.183) 6.078 (18.557) �.001
DMT �0.358 �3.332 .001
LL �0.481 �4.308 �.001
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contributor to the development of subcortical GM volume loss in

PMS, along with thalamic susceptibility changes.

In accordance with the great corpus of scientific literature that

describes subcortical GM atrophy as an early and consistent fea-

ture of MS, strictly linked with disease course and clinical progres-

sion,2-5 we found significant DGM atrophy in our group of pa-

Table 4: Results of the analyses exploring the relationship between MRI measures and DGM volume in the MS subgroups

DGM Volumes

Model Predictor

R2 (�R2) F (�F) P Value Standardized � T P Value
RRMS

Thalamus 0.750 (0.081) 6.637 (5.738) �.001
DMT �0.289 �2.313 .03
LL �0.454 �3.214 .003
MD thalamus �0.371 �2.395 .02

Caudate 0.563 (0.061) 6.662 (4.346) �.001
DMT �0.352 �2.702 .01
LL �0.411 �2.938 .006
MD caudate �0.287 �2.085 .04

Putamen 0.662 (0.196) 7.187 (16.073) �.001
DMT �0.497 �4.166 �.001
LL �0.502 �4.009 �.001

Globus pallidus 0.611 (0.158) 5.484 (11.608) �.001
DMT �0.487 �3.868 �.001
LL �0.450 �3.407 .001

PMS
Thalamus 0.832 (0.585) 7.761 (19.119) �.001

MD thalamus �0.566 �3.091 .01
� thalamus 0.493 2.233 .05

Caudate 0.799 (0.576) 7.362 (18.587) .001
FA caudate �0.783 �5.789 �.001

Putamen 0.580 (0.506) 3.228 (16.890) .03a

FA putamen �0.836 �4.110 .001
a Not significant after Bonferroni correction.

FIG 2. Scatterplot matrix showing the correlations between DGM volumes and their significant MR imaging predictors in the regression analyses
in patients with MS.
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tients. This volume loss was more pronounced in PMS, a finding

also consistent with previous evidence,2 in line with the hypoth-

esis of a prominent role of neurodegenerative phenomena in the

pathophysiology of this phenotype.18,27

Furthermore, our results confirm the presence of microstruc-

tural damage in the DGM of patients with MS, mostly affecting

the caudate nuclei and thalami. These findings, also in substantial

accordance with previous evidence,6-9 can be considered as a re-

flection of microstructural damage due to demyelination and ax-

onal injury, which cause a net loss of structural barriers facilitating

water diffusion, while the increased FA might be explained by

extra-axonal phenomena such as the loss of dendritic connections

and/or the swelling of neuronal cell bodies.7,8

On the other hand, we failed to find significant alterations of

PWI parameters in patients with MS compared with HC, a result

in conflict with some previous studies in which decreased perfu-

sion of these structures was described.10-12,28,29 A possible expla-

nation for this discrepancy could reside in the different methodo-

logic approaches between our work (in line with those available in a

study analyzing PWI data with a method similar to ours30) and these

previous studies conducted using hand-drawn ROIs11,28,29 (which

had operator dependencies) or voxel-based approaches10,12 (which

provide different, though complementary, information). Most

interesting, when we compared MS phenotypes, a reduction in

rCBV values of the caudate nuclei in patients with PMS compared

with RRMS was proved. Different mechanisms could explain this

finding, mainly related to a decreased neuronal metabolic de-

mand secondary to atrophy,13,30 though primary neuronal meta-

bolic dysfunctions and alterations of cerebral vasculature have

also been proposed.13,30

Finally, at the QSM analysis, patients with MS showed a sig-

nificant reduction of magnetic susceptibility values in the thala-

mus compared with HC, in line with recent quantitative MR im-

aging studies.14-17 The physiopathologic basis of this altered

susceptibility could reside in the variable association of reduced

paramagnetic components (ie, iron) and increased diamagnetic

components (ie, myelin and/or calcium). Thus, several hypothe-

ses have been proposed, including increased myelin density due to

GM loss, calcium deposition, and, in particular, iron depletion.

The latter could be an indirect consequence of tissue loss and/or

could result from an active process of iron removal from damaged

oligodendrocytes, related to chronic microglia activation, ulti-

mately leading to neurodegeneration.14-17

When investigating the contribution of different MR imaging

metrics to the development DGM atrophy in MS subgroups, we

found that a global MR imaging measure of WM damage

(namely, the LL) was a constant significant predictor of volume

loss for all DGM structures for the patients with RRMS, with an

additional, though relative, contribution of local microstruc-

tural GM changes in the development of thalamic and caudate

atrophy only. This result confirms a suggested possible role of

WM lesions in driving atrophy of the highly connected subcor-

tical GM structures, most likely through axonal transection

leading to disconnection, with a subsequent degeneration

along axonal projections.2,31

On the other hand, microstructural damage proved to be the

FIG 3. Scatterplot matrices of the correlations between DGM volumes and their significant MR imaging predictors in the regression analyses in
patients with RRMS (A) and PMS (B).
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main determinant of DGM atrophy in patients with PMS, without

a significant role of LL, corroborating the role of local microstruc-

tural damage as a possible primary determinant of neuronal loss

and subsequent atrophy in subcortical GM.6-7

Furthermore, when we evaluated the determinants of thalamic

atrophy in PMS, a direct effect of the reduced susceptibility values

found in this structure on its volume was found, in apparent con-

trast with the common notion of iron increase as a possible driver

of neurodegeneration in MS.32 A possible explanation for this last

result could be found in the peculiar morphofunctional architec-

ture of the thalamus. Indeed, this structure, due to its rich con-

nectivity profile, shows a high oligodendrocyte density, being

more prone to secondary effects from remote injury in other areas

of the brain.17 Thus, a chronic microglial activation could lead to

thalamic oligodendroglial damage, with subsequent iron release,

generating, in turn, a vicious cycle reducing axonal protection and

neuronal repair, eventually leading to neurodegeneration.17

All these results, taken together, support the hypothesis that

different MS phenotypes could be characterized by distinct phys-

iopathologic mechanisms, with a more prominent role of primary

GM pathology in patients with PMS, which occurs, at least in part,

independent from global WM lesion burden.1,19,27

Finally, we explored the clinical impact of these DGM altera-

tions, proving that thalamic volume was the only significant pre-

dictor of EDSS score, without any additional value provided by

the other tested MR imaging measures. This result confirms and

expands the current knowledge about the clinical relevance of

thalamic atrophy in MS, which could represent a common path-

way through which both WM lesions and local DGM pathology

contribute to clinical disability.3-5,33 Indeed, the thalamus is in-

volved in all the major functional circuits in the brain, providing a

point of convergence across multiple cortical, limbic, brain stem,

and cerebellar systems; therefore, it is easy to understand how its

volume loss could represent one of the most clinically relevant

biomarkers of disease in MS.33

Some limitations of the present study should be acknowl-

edged. In particular, additional physiopathologic information on

DGM structures could have been obtained using other advanced

MR imaging techniques (eg, magnetization transfer ratio, MR

spectroscopy, or functional MR imaging) or with voxelwise ap-

proaches, while a longitudinal evaluation could have helped un-

ravel the causal relationships among different aspects of DGM

pathology as well as between subcortical GM alterations and clin-

ical disability. Thus, future studies are warranted simultaneously

investigating the role of additional different aspects of DGM pa-

thology and their evolution with time, coupled with more exten-

sive neurologic and neuropsychological examinations, to further

expand our knowledge of the physiopathology and the clinical

relevance of DGM damage in MS.

CONCLUSIONS
Our study provides additional information about DGM involve-

ment in patients with MS, showing the presence of alterations of

different MR imaging metrics as a possible reflection of neurode-

generative and neuroinflammatory processes in these structures.

Furthermore, our results demonstrate the presence of a different

behavior of DGM atrophy in MS phenotypes, with subcortical

GM volume loss mainly determined by global WM lesion burden

in patients with RRMS, while local microstructural damage, along

with susceptibility changes, account for the development of the

significant DGM atrophy occurring in patients with PMS.
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COMMENTARY

What Causes Deep Gray Matter Atrophy in Multiple Sclerosis?

Multiple sclerosis is a chronic neuroinflammatory and neuro-

degenerative disease of the central nervous system. Patients

often experience a complex combination of physical and cogni-

tive symptoms, both of which are strongly disabling. Unfortu-

nately, progression of disability and cognitive decline has been

difficult to understand using neuroinflammatory markers such as

lesion volumes. Neurodegenerative components of MS and espe-

cially deep gray matter (DGM) atrophy continue to progress with

time1 and have a strong predictive potential for disability2 and

cognitive impairment.3 Thalamic atrophy occurs very early4 and

continues linearly during the disease course,5 with especially

strong clinical correlations.6 Therefore, it is clear that deep gray

matter and especially thalamic atrophy is of great relevance for

MS, and its measurement may even become reliable enough to

include in routine neuroradiologic practice. What drives this typ-

ical neurodegenerative pattern in MS, however, remains unclear,

probably including a combination of network disconnection,7

Wallerian degeneration, and local damage.8

The study by Pontillo et al,9 published in the current issue of

the American Journal of Neuroradiology, represents a comprehen-

sive way to investigate the possible correlates of deep gray matter

atrophy. The authors apply several MR imaging measures of dif-

fusion, perfusion, and susceptibility in the DGM in relapsing-

remitting MS (RRMS, n � 52) and progressive MS (n � 25),

which were compared with those in healthy controls (n � 44).

Results show that white matter lesion burden was the main cor-

relate of DGM atrophy in RRMS, possibly indicating a role for

Wallerian degeneration of connected fiber bundles, resulting in

structural network disconnection and atrophy. In progressive

MS, however, the most important correlates of atrophy were local

microstructural damage and thalamic susceptibility, while lesion

volumes did not strongly relate to atrophy.

These results highlight an important point, namely that the

cause and consequence of atrophy could vary among the different

MS phenotypes and that these should be studied separately.10

This point is supported by recent findings that while some thera-

peutic options that target neuroinflammation in the white matter

may impact thalamic atrophy in RRMS,11 these do not impact

disease progression in progressive MS.12 Nonetheless, recent

studies have shown that thalamic atrophy rates are similar in all

phenotypes,5 indicating that neurodegeneration continues in

progressive MS even when the formation of new neuroinflamma-

tory lesions may become less apparent. These findings could re-

flect an entirely different local pathologic process or may indicate

a second-order disconnection effect10 induced by an accelerated

cortical degeneration of important networks such as the default

mode network,2 causing additional waves of disconnection lead-

ing to a so-called network collapse.13

This notion of network disconnection was also supported by a

recent study using experimental autoimmune encephalomyelitis,

showing inflammation and demyelination in the spinothalamic

tracts to be related to thalamic neuronal loss, while lesions within

the thalamus itself were scarce.14 In MS, focal lesions within DGM

structures also do not seem to be that common and appear to be

poorly related to DGM atrophy.15 In fact, neuronal loss in non-

demyelinated DGM tissue can be as severe as 35%.16 Other

work17 has also indicated that the DGM has a less severe neu-

roinflammatory profile than the white matter. However, dif-

fuse microglial activation within the thalamus has also been

noted using PET research, especially in progressive MS,18

which was also related to cortical thinning and clinical dys-

function,19 again indicating a network effect. It remains un-

clear, however, whether microglial activation is a cause of neu-

rodegeneration or a consequence of it, or both. Susceptibility-

weighted imaging as used in the present study by Pontillo et al9

has also been indicated to reflect both microglial activation (ie,

through changes in iron levels) and myelin content, further

complicating matters.20

As Pontillo et al9 note, future longitudinal multimodal

studies are now required to disentangle the causal chain of

events for these different local and network-based pathologic

processes. It seems apparent, however, that the cause and con-

sequence of DGM atrophy will remain a complex combination

of primary and second-order effects. Thus, future treatment

strategies aiming to impact DGM atrophy may need to impact

the disease early, to prevent the network collapse from happen-

ing altogether.
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Clinical Feasibility of Zero TE Skull MRI in Patients with Head
Trauma in Comparison with CT: A Single-Center Study

X S.B. Cho, X H.J. Baek, X K.H. Ryu, X B.H. Choi, X J.I. Moon, X T.B. Kim, X S.K. Kim, X H. Park, and X M.J. Hwang

ABSTRACT

BACKGROUND AND PURPOSE: Conventional MR imaging techniques cannot produce optimal images of bone structures because bone
has little water and a very short T2 life span. The aim of this study was to investigate the clinical feasibility of skull MR imaging using the zero
TE sequence in patients with head trauma by assessing its diagnostic image quality and quantitative measurement compared with CT
images.

MATERIALS AND METHODS: Thirteen enrolled patients with head trauma were assessed using brain CT and skull MR imaging. Image
quality was graded on a 5-point Likert scale to compare the 2 modalities. To evaluate quantitative analyses between the 2 imaging
modalities, we measured skull thickness and normalized bone tissue signal. Interobserver reliability was assessed using weighted � statistics
and the intraclass correlation coefficient.

RESULTS: Both imaging techniques clearly depicted skull fractures in all 13 patients. The mean scores for skull MR imaging and CT were
4.65 � 0.56 and 4.73 � 0.45 (P � .157), respectively, with substantial interobserver agreement (P � .05). The 2 imaging modalities showed
no difference in skull thickness (P � .092) and had good correlation (r2 � 0.997). The mean value of normalized bone tissue signal among
the 3 layers of the skull was relatively consistent (P � .401) with high interobserver agreement (P � .001).

CONCLUSIONS: Zero TE skull MR imaging has diagnostic image quality comparable with that of CT images. It also provides consistent
results on the quantitative measurement of cortical bone with CT images.

ABBREVIATION: ZTE � zero TE

MR imaging is a noninvasive technique that obtains excellent

soft-tissue contrast and high resolution of anatomic detail

in the body without radiation.1 However, it is unsuitable for de-

picting cortical bone structures because of low proton density

(approximately 20% water) and a very short T2 relaxation time

(approximately 390 �s at 3T).2 By contrast, CT is the most opti-

mal technique for revealing bone structures in images with high

spatial resolution, fast acquisition, and high availability; however,

its capability in imaging soft tissue is poor, and radiation exposure

is a major drawback.3-8 In clinical practice, MR imaging is an

essential diagnostic technique because of its inherent advantage in

establishing a diagnosis and treatment plan for various intracra-

nial diseases. Therefore, MR imaging would be the most ideal

diagnostic imaging technique if it could provide reliable clinical

information about bone structures and soft tissues. There is an

increasing clinical need to resolve the limitations of MR imaging

with regard to bone structures. MR bone imaging is increasingly

becoming a focus of interest in the field of musculoskeletal radi-

ology, MR imaging– based attenuation correction in PET, MR

imaging– based radiation therapy planning, and MR imaging–

guided focused sonography.9

Concerning the technical aspects of conventional MR imag-

ing, optimal images of bone structures cannot be obtained be-

cause the minimum TE for the spin-echo and gradient-echo pulse

sequences is too slow (approximately 8 –10 and 1–2 ms, respec-

tively) to detect a meaningful bone signal.2 Compared with con-

ventional sequences, the ultrashort TE sequence with a center-out

k-space acquisition can allow sufficiently fast data acquisition of

the rapidly decaying bone signal.10,11 Long T2-suppression meth-

ods (eg, echo subtraction, saturation prepulses, or multiple se-

quences) are generally applied to separate bone from soft tissue, to
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achieve selective bone images using an ultrashort TE sequence.12

The sequence for MR bone imaging was recently developed to

visualize very short T2 relaxation of the object, based on 3D radial

zero TE (ZTE), and it can provide high-resolution isotropic im-

ages with fast and silent scanning.13-15 To date, MR bone imaging

using ultrashort TE or ZTE sequences has been studied for

PET/MR imaging attenuation correction from the perspective of

the technical approach in the literature.9,16-20

Recently, ZTE bone MR imaging was applied to osseous shoul-

der imaging, which showed strong intermodality agreement be-

tween measurements and grades of the lesions from ZTE bone

MR imaging and CT.21 However, to the best of our knowledge,

there is no study of the clinical application of MR bone imaging of

the skull for diagnostic use. Therefore, this study aimed to inves-

tigate the clinical feasibility of using ZTE skull MR imaging for

evaluating skull lesions in patients with head trauma by assessing

its diagnostic image quality and quantitative measurement com-

pared with CT images.

MATERIALS AND METHODS
Patient Characteristics
A review of the data base at Gyeongsang National University

Changwon Hospital identified patients with head trauma who

were admitted to the emergency department and underwent rou-

tine brain CT for the evaluation of intracranial or skull abnormal-

ities between June 2017 and May 2018. Using electronic medical

records and a PACS, we selected 16 patients who also had under-

gone ZTE skull MR imaging as the follow-up imaging. We ulti-

mately enrolled 13 of 16 patients. Three patients were excluded

because of poor image quality from uncontrolled motion artifacts

(CT: n � 2; MR imaging: n � 1). The 13 patients who were in-

cluded in this study comprised 4 women and 9 men with a mean

age of 43.8 � 12.7 years (range, 24 – 68 years). The average interval

between the initial CT and ZTE skull MR imaging examinations

was 10.1 � 7.4 days (range, 1–23 days).

In the present study, all retrospective data collection and anal-

yses were conducted in accordance with our local institutional

review board guidelines, after obtaining its approval. The institu-

tional review board determined that patient approval and in-

formed consent were not required for retrospective review of im-

ages and electrical medical records. The patients’ records and

information were anonymized and de-identified before analysis.

ZTE Skull MR Imaging
In general, ZTE uses a nonselective radiofrequency excitation

pulse and a 3D radial center-out k-space trajectory. The readout

gradients are ramped up before the radiofrequency excitation (Fig

1A). The pulse is grouped into segments, and each segment con-

tains numerous spokes. These gradients are changed slightly and

are not ramped down between spokes. The minimal gradient

switching between repetitions minimizes eddy currents to a neg-

ligible level and reduces acoustic noise level.22 The imaging en-

coding starts immediately after the end of the radiofrequency ex-

citation to fill the center of the k-space, which is the nominal ZTE.

The radiofrequency duration must remain short (approximately

8 –16 �s), and the flip angle is limited in ZTE to minimize the

delay between the radiofrequency pulse and the transmit-to-re-

ceive switching time. In addition, to prevent disturbing the spin

excitation substantially, the excitation bandwidth is limited. As a

result, the contrast is a native proton-density contrast.

After acquiring the proton-density image using ZTE, we ap-

plied a bias-correction algorithm to neaten the soft-tissue signal

intensities and correct signal inhomogeneity owing to coil geom-

etry and variable tissue cross-sections.9,20,21 The histogram distri-

bution of the inverse log-scaled images was then used for the

CT-like contrast images to remove the background noise while

retaining bone and soft tissue (Fig 1B, -C).9,20,21 The histogram of

the proton-density image easily yields 2 groups: 1) soft tissues

such as white matter, gray matter, CSF, muscle, and fat; and 2)

background air. Then, the median of the tissue signals, which are

magnified to the proper level, is used to determine the threshold

values. The imaging value, which is higher than the bone thresh-

old, is magnified and generates a CT-like contrast image.

ZTE Skull MR Imaging Scan Parameters
MR imaging was performed using a 3T system (Signa Architect;

GE Healthcare, Milwaukee, Wisconsin) with a 48-channel head

FIG 1. A, ZTE pulse sequence diagram of a segment with 5 spokes (the
actual scan contains 384 spokes per segment). The ZTE sequence uses
a hard radiofrequency (RF) pulse and switch data acquisition (DAQ)
just after the RF to receive the free induction decay signal, which
results in a nominal ZTE. The k-space fills the 3D radial center. The
readout gradients (Gx, Gy, Gz) are ramped up before the RF and
change in small steps. Such a small gradient change results in a fast,
silent scan. B and C, Histogram-based intensity-correction has been
used to generate the CT-like bone image. There are 2 typical intensity
histograms and corresponding axial images. B, The ZTE dataset of
proton-density contrast. C, The final dataset of the CT-like contrast
image with further postprocessing. After we applied inversion loga-
rithmic image rescaling, the CT-like contrast image reveals excellent
cortical bone delineation. On each histogram, the horizontal axis rep-
resents the signal intensity and the vertical axis represents the count.
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coil. The ZTE proton-density image was acquired in the axial

plane to cover the whole brain in 4 minutes 52 seconds using the

following parameters: TE, 0.016 ms (nominal TE � 0); TR, 2.65

ms; FOV, 240 � 240 mm; slice thickness, 2 mm; flip angle, 1°;

spokes per segment, 384; matrix size, 288 � 288; image voxel

resolution, 0.8 � 0.8 � 1 mm3; receiver bandwidth, �31.25 kHz;

and total number of scans, 3.

Brain CT Scan Parameters
Skull CT images were obtained using the routine brain protocol

on 2 different CT machines with the following acquisition param-

eters: 1) IQon Spectral CT (Philips Healthcare, Best, the Nether-

lands)—120 kV(peak); 200 mAs; collimation, 16 � 0.625 mm;

pitch factor, 0.985; rotation time, 0.33 seconds; FOV, 250 mm;

slice thickness, 3 mm; and slice increment, 0.4 mm; and 2) Aquil-

ion ONE/ViSION Edition CT (Toshiba Medical Systems, Tokyo,

Japan)—120 kVp; 190 mAs; collimation, 80 � 0.5 mm; pitch

factor, 0.985; rotation time, 0.75 seconds; FOV, 240 mm; slice

thickness, 3 mm; and slice increment, 0.4 mm.

Image Analyses
All datasets were anonymized with randomization. Two readers

reviewed all images using the PACS. Two attending neuroradiolo-

gists with 11 and 8 years of experience independently analyzed all

ZTE skull MR images and CT scans to evaluate the image quality

of skull MR imaging from a clinical feasibility perspective. They

also evaluated whether a skull fracture was present in both image

sets. In the review of all images, the window width and window

level could be modified for evaluation. The 2 types of skull images

were assessed separately to minimize bias because of the results of

the other images. For the initial interpretation, each reader was

provided the ZTE skull MR images, and they analyzed all images

twice with an interval of 2 weeks between each analysis. After 2

weeks, the readers were provided the CT images of the enrolled

patients. They analyzed all these images twice, using the same

interval as in ZTE skull MR imaging interpretation. Image-quality

measures for each image set were evaluated for following items: 1)

the conspicuity and differentiation of 3 layers of skull structures

(ie, outer table, diploic layer, and inner table), 2) clear visualiza-

tion of the suture lines, 3) visualization and demarcation of the

fracture line, and 4) the presence of artifacts. The readers then

scored image quality on the following 5-point Likert scale: 1) non-

diagnostic (ie, not acceptable for diagnostic use); 2) unacceptable

(ie, not acceptable for diagnostic use); 3) sufficient (ie, acceptable

for diagnostic use but with minor issues); 4) diagnostic (ie, ac-

ceptable for diagnostic use); and 5) excellent (ie, acceptable for

diagnostic use).

To evaluate the geometric concordance of skull structures on

the ZTE skull MR imaging and CT images, the readers measured

skull thickness manually from the most inner cortex to the most

outer cortex in 6 regions from each corresponding slice of the

same patient on the MR imaging and CT images. For each patient,

3 slices were selected to measure skull thickness in both frontal,

both parietal, both temporal, and both occipital bones.

The same readers also measured the signal intensities and

Hounsfield units of the outer table, diploic layer, and inner table

on the ZTE skull MR imaging and CT images. The readers defined

the ROI as 15 mm3 symmetrically in the outer cortex, diploic

space, and inner cortex from each corresponding slice of the same

patient on the MR imaging and CT images. The same neuroradi-

ologists manually drew 6 ROIs in both frontal, both parietal, and

both occipital bones from each patient on 3 selected slices on the

MR imaging and CT images. To normalize the signal intensity of

ZTE skull MR imaging, we calculated the normalized signal in-

tensity of each skull layer by dividing its signal intensity by that of

the background region and then multiplied this value by 100. We

calculated the ratio of bone signal intensity of ZTE skull MR im-

aging to the bone density of CT images and termed this value the

“normalized bone tissue signal.” After the readers’ independent

analyses, the same neuroradiologists conducted image analysis in

consensus to make a reference standard for deciding the presence

of skull fracture and its location.

Statistical Analysis
The data were tested for normal distribution using the Kolmogo-

rov-Smirnov test. Continuous variables were expressed as

mean � SD. The image-quality assessments of ZTE skull MR

imaging and CT were assigned numeric values. The mean values

of the readers’ ratings were not directly statistically compared be-

cause these values were not strictly continuous variables. How-

ever, we decided to present a summary of the readers’ ratings for

ZTE skull MR imaging and CT, which are expressed as mean �

SD. The scores of each image set from the 2 readers were averaged,

and the Wilcoxon signed rank test was used to compare the scores

of the ZTE skull MR imaging and CT images. Interobserver agree-

ment between 2 readers was calculated by weighted � statistics.

On the basis of the description by Landis and Koch,23 the � value

was interpreted as follows: 0, no agreement; 0 – 0.19, poor agree-

ment; 0.20 – 0.39, fair agreement; 0.40 – 0.59, moderate agree-

ment; 0.60 – 0.79, substantial agreement; and 0.80 –1.00, nearly

perfect agreement. The skull thickness was compared and corre-

lated between ZTE skull MR imaging and CT images using the

Wilcoxon signed rank test and Spearman correlation coefficient

analysis after the values of each image set from the 2 readers were

averaged. The Kruskal-Wallis test was used to evaluate differences

in the normalized bone tissue signal among the 3 layers of the

skull. The interobserver agreement between the 2 readers was also

assessed with the intraclass correlation coefficient. All statistical

analyses were conducted using SPSS, Version 24.0 (IBM, Ar-

monk, New York). A P value � .05 was statistically significant.

RESULTS
Skull images were successfully obtained from all patients using the

ZTE technique. Skull structures were clearly depicted on the ZTE

skull MR images and matched well with those depicted on the CT

images. Two attending neuroradiologists independently reviewed

all acquired ZTE skull MR imaging and CT images without diffi-

culty in detecting the fracture sites. All 13 patients had a skull

fracture (Figs 2 and 3). In addition, the skull suture lines were

conspicuously demarcated on the ZTE skull MR imaging in all 13

patients.

Patient data and the scores of the overall image quality for ZTE

skull MR imaging and CT images determined by the 2 readers are

presented in the Table. The mean scores of ZTE skull MR imaging
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and CT images were �4 points with acceptable image quality for

diagnostic use. For both readers, the mean score of ZTE skull MR

was slightly lower than that of CT images. However, the average

mean scores for skull MR imaging and brain CT images by the

readers were not statistically significant (4.65 � 0.56 versus

4.73 � 0.45, P � .157). Substantial interobserver agreement was

observed for the overall image quality of skull MR imaging (� �

0.829, P � .001) and brain CT (� � 0.806, P � .003).

The skull thickness on ZTE skull MR imaging and CT images

was not statistically different: 9.5 � 4.3

and 9.5 � 4.2 mm, respectively (P �

.092). Skull thickness measured on the

ZTE skull MR imaging and CT images

also showed good correlation (r2 �

0.997, P � .001). Based on the results of

the intraclass correlation coefficient, in-

terobserver agreement of the skull thick-

ness was as follows: CT, 0.989 (95% CI,

0.984 – 0.992; P � .001) and MR imag-

ing, 0.977 (95% CI, 0.967– 0.985; P �

.001). The mean value of the normalized

bone tissue signal tended to be higher in

the diploic space than in the outer and

inner cortices (0.45 � 0.13 versus 0.43 �

0.11 versus 0.41 � 0.01, respectively);

however, there was no statistical differ-

ence among the 3 layers of the skull (P �

.401) (Fig. 4). For interobserver agree-

ment, the intraclass correlation coeffi-

cient for the normalized bone tissue sig-

nal was 0.885 (95% CI, 0.851– 0.911;

P � .001).

DISCUSSION
The findings of our study indicated that

ZTE skull MR imaging was suitable for

identifying bone structures in the skull.

Its diagnostic image quality was compa-

rable with that of CT images for evaluat-

ing traumatic skull lesions. In addition,

this study provided a quantitative evalu-

ation of ZTE skull MR images by a direct

comparison with CT images and showed

good correlation between the 2 skull

images.

To date, MR bone imaging is chal-

lenging because the magnetization from

hydrogen atoms in the cortical bone

demonstrates much faster transversal

relaxation than other body tissues, and

the available magnetization is relatively

low because of decreased proton den-

sity.24 This phenomenon is caused by

the characteristics of bone tissue, which

has little water and a very short T2 life

span.2 With technical advances, MR

bone imaging has proved technically

feasible using ultrashort TE and ZTE sequences in previous stud-

ies.10-15 In contrast to ultrashort TE sequences, MR bone imaging

using the ZTE sequence has a greater signal-to-noise ratio with

scan time efficiencies and it provides isotropic high-resolution

images with multiplanar reconstruction.13-15,21 To date, a few

subsequent studies have focused on MR bone imaging in the field

of PET.2,9,11,16-20 However, MR bone imaging has not been stud-

ied from a diagnostic perspective in the field of neuroradiology,

though interest in this topic is increasing.

FIG 2. A 42-year-old woman with a right frontal bone fracture. A, Axial CT image. B, Axial
proton-density ZTE image. C, Axial CT-like contrast ZTE image. 3D volume-rendered CT image (D)
and ZTE skull MR imaging (E). A linear skull fracture line is visible in the right frontal bone on the CT
and MR images (thick arrows). The coronal sutures (thin arrows) and sagittal sutures (arrowheads)
are depicted.

FIG 3. A 52-year-old man with a right parietal bone fracture. A, Axial CT image. B, Axial proton-
density ZTE image. C, Axial CT-like contrast ZTE image. 3D volume-rendered CT image (D) and ZTE
skull MR imaging (E). A focal depression fracture is visible in the right parietal bone. The sagittal
suture (arrowheads) and bilateral lambdoidal sutures (thick arrows) show conspicuous delineation.
Subtle marginal artifacts exist along the inner cortex of both parietal bones and the outer cortices of
both frontal bones. The artifacts have a short segmental stepped appearance, which may be related to
the postprocessing of histogram-based intensity correction (short thin arrows) in C.
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In the present study, we applied the ZTE sequence to obtain

images of the skulls of patients with head trauma. Our findings

showed results similar to those of previous studies from the per-

spective of its clinical feasibility in assessing the head.9,19,20 For all

13 patients, ZTE skull MR imaging was successfully acquired, and

skull suture lines with skull fractures were depicted as clearly on

the ZTE skull MR imaging as on the CT images. Our results for

detecting bone abnormalities were similar to those of a recent

study,21 which showed comparable agreement for evaluating os-

seous lesions in the shoulder between raters and modalities. In the

present study, the CT-like image with positive contrast for the

skull obtained by postprocessing allowed more intuitive interpre-

tation for evaluating the skull, and it is also consistent with the

previous study, despite differences in the applied anatomic sites.

We also assessed the overall imaging quality of skull MR im-

aging, and ours is the first study to evaluate the image quality of

skull MR imaging for diagnostic use.

ZTE skull MR imaging yielded accept-

able image quality of �4 points with

substantial interobserver agreement in

the present study. There was no signifi-

cant difference, though the mean score

of ZTE skull MR images was slightly

lower than that of CT images because

moderate motion artifacts of a few slices

occurred in 1 patient owing to the pa-

tient’s irritability, which was closely as-

sociated with the longer scan time of

ZTE skull MR imaging than CT. For

clinical use, further technologic effort to

reduce the scan time is essential to ex-

pand the indications of ZTE skull MR

imaging for various clinical situations.

We were also able to identify subtle

marginal irregularities on the only CT-

like images of ZTE skull MR imaging

(2/13 patients, 15.4%), though there

were no demonstrable motion artifacts

in the 2 patients. These artifacts had a

thin, short segmental stepped appear-

ance in the inner or outer cortex of both

frontal and parietal bones (Fig 3C);

however, these artifacts did not have a

crucial impact for diagnosis by the 2 readers. The reason for this

finding is unclear, but it may be related to the postprocessing of

histogram-based intensity correction to separate bone tissue from

other tissue. We expect that this issue of marginal stepped artifacts

can be solved if the algorithm for the postprocessing of ZTE skull

MR imaging is improved.

In the current study, the 2 imaging modalities showed no sta-

tistically significant differences in the skull thickness measure-

ment, and they had good correlation in skull thickness measure-

ments. In contrast to the finding of a previous study,21 we

measured the normalized bone tissue signal and found that the

normalized bone tissue signal from each skull layer was relatively

consistent on the basis of a direct comparison of the signal-to-

noise ratio on ZTE skull MR imaging and Hounsfield units on CT

for the same regions. In addition, the skull-thickness measure-

FIG 4. Boxplot of the normalized bone tissue signal of the outer cortex, diploic space, and inner
cortex. The line across the box represents the median value. The box ends represent the first and
third quartiles. The end points in each graph represent the smallest and largest values. The median
ratio of the normalized bone tissue signal is highest in the diploic space of the skull; however,
there is no significant difference among the 3 skull layers.

Summary of the patient data and the scores of the 2 readers

Patient No. Age (yr) Sex Fracture Location
Interval between ZTE

Skull MRI and CT

ZTE Skull MRI Brain CT

Reader 1 Reader 2 Reader 1 Reader 2
1 52 M Right parietal 20 Days 5 5 5 5
2 42 F Right frontal 17 Days 5 5 5 5
3 47 M Right temporal 8 Days 5 5 5 5
4 68 M Right occipital 23 Days 4 4 4 5
5 25 F Right temporal 2 Days 3 4 4 4
6 24 M Left occipital 3 Days 5 5 5 5
7 38 M Right frontal 11 Days 4 4 4 4
8 41 M Left temporal 1 Day 5 5 5 5
9 57 M Left parietal 7 Days 5 5 5 5
10 53 M Right frontal 14 Days 4 4 4 4
11 52 F Right temporal 16 Days 5 5 5 5
12 31 M Right temporal 2 Days 5 5 5 5
13 41 F Right parietal 7 Days 5 5 5 5
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ments and the normalized bone tissue signal showed high inter-

observer agreement. The mean value of the normalized bone tis-

sue signal was higher in the diploic space than in the other skull

layers. This result could reflect the characteristics of the tissue in

the diploic space, which has a fat component in the marrow cav-

ity; this factor results in a short T1 relaxation time in MR imaging

and a decreased number of Hounsfield units on the CT image.

These quantitative comparison results of the 2 imaging modalities

imply that ZTE skull MR imaging could reproduce images close to

the skull itself and suggest that ZTE skull MR imaging could be a

valid alternative to CT for skull imaging in a variety of clinical

situations. Furthermore, these results also support the findings of

previous studies9,20 that suggested possible technical applications

to develop attenuation correction algorithms.

With regard to the technical aspect, hard pulse sequences such

as ZTE require a higher readout bandwidth to allow shorter en-

coding times and less T2* blurring.9,25 The flip angle below the

corresponding Ernst angle is also important to obtain native pro-

ton-density–weighted images and achieve appropriate tissue dif-

ferentiation during the postprocessing.9 In a previous study,9 the

authors performed ZTE skull MR imaging based on the default

high-resolution protocols using different imaging bandwidths

(�31.25 kHz, �62.5 kHz, and �125 kHz) and flip angles (0.6°,

1.2°, and 2.4°). They found that images with the highest band-

width and lowest flip angle were sharpest and had the least blur-

ring at the tissue interfaces, whereas the images with the lowest

bandwidth and highest flip angle had the highest signal-to-noise

ratio and soft-tissue contrast with partial T1 saturation. In the

present study, we used �31.25 kHz of bandwidth and 1° of flip

angle with fewer sophisticated postprocessing steps to acquire

ZTE skull MR imaging; these images were different from those

used in previous studies.9,20,21,26 We initially aimed to evaluate

the clinical diagnostic feasibility of ZTE skull MR imaging for

detecting skull fracture, compared with CT; therefore, we focused

on obtaining sufficient image quality with an optimal signal-to-

noise ratio to interpret the fracture and suture lines in the skull on

the visual analysis. With this perspective of visual qualitative anal-

ysis, we were not concerned about other structures such as the

paranasal sinuses in the facial bones, which require a higher band-

width for depicting in detail.

Several limitations of this study should be considered when

interpreting the results. First, there was an unavoidable selection

bias because the data from all patients were evaluated retrospec-

tively, the sample size was small, and the study was conducted in a

single center. Second, in this study, we evaluated only patients

with head trauma; therefore, the representation of other skull pa-

thologies is limited. This feature may have a different effect on the

image quality for interpretation. Third, we did not use the sophis-

ticated formula in the previous study26 to obtain the normalized

bone tissue signal because we were focused on the morphologic

perspective of ZTE skull MR imaging with simple and easy post-

processing. In the current study, it was sufficient to apply a simple

noise threshold and a bias-correction algorithm to enhance bone-

tissue signal intensities and correct signal inhomogeneity due to

coil geometry; therefore, complex scaling was not required. How-

ever, this approach to obtain the normalized bone tissue signal

had an inherent limitation of value consistency because it was

scaled to the background noise. A relatively low signal-to-noise

ratio in ZTE skull MR imaging may indeed induce inhomogeneity

of the signal intensity, which may then affect the results of the

normalized bone tissue signal. Fourth, manual ROI selection,

which was used for normalization, was reader-dependent and

small; therefore, it may have affected the results, though we ana-

lyzed the interobserver reliability. Fifth, the ZTE sequence allows

fast and quiet scanning to obtain skull images; however, it takes

approximately 5 minutes, which allows the possibility of motion

artifacts. We expect that further studies with larger sample sizes

and various targeted patients will be conducted to validate our

results in the near future.

CONCLUSIONS
In the current study, ZTE skull MR imaging generated a CT-like

image with positive contrast for the skull by postprocessing, and it

showed diagnostic image quality comparable with that of CT im-

ages for evaluating suture lines and traumatic skull lesions. It also

showed a good correlation with CT images in skull-thickness

measurement, and the normalized bone tissue signal was rela-

tively consistent. Therefore, we believe that ZTE skull MR imag-

ing may broaden the indications of MR imaging examinations,

especially for radiosensitive patients with trauma such as pediatric

patients or pregnant women because of its inherent benefit of not

generating radiation. In addition, ZTE skull MR imaging may be

helpful in MR imaging– dependent technologies such as PET/MR

imaging reconstruction or MR imaging– guided radiation therapy

and in procedures that provide useful information regarding at-

tenuation correction or anatomic details.
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INTERVENTIONAL

Coil Embolization in Patients with Recurrent Cerebral
Aneurysms Who Previously Underwent Surgical Clipping

X S.-T. Kim, X J.W. Baek, X S.-C. Jin, X J.H. Park, X J.S. Kim, X H.Y. Kim, X H.W. Jeong, and X Y.G. Jeong

ABSTRACT

BACKGROUND AND PURPOSE: Surgical revision of recurrent cerebral aneurysms is technically difficult. Therefore, coil embolization has
been used as an alternative in these cases. The aim of this study was to evaluate the clinical and angiographic outcomes of coil emboli-
zation in patients with recurrent cerebral aneurysms after microsurgical clipping.

MATERIALS AND METHODS: Between May 1999 and February 2016, nineteen patients with 19 recurrent aneurysms who previously
underwent surgical clipping were treated by coil embolization.

RESULTS: Nine patients presented with subarachnoid hemorrhage (47.4%). The interval between surgical clipping and coil embolization
was 143.5 � 66.1 months (range, 43–276 months). Single- or double-catheter coil embolization was performed in 16 patients. A balloon (n �

1) and stents (n � 2) were used to assist the coil embolization in 3 patients. Immediate radiologic findings after coil embolization showed
complete occlusion in 10 patients, a residual neck in 8 patients, and a residual sac in 1 patient. Procedure-related permanent morbidity
occurred in 1 patient. The mean clinical follow-up was 58.3 � 38.8 months. Poor clinical outcomes (modified Rankin Scale score � �3) at
the end of the clinical follow-up were reported in 5 patients (26.3%). Angiographic follow-up was available for 12 patients (63.2%). Major
recurrence was detected in 5 patients (41.7%), and a tendency for aneurysm regrowth rather than coil compaction was noted in all cases.

CONCLUSIONS: In our series, coil embolization for recurrent aneurysms after surgical clipping was feasible but had a high recurrence rate
and tended to result in aneurysm regrowth rather than coil compaction.

ABBREVIATIONS: AcomA � anterior cerebral artery; PcomA � posterior communicating artery

Microsurgical revision of recurrent cerebral aneurysms after

surgical clipping is technically difficult because adhesions

between the aneurysm and neighboring structures increase the

possibility of injury to the adjacent normal structures. However,

endovascular coil embolization, which does not require ap-

proaching the adhesions of previous surgical wounds, could be

technically feasible as a retreatment option for recurrent cerebral

aneurysms after surgical clipping. Some reports exist on the use-

fulness of coil embolization for recurrent cerebral aneurysms after

surgical clipping.1-5 The durability of coil embolization of recur-

rent cerebral aneurysms previously treated by surgical clipping is

not well-known. The aim of this study was to evaluate the clinical

and angiographic outcomes of coil embolization in patients with

recurrent cerebral aneurysms after microsurgical clipping.

MATERIALS AND METHODS
Patients
Between May 1999 and February 2016, nineteen patients (5 men

and 14 women) with 19 recurrent cerebral aneurysms who had

been primarily treated by surgical clipping were treated with en-

dovascular coiling and included in our study. All recurrent aneu-

rysms in our study showed morphologic changes in the aneu-

rysms that had been treated by clipping. Residual aneurysms that

showed no morphologic change on follow-up angiography after

clipping were excluded from our study. The medical records and

radiographic studies of these patients were retrospectively re-

viewed to obtain clinical and radiographic information. In cases

of loss to clinical follow-up, we obtained the clinical status by
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telephone. This retrospective study was approved by the institu-

tional review board (Inje University Haeundae Paik Hospital).

Clinical outcomes were measured before and after coiling, at

discharge, and at the end point of clinical follow-up using the

modified Rankin Scale score. Each patient’s clinical status at the

final clinical follow-up evaluation was recorded as the follow-up

clinical outcome. The angiographic outcome was measured by the

Raymond-Roy occlusion classification.6,7 In cases with a dome-

to-neck ratio of �2 or an aneurysm neck of �4 mm, the aneu-

rysm was defined as a wide-neck aneurysm.

Recurrence of the aneurysms after coiling was classified as ei-

ther regrowth of the aneurysms or coil compaction. “Regrowth”

of aneurysms was defined as morphologic changes in the aneu-

rysms in comparison with the initial angiographic morphology of

the aneurysms. “Coil compaction” of the aneurysms was defined

as changes in the coil configuration in comparison with the initial

appearance of the coil mass after coil embolization without mor-

phologic changes in the aneurysm. The classification of regrowth

or coil compaction of the aneurysms was determined by 2 neuro-

radiologists (H.W.J. and J.W.B.).

Follow-up imaging studies generally consisted of conventional

angiography because CTA or MRA had poor image resolution

due to artifacts produced by the clips and coils. Angiography was

generally performed annually after coil embolization, and the re-

sults were classified into 3 categories: stable or improved occlu-

sion (defined as no change or a decrease of the residual aneu-

rysm), minor recurrence (defined as regrowth or coil compaction

of the aneurysmal neck portion), and major recurrence (defined

as regrowth or coil compaction of the aneurysmal sac that re-

quired retreatment).

Endovascular Strategies
Coil embolization was performed with the patient under general

anesthesia. A biplane angiographic unit was used. In cases of rup-

ture, oral antiplatelet agents were not used before coil emboliza-

tion, and intravenous heparin (a bolus of 3000 IU) was adminis-

tered after the aneurysm was secured with the coil. In unruptured

cerebral aneurysms, dual oral antiplatelet agents (75 mg of clopi-

dogrel and 100 mg of aspirin) were used for 5 days before coil

embolization or a loading dose was administered (300 mg of

clopidogrel and 300 mg of aspirin). After attaining access to the

femoral artery, a bolus of 3000 IU of heparin was administered

intravenously at the beginning of the procedure. An additional

1000-IU bolus of heparin was administered hourly to maintain an

activated clotting time of �250 seconds. If an antiplatelet drug

was necessary, aspirin (100 mg) or dual-antiplatelet agents (100

mg aspirin and 75 mg clopidogrel) were administered for 3– 6

months after coil embolization.

Statistical Analysis
The statistical analysis was performed using SPSS for Windows

(Version 24; IBM, Armonk, New York). For the statistical analy-

sis, the clinical outcome was dichotomized into good (mRS �

0 –2) and poor outcomes (mRS � 3– 6). The factors related to

major recurrence after coil embolization were evaluated. Univar-

iate analysis was performed with age (60 years or older versus

younger than 60 years), sex, initial presentation, presentation at

coil embolization, multiple aneurysms, aneurysm size, wide neck,

procedural complications, rebleeding after coil embolization,

stent-assisted embolization, clinical outcome, and immediate ra-

diologic outcome as factors using the Fisher exact test due to the

expected frequency. Variables with a value of P � .2 were included

in the multivariate logistic regression analysis. Statistical signifi-

cance was set at P � .05 for a 95% confidence interval.

RESULTS
The demographic characteristics, characteristics of aneurysms,

clinical factors before coil embolization, and factors related to

clinical and angiographic outcome are summarized in the On-line

Table. The mean age of the patients included in our study was

61.4 � 9.3 years, with a range of 45–76 years. Seventeen patients

initially presented with subarachnoid hemorrhage. All 19 patients

had primarily undergone surgical clipping. At coil embolization,

9 patients (47.4%) presented with SAH due to rerupture of an

aneurysm that had been treated by surgical clipping, and 10 pa-

tients presented with unruptured aneurysms, which were de-

tected as recurrence of the aneurysms. The locations of the aneu-

rysms included the posterior communicating artery (PcomA, n �

10), middle cerebral artery (n � 5), anterior communicating ar-

tery (n � 2), basilar tip (n � 1), and anterior choroidal artery (n �

1). The mean size of aneurysms was 6.5 � 2.7 mm, ranging from

3.3 to 12 mm. The mean neck size was 4.9 � 2.2 mm, ranging from

2.4 to 10 mm. Seventeen aneurysms had a wide neck, and 9 pa-

tients had multiple aneurysms. The mean interval between

clipping and coil embolization was 143.5 � 66.1 months, rang-

ing from 43 to 276 months. Coil embolization was performed

using single or double catheters in 16 patients. A balloon (n �

1) and stents (n � 2) were used to assist coil embolization in 3

patients. The 2 stent-assisted coil embolization aneurysms

were located in the anterior communicating artery and

PcomA, and the stents were Enterprise self-expanding stents

(Codman & Shurtleff, Raynham, Massachusetts).

A control angiogram obtained after coil embolization showed

complete occlusion of the aneurysms in 10 patients, a residual

neck in 8 patients, and a residual sac in 1 patient. Procedure-

related thromboembolic complications occurred in 2 patients, 1 of

which resulted in permanent right hemiparesis (grade 3).

Angiographic follow-up was available for 12 patients (63.2%).

Among the other 7 patients who did not undergo cerebral angiog-

raphy, 2 patients were in poor condition (mRS � 4), and the other

5 patients refused the procedure. Major recurrence was detected

in 5 patients, resulting in a major recurrence rate of 41.7% (5/12).

At discharge, 9 patients had mRS scores of 0, two patients had

mRS scores of 1, five patients had mRS scores of 2, two patients

had mRS scores of 4, and 1 patient had an mRS score of 5. The

mean clinical follow-up after coil embolization was 58.3 � 38.8

months and ranged from 3 to 181 months. The follow-up mRS

scores were 0 in 10 patients, 1 in 1 patient, 2 in 3 patients, 3 in 1

patient, 4 in 2 patients, and 6 in 2 patients. Rebleeding developed

in 2 patients at 18 and 180 months after coil embolization. All

patients who had poor follow-up clinical outcomes (mRS � 3)

presented with SAH at coil embolization. Worsening of the mRS

compared with the score at discharge after coil embolization oc-

curred in 3 patients. One patient who had an aggravated clinical
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outcome after coil embolization was diagnosed with vascular de-

mentia. Another patient exhibited rebleeding that caused clinical

aggravation at 180 months after coil embolization. Another pa-

tient died due to sepsis caused by hospital-acquired pneumonia at

the rehabilitation hospital.

Statistically significant results between major recurrence and

the variables could not be achieved because of the small sample

size. However, younger age (P � .293) and SAH presentation at

coil embolization (P � .242) seemed to be somewhat related to

major recurrence (Table 1).

All 5 cerebral aneurysms that recurred after coil embolization

showed aneurysm regrowth (Figs 1–5). All patients had initially

presented with SAH at microsurgical clipping. Thereafter, 4 pa-
tients (80%) presented with SAH due to aneurysm rerupture at
coil embolization, and 1 patient underwent coil embolization due

to regrowth of the aneurysm on serial follow-up angiography.

Despite the risk of aneurysm regrowth, our endovascular strategy

for ruptured cerebral aneurysms is considered a simple technique

without flow diversion effect because of the possibility of proce-

dural thromboembolism caused by insufficient antiplatelet

medication. Additionally, we favor a simple technique as our en-

dovascular strategy for unruptured cerebral aneurysms because

stent-assisted coiling or flow diverters have shown insufficient

evidence of procedural safety thus far. Therefore, we decided to

retreat all patients by additional coil em-

bolization using a simple technique

without a stent (Table 2).

One patient, who had a PcomA an-

eurysm (patient 1), underwent addi-

tional coil embolization twice due to re-

growth of the aneurysm at the 41st and

84th month after the primary coil embo-

lization. Another patient who had a

basilar tip aneurysm (patient 8) had a

minor recurrence after additional coil

embolization. Therefore, the patient was

observed for 49 months after the pri-

mary coil embolization, and further fol-

low-up seemed to be required. Two pa-

tients who experienced rebleeding

events after coil embolization (patients 13

and 14) died or were bedridden after addi-

tional coil embolization. It took 180

months for rerupture of the middle cere-

bral artery aneurysm to occur after the pri-

mary coil embolization in 1 patient (pa-

tient 13) and 18 months for rerupture in

another patient with a PcomA aneurysm

(patient 14). The other patient who had a

PcomA aneurysm (patient 16) underwent

FIG 1. First case of our series, posterior communicating artery aneurysm. A, Working angle view angiography before the first coil embolization.
B, After the first coil embolization, the final angiography evaluation reveals complete occlusion of the aneurysm. C, After 41 months, follow-up
angiography reveals major recurrence of the aneurysm. D, After the second coil embolization, the residual neck is detected in the final
angiography evaluation. E, After 43 months, follow-up angiography reveals major recurrence. F, Final image of the third coil embolization.

Table 1: Factors related to major recurrence in univariate analysis

Variables Categories
Major

Recurrence P Valuea

Age Younger than 60 yr (n � 7) 4 (57.1%) .293
60 yr or older (n � 5) 1 (20.0%)

Sex Male (n � 4) 2 (50.0%) 1.0
Female (n � 8) 3 (37.5%)

Presentation at surgery Ruptured (n � 12) 5 (41.7%) 1.0
Unruptured (n � 0) 0 (0%)

Presentation at coiling Ruptured (n � 6) 4 (66.7%) .242
Unruptured (n � 6) 1 (16.7%)

Multiple aneurysms Yes (n � 6) 2 (33.3%) 1.0
No (n � 6) 3 (50.0%)

Size �10 mm (n � 11) 4 (36.4%) .417
�10 mm (n � 1) 1 (100%)

Wide neck Narrow (n � 2) 0 (0%) .470
Wide (n � 10) 5 (50.0%)

Stent use Yes (n � 1) 0 (0%) 1.0
No (n � 11) 5 (45.5%)

Procedural complications Yes (n � 1) 1 (100%) .417
No (n � 11) 4 (36.4%)

Clinical outcome (good, mRS � 2) Good (n � 9) 3 (33.3%) .523
Bad (n � 3) 2 (66.7%)

Rebleeding after coiling Yes (n � 2) 2 (100%) .152
No (n � 10) 3 (30.0%)

Immediate radiologic results Complete (n � 8) 3 (20%) 1.0
Remnant neck (n � 4) 2 (37.5%)
Remnant sac (n � 0) –

Note:—mRS indicates modified Rankin scale.
a All P values are significant.
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an additional coil embolization at 47 months after the primary coil

embolization due to regrowth of the aneurysm.

DISCUSSION
Several reports on endovascular coiling for recurrent or residual

cerebral aneurysms after microsurgical clipping have shown that

the procedure is feasible.1-4 However, because recurrent cerebral

aneurysms after surgical clipping may have more aggressive clin-

ical and radiologic features than residual cerebral aneurysms after

surgical clipping, we evaluated the radiologic and clinical out-

comes of recurrent cerebral aneurysms after surgical clipping

while excluding residual cerebral aneurysms.

In our series, procedural morbidity occurred in 1 case of throm-

boembolism (5.3%), resulting in hemiparesis; no procedural mortal-

ity occurred. Because there are no prospective-controlled studies, a

direct comparison of the technical feasibility of revised microsurgical

clipping and coil embolization is difficult for recurrent cerebral an-

eurysms treated by surgical clipping. However, considering previous

reports on this issue, revised microsurgical clipping in this condition

seems to be a complicated and an eventually challenging process.8,9

In addition, our procedural morbidity rate was not higher than that

for the initial coil embolization of ruptured or unruptured cerebral

aneurysms.7,10 Accordingly, coil embolization may be a feasible

treatment option for recurrent cerebral aneurysms treated primarily

by surgical clipping.

In our series, the recurrence and rebleeding rates of coil em-

bolization for the recurrent cerebral aneurysms after microsurgi-

FIG 2. Eighth case of our series, basilar tip aneurysm. A, Working angle view angiography before first coil embolization. B, After the first coil
embolization, the final angiography evaluation reveals complete occlusion of the aneurysm. C, After 29 months, follow-up angiography reveals
major recurrence of the aneurysm. D, After the second coil embolization, the residual neck is detected in the final angiography evaluation. E,
Follow-up angiography reveals minor recurrence.

FIG 3. Thirteenth case in our series, left middle cerebral artery bifurcation aneurysm. The first coil embolization of this aneurysm was performed
at another hospital. Therefore, we confirmed the presence of a residual neck in the medical record, without imaging. A, At 180 months after the
first coil embolization, 3D rotational angiography reveals recurrence of a middle cerebral artery bifurcation aneurysm. B, Working angle
angiography before the second coil embolization. C, The final angiography evaluation reveals complete occlusion of the aneurysm.
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cal clipping were 41.7% (5/12) and 16.6% (2/12), respectively.

These rates are high compared with the general consensus and

previous reports.1-5 This finding may be because our series in-

cluded only recurrent aneurysms after surgical clipping, unlike

previous reports that examined recurrent and residual aneurysms

after surgical clipping. Due to the high recurrence and rebleeding

rates, strict follow-up with conventional angiography should be

mandatory after coil embolization of recurrent cerebral aneu-

rysms treated by surgical clipping.

Aneurysm regrowth is thought to be an aggressive angio-

graphic characteristic that may be more susceptible to recurrence

after repeat endovascular coiling than after coil compaction.11,12

In our series, all the aneurysms that recurred after coil emboliza-

tion showed a tendency toward regrowth rather than coil com-

FIG 4. Fourteenth case of our series, posterior communicating artery aneurysm. A, Working angle view angiography before the first coil
embolization. B, After the first coil embolization, the final angiography evaluation reveals the residual neck of the aneurysm. C, After 18 months,
follow-up angiography reveals major recurrence of the aneurysm. D, After the second coil embolization, a residual neck is detected in the final
angiography evaluation. E, Follow-up angiography reveals minor recurrence.

FIG 5. Sixteenth case of our series, posterior communicating artery aneurysm. A, Working angle view angiography before the first coil
embolization. B, After the first coil embolization, the final angiographic evaluation reveals the residual neck of the aneurysm. C, After 47 months,
follow-up angiography reveals major recurrence of the aneurysm. D, After the second coil embolization, the final angiography evaluation reveals
complete occlusion of the aneurysm.

Table 2: Characteristics and treatment results of recurrent aneurysms after coil embolization

No. Location
Presentation
at Clipping

Presentation
at Coiling

Interval to
Retreatment

Size
(H × W)
(mm)

Neck
Diameter

(mm)

Immediate
Radiologic

Results
Reason for
Recurrence

Follow-Up
mRS

1 PcomA R R/-/- 41/43 mo 8.7 � 6.3 5.1 C/N/N Regrowth 2
8 Basilar tip R -/- 29 mo 3.8 � 7.2 6 C/N Regrowth 0
13 MCA R R/R 180 mo 12 � 10 10 N/C Regrowth 6
14 PcomA R R/R 18 mo 7.8 � 8.1 8.1 N/N Regrowth 4
16 PcomA R R/- 47 mo 3.3 � 3.0 2.4 N/C Regrowth 0

Note:—C indicates complete occlusion; H, height; N, residual neck; R, ruptured; W, width.
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paction. Furthermore, the recurred aneurysms after coil emboli-

zation showed repeat recurrence of up to 3 times, and some

aneurysms are currently still growing. These aneurysms seem to

have more aggressive characteristics than the usual cerebral aneu-

rysms. Accordingly, simple coil embolization without flow diver-

sion in most of our patients (n � 17, 89.5%) showed limited

treatment potential in terms of durability for the aneurysms that

showed regrowth because this method may not be able to recover

the pathologically altered part of the vessel wall adjacent to the

aneurysm, potentially leading to regrowth of the aneurysm.

Accordingly, it would be better to consider aggressive treat-

ment options for recurrent cerebral aneurysms after surgical clip-

ping unless the treatment option might increase the patient’s risk

considerably. Providing flow-diversion effects such as stent-as-

sisted coiling or a flow diverter rather than simple coiling might

improve the durability of the treatment for recurrent cerebral

aneurysms that were initially treated by surgical clipping. In fact,

we observed favorable outcomes using a flow diverter for recur-

rent cerebral aneurysms after surgical clipping or endovascular

coiling.13,14 Furthermore, the stents intended for stent-assisted

coiling but not for flow diversion also have a certain flow-diver-

sion effect.15-17 However, those results were based on relatively

short-term results or observed in an experimental environment such

as with computational fluid dynamics simulation. Accordingly, we

should consider the technical feasibility of applying flow diversion in

each patient individually when treating this kind of lesion.

This report is a retrospective study of data from patients who

underwent coil embolization at 2 centers and does not include

surgical results. The study also has a small sample size and a rela-

tively low rate of follow-up angiography after coil embolization.

Therefore, the inability to obtain statistically significant results for

all data analyzed is a limitation of this study.

CONCLUSIONS
In our series, coil embolization of recurrent aneurysms after sur-

gical clipping was feasible but resulted in a high recurrence rate.

Aneurysm regrowth rather than coil compaction was a major fac-

tor in the recurrence of cerebral aneurysms in this series. Strict

imaging follow-up is required after coil embolization of these le-

sions due to the high recurrence and rebleeding risks.
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ORIGINAL RESEARCH
INTERVENTIONAL

Y-Stent-Assisted Coiling of Wide-Neck Bifurcation Intracranial
Aneurysms: A Meta-Analysis

X F. Cagnazzo, X N. Limbucci, X S. Nappini, X L. Renieri, X A. Rosi, X A. Laiso, X D. Tiziano di Carlo, X P. Perrini, and X S. Mangiafico

ABSTRACT

BACKGROUND: Y-stent-assisted coiling for wide-neck intracranial aneurysms required further investigation.

PURPOSE: Our aim was to analyze outcomes after Y-stent placement in wide-neck aneurysms.

DATA SOURCES: We performed a systematic search of 3 data bases for studies published from 2000 to 2018.

STUDY SELECTION: According to the Preferred Reporting Items for Systematic Reviews and Meta-Analyses guidelines, we included
studies reporting Y-stent-assisted coiling of wide-neck aneurysms.

DATA ANALYSIS: Random-effects meta-analysis was used to pool the following: aneurysm occlusion rate, complications, and factors
influencing the studied outcomes.

DATA SYNTHESIS: We included 27 studies and 750 aneurysms treated with Y-stent placement. The immediate complete/near-complete
occlusion rate was 82.2% (352/468; 95% CI, 71.4%–93%; I2 � 92%), whereas the long-term complete/near-complete occlusion rate was
95.4% (564/598; 95% CI, 93.7%–97%; I2 � 0%) (mean radiologic follow-up of 14 months). The aneurysm recanalization rate was 3% (20/496;
95% CI, 1.5%– 4.5%; I2 � 0%), and half of the recanalized aneurysms required retreatment. The treatment-related complication rate was
8.9% (63/614; 95% CI, 5.8%–12.1%; I2 � 44%). Morbidity and mortality after treatment were 2.4% (18/540; 95% CI, 1.2%–3.7%; I2 � 0%) and 1.1%
(5/668; 95% CI, 0.3%–1.9%; I2 � 0%), respectively. Crossing Y-stent placement was associated with a slightly lower complication rate
compared with the kissing configuration (56/572 � 8.4%; 95% CI, 5%–11%; I2 � 46% versus 4/30 � 12.7%; 95% CI, 3%–24%; I2 � 0%).
Occlusion rates were quite comparable among Enterprise, Neuroform, and LVIS stents, whereas the Enterprise stent was associated with
lower rates of complications (8/89 � 6.5%; 95% CI, 1.6%–11%; I2 � 0%) compared with the others (20/131 � 14%; 95% CI, 5%–26%; I2 � 69%
and 9/64 � 11%; 95% CI, 3%–20%; I2 � 18%).

LIMITATIONS: This was a small, retrospective series.

CONCLUSIONS: Y-stent-assisted coiling yields high rates of long-term angiographic occlusion, with a relatively low rate of treatment-
related complications. Y-stent placement with a crossing configuration appears to be associated with better outcomes. Although Y-con-
figuration can be obtained using many types of stents with comparable occlusion rates, the Enterprise stent is associated with lower
complication rates.

ABBREVIATIONS: IQR � interquartile range; PRISMA � Preferred Reporting Items for Systematic Reviews and Meta-Analyses; SAC � stent-assisted coiling;
Y-SAC � Y-stent-assisted coiling

With the improvement of angiographic imaging, operator

experience, and widespread use of more complex tech-

niques, an increased number of intracranial aneurysms can be

effectively treated with endovascular techniques. However, aneu-

rysms with wide necks, unfavorable anatomic configurations, and

partial incorporation of bifurcation branches are still challenging

lesions for endovascular treatment, and each technique presents

specific limitations. Balloon-assisted coiling may not be suitable

in case of very wide-neck aneurysms with complex anatomy.1Received August 28, 2018; accepted after revision October 15.
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Flow diversion appears to be a straightforward treatment, but the

fate of the covered side branches in case of bifurcation aneurysms

may be a concern.2,3 Intrasaccular flow disruption seems to be an

effective tool for wide-neck aneurysms, and treatment-related

outcomes continue to improve due to better case selection, tech-

nology, and technical improvement, despite long-term angio-

graphic occlusion rates that are still lower than those of stent-

assisted coiling (SAC).4 Finally, PulseRider (Cerenovus, New

Brunswick, New Jersey) and pCONus aneurysm implant (phe-

nox, Bochum, Germany) devices appear to be promising new

strategies to treat wide-neck lesions, though long-term studies are

needed to confirm the efficacy of these devices.5,6

Y-stent-assisted coiling (Y-SAC), first proposed by Chow et

al,7 in 2004, is performed by placing 2 stents from the parent

artery into each of the bifurcation vessels, creating a new bifurca-

tion point that provides a mechanical scaffold, preventing coil

protrusion.8 To date, the feasibility of this procedure has been

confirmed by small retrospective series, but there has not been

sufficient evaluation of the safety and efficacy of this technique.

Improved understanding of treatment-related outcomes after Y-

SAC can help practitioners in the selection of lesions that can be

effectively treated with this strategy. Our meta-analysis examined

occlusion rates and procedure-related complications, focusing on

the influence of aneurysm and patient features and treatment

characteristics on the studied outcomes.

MATERIALS AND METHODS
Literature Search
A comprehensive literature search of PubMed, Ovid MEDLINE,

and Ovid EMBASE was conducted for studies published from

January 2000 to August 2018. The Preferred Reporting Items for

Systematic Reviews and Meta-Analyses (PRISMA)9 guidelines

were followed. The key words and detailed search strategy are

reported in On-line Table 1, and the studies included in our re-

view are reported in On-line Table 2. The inclusion criteria were

the following: studies reporting series with �5 patients with bi-

furcation intracranial aneurysms treated with Y-SAC. Exclusion

criteria were the following: 1) case reports, 2) review articles, 3)

studies published in languages other than English, 4) in vitro/

animal studies, and 5) series reporting aneurysms treated with

X-stent placement. In cases of overlapping patient populations,

only the series with the largest number of patients or the most

detailed data were included. Two independent readers screened

articles in their entirety to determine eligibility for inclusion. A

third author solved discrepancies.

Data Collection
We extracted the following data: 1) technical success rate, 2) oc-

clusion rate, 3) treatment-related complications, and 4) clinical

outcome. Occlusion and complication rates were analyzed on the

basis of the influence of the following: 1) aneurysm location; 2)

ruptured-versus-unruptured aneurysms; 3) aneurysm size: small

saccular (�5 mm) and medium-sized aneurysms (between 5.0

and 9.9 mm) versus large (between 10 and 20 mm) and very large

and giant aneurysms (�20 mm); 4) patient age (younger than 60

years versus older than 60 years); 5) crossing-versus-kissing Y-

configuration; 6) type of stent used; and 7) hybrid-versus-nonhy-

brid configuration. In the hybrid configuration, an open-cell stent

(Neuroform; Stryker Neurovascular, Kalamazoo, Michigan) was

used with a closed-cell stent (usually Enterprise self-expanding

stent; Codman & Shurtleff, Raynham, Massachusetts).

Complete/near-complete aneurysm occlusion was defined on

the basis of the following: Raymond-Roy classification10 (class

1–2), or when “complete occlusion” and “neck remnant” were

used in the study. Treatment-related complications were divided

into the following: 1) periprocedural/early events (within 30 days)

and delayed events (after 30 days); 2) transient (asymptomatic

events or complete neurologic recovery) and permanent compli-

cations (symptomatic events with permanent deficits); and 3)

ischemic and hemorrhagic complications. Finally, good outcome

was defined as a modified Rankin Scale score of 0 –2 or a Glasgow

Outcome Score of 4 –5, or it was assumed if the study used terms

“no morbidity,” “good recovery,” or “no symptoms.”

Outcomes
The primary objectives of this study were to define the safety

(treatment-related complications, mortality rate, and neurologic

outcomes) and efficacy (technical success rate, immediate and

long-term occlusion) of Y-SAC. The secondary objectives were to

define the influence of aneurysm, patient, and treatment charac-

teristics on the analyzed outcomes.

Quality Scoring
The Newcastle-Ottawa Scale11 was used for the quality assessment

of the included studies (details in On-line Table 3). The quality

assessment was performed by 2 authors independently, and a

third author solved discrepancies.

Statistical Analysis
We estimated, from each cohort, the cumulative prevalence (per-

centage) and 95% confidence interval for each outcome. Hetero-

geneity of the data was assessed by the Higgins index (I2), and

subsequently, the DerSimonian and Laird random-effects model

was applied. The graphic representation was shown by a forest

plot. To evaluate the heterogeneity and bias, the meta-regression

and funnel plot followed by the Egger linear regression test were

analyzed, respectively. To compare the percentages and to calcu-

late the P values, a Z-test for 2 proportions was used. Differences

were considered significant at P � .05. Meta-analysis was

performed with ProMeta-2 (Internovi; Cesena, Italy) and

OpenMeta[Analyst] (http://www.cebm.brown.edu/openmeta/).

RESULTS
Literature Review
Studies included in our meta-analysis are summarized in On-line

Table 2. The search flow diagram is shown in On-line Fig 1.

Twenty-seven studies and 750 aneurysms treated with Y-SAC

were included in our review.

Quality of Studies
Studies included in our review were retrospective series: Two

studies were retrospective multicentric series, whereas 25 articles

were single-center retrospective series. Details of the rating of the

included studies are reported in On-line Table 3.
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Patient Population and Aneurysm Characteristics
Overall, 744 patients and 750 aneurysms were treated with Y-SAC

(On-line Table 4). The mean age of patients was 56.6 years (range,

22– 80 years), and the proportion of male patients was 36% (95%

CI, 32%– 40%). Aneurysms included in our study were wide-neck

saccular bifurcation aneurysms. Overall, 61% (366/601; 95% CI,

56%– 64%) were anterior circulation aneurysms, whereas 39%

(235/601; 95% CI, 35%– 43%) were posterior circulation lesions.

Most of the aneurysms were located at the basilar tip (235/601 �

39%; 95% CI, 35%– 43%), middle cerebral artery bifurcation

(206/601 � 34.4%; 95% CI, 30%–38%), and anterior communi-

cating artery (120/601 � 20%; 95% CI, 16%–23%). Mean aneu-

rysm size was 9.6 mm (median, 9.9 mm; interquartile range [IQR]

� 8 –10.5 mm; range, 3–25 mm). The proportion of acutely rup-

tured aneurysms treated with Y-stent placement was 11% (66/

592; 95% CI, 8.5%–14%).

Treatment Characteristics
The most common stent used was the Enterprise (476/1060 �

45%; 95% CI, 42%– 47%), followed by the Neuroform (332/

1060 � 31.3%; 95% CI, 28%– 40%), LVIS stents (MicroVention,

Tustin, California) (132/1060 � 12.5%; 95% CI, 10%–14%), Sol-

itaire (Covidien, Irvine, California) (66/1060 � 6.2%; 95% CI,

4.9%–7.8%), and Acclino flex Stent (Acandis, Pforzheim, Ger-

many) (54/1060 � 5%; 95% CI, 3.9%– 6.6%). Nonhybrid

(closed/closed-cell and open/open-cell stents) and hybrid

(closed/open-cell stents) techniques were used in 87.5% (512/

585; 95% CI, 84%–98%) and 12.5% (73/585; 95% CI, 10%–15%)

of aneurysms, respectively. Y-stent placement with a crossing

configuration was the most common technique (688/750 � 92%;

95% CI, 89%–93%), followed by kissing stent placement (60/

750 � 8%; 95% CI, 6%–10%). The mean radiologic (digital sub-

traction angiography) follow-up was 14 months (range, 6 –24

months; median, 12 months; IQR � 10 –18 months), and the

mean clinical follow-up was 17 months (range, 3–30 months; me-

dian, 16.5 months; IQR � 7.8 –21 months).

Angiographic Outcomes
The technical success rate was 97% (550/569; 95% CI, 96%–99%;

I2 � 0%) (Table). Immediate angiographic occlusion after treat-

ment was obtained in 82.2% (352/468; 95% CI, 71.4%–93%; I2 �

92%) of aneurysms. The rate of long-term complete/near-com-

plete occlusion was 95.4% (564/598; 95% CI, 93.7%–97%; I2 �

0%). Meta-regression showed a nonsignificant variation of the

effect size (P � .056), and the funnel plot, followed by the Egger

linear regression test, excluded publication bias (P � .358) (On-

line Fig 2).

Aneurysm recanalization occurred in 3% (20/496; 95% CI,

1.5%– 4.5%; I2 � 0%) of cases, and half of the recanalized

aneurysms required retreatment. The mean size of recanalized

and nonrecanalized aneurysms was 11 � 2.4 versus 7 � 1.18

mm (P � .0001). The aneurysm recanalization rate was 2%

(2/89; 95% CI, 0.9%–9%; I2 � 0%) and 4% (11/130; 95% CI,

2%–9%; I2 � 0%) among the anterior and posterior circula-

tion, respectively (P � .4).

Treatment-Related Complications
The overall complication rate was 8.9% (63/614; 95% CI, 5.8%–

12.1%; I2 � 44%) (Table). Meta-regression showed a nonsignif-

icant variation of the effect size (P � .443), and the funnel plot,

followed by the Egger linear regression test, excluded publication

bias (P � .574) (On-line Fig 3). Periprocedural/early complica-

tions were 6.7% (46/574; 95% CI, 4%–9%; I2 � 35%). Delayed

complications were 2.1% (9/574; 95% CI, 1%–3%; I2 � 0%) (3

cases of in-stent occlusion, 5 ischemic events, 1 thromboembo-

lism after discontinuation of the antiplatelet therapy). Transient

Treatment-related outcomes after Y-stent-assisted coiling of bifurcation aneurysms

Variables
Results of Systematic Review

and Meta-Analysis
No. of

Articles Statistic (95% CI) (I2)
Angiographic outcomes

Rate of successful stent deployment 550/569 � 97% 20 (96–99) (I2 � 0%)
Immediate aneurysm occlusion rate (RR 1–2) 352/468 � 82.2% 15 (71.4–93) (I2 � 92%)
Long-term aneurysm occlusion rate (RR 1–2) 564/598 � 95.4% 24 (93.7–97) (I2 � 0%)
Aneurysm recanalization 20/496 � 3% 19 (1.5–4.5) (I2 � 0%)
Recanalization among anterior circulation 2/89 � 2% 9 (0.9–9) (I2 � 0%)
Recanalization among posterior circulation 11/130 � 4% 12 (2–9) (I2 � 0%)
Mean size of recanalized vs nonrecanalized aneurysms (mm) 11 � 2.4 vs 7 � 1.18 7
Rate of retreatment of recanalized aneurysms 10/20 � 50% 19 (29–70)

Treatment-related complications and clinical outcomes
Overall treatment-related complications 63/614 � 8.9% 23 (5.8–12.1) (I2 � 44%)
Periprocedural/early complications (within 30 days) 46/574 � 6.7% 21 (4–9) (I2 � 35%)
Delayed complications (after 30 days) 9/574 � 2.1% 21 (1–3) (I2 � 0%)
Transient complications 33/540 � 6.5% 20 (2.2–6) (I2 � 21%)
Symptomatic complications without permanent deficits 22/540 � 3% 20 (1.3–4) (I2 � 35%)
Permanent complications 18/540 � 2.4% 20 (1.2–3.7) (I2 � 0%)
Treatment-related mortality 5/668 � 1.1% 23 (0.3–1.9) (I2 � 0%)
Overall rate of good neurologic outcome 291/317 � 94.5% 15 (92–97) (I2 � 7%)

Type of complications
Thromboembolic complications 44/594 � 6.5% 22 (3–7.6) (I2 � 29%)
Hemorrhagic complications 11/594 � 2% 22 (0.7–3) (I2 � 0%)
Acute in-stent thrombosis 20/577 � 2.1% 22 (1.6–6) (I2 � 0%)
Aneurysm rupture after treatment 0/650 � 0% 22
Chronic in-stent stenosis 10/295 � 2.3% 11 (0.6–4) (I2 � 0%)

Note:—RR indicates Raymond-Roy grade.
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(with and without related symptoms) and permanent complica-

tions were 6.5% (33/540; 95% CI, 2.2%– 6%; I2 � 21%) and 2.4%

(18/540; 95% CI, 1.2%–3.7%; I2 � 0%), respectively. The rate of

symptomatic complications without permanent deficits (tran-

sient events with related symptoms) was 3% (22/540; 95% CI,

1.3%– 4%; I2 � 35%).

Overall, ischemic/thromboembolic, and hemorrhagic events

were 6.5% (44/594; 95% CI, 3.7%– 6%; I2 � 29%) and 2% (11/

594; 95% CI, 0.7%–3%; I2 � 0%), respectively. The rate of acute

in-stent thrombosis was 2.1% (20/577; 95% CI, 1.6%– 6%; I2 �

0%) and chronic in-stent stenosis (�50%) was 2.3% (10/295;

95% CI, 0.6%– 4%; I2 � 0%). There were no cases of aneurysm

rupture after treatment during follow-up.

Treatment-related mortality was 1.1% (5/668; 95% CI, 0.3%–

1.9%; I2 � 0%), and the rate of good neurologic outcome was

94.5% (291/317; 95% CI, 92%–97%; I2 � 7%).

Factors Related to Aneurysm Occlusion
Overall, the occlusion rate was comparable among ruptured-ver-

sus-unruptured aneurysms (P � .2), anterior-versus-posterior

circulation (P � .27), patients younger-versus-older than 60

years (P � .5), crossing-versus-kissing techniques (P � .2),

and hybrid-versus-nonhybrid techniques (P � .2). Long-term

occlusion was significantly higher among small and medium-

sized versus large or very large/giant aneurysms (98/107 �

92%; 95% CI, 86%–96%; I2 � 0% versus 33/43 � 79%; 95%

CI, 67%–91%; I2 � 25%) (P � .02) and among aneurysms

treated with Y-stent placement used as the first treatment ver-

sus retreatment (119/128 � 94%; 95% CI, 89%–98%; I2 � 0%

versus 40/48 � 82%; 95% CI, 71%–92%; I2 � 0%) (P � .01)

(On-line Table 5). MCA aneurysms had higher occlusion rates

(52/54 � 94.9%; 95% CI, 89%–97%; I2 � 0%) compared with

basilar tip aneurysms (126/145 � 88.8%; 95% CI, 83%–93%;

I2 � 0%) and anterior cerebral artery location (42/46 � 87%;

95% CI, 78%–96%; I2 � 0%) (P � .05).

Factors Related to Complications after Treatment
The complication rate was higher for ruptured (11/52 � 18%;

95% CI, 7%–28%; I2 � 21%) compared with unruptured aneu-

rysms (29/236 � 8%; 95% CI, 4.5%–13%; I2 � 36%) (P � .02).

There was no statistically significant difference in complication

rates in relation to aneurysm location, patient age, aneurysm size,

and technical factors (On-line Table 5).

Relationship between Type of Stent Used and Treatment-
Related Outcomes
Treatment with the Enterprise stent was associated with 96% (98/

101; 95% CI, 93%–98%; I2 � 0%) long-term occlusion and 6.5%

(8/99; 95% CI, 1.6%–11%; I2 � 0%) complications. Aneurysm

occlusion during follow-up and treatment-related complications

after Neuroform stent placement were 94% (119/130; 95% CI,

90%–98%; I2 � 14%) and 14% (20/131; 95% CI, 5%–26%; I2 �

69%), respectively. Finally, treatment with the LVIS and LVIS Jr

stents yielded 92% (52/56; 95% CI, 85%–99%; I2 � 0%) and 11%

(9/64; 95% CI, 3%–20%; I2 � 18%) long-term occlusion and

complications rates, respectively.

Study Heterogeneity
Substantial heterogeneity was reported in the following out-

comes: technical success rate, overall rate of treatment-related

complications, occlusion rate among patients younger than 60

years, and complications after treatment with the Neuroform

stent.

DISCUSSION
Angiographic Outcomes
Our meta-analysis stressed several important findings related to

the treatment of complex wide-neck bifurcation aneurysms re-

quiring Y-SAC. Y-stent placement always needs the catheteriza-

tion of both bifurcation branches, which sometimes may be com-

plex in case of steep angles. Moreover, Y-stent placement with the

crossing technique, which is more common than the kissing one,

needs the passage of a second stent through the interstices of the

first deployed device, necessitating microcatheterization through

a recently placed stent, with the risk of damage/dislodgement of

the first stent.12 However, our study showed a high technical suc-

cess rate (97%), demonstrating that Y-SAC is a feasible technique

in experienced centers.

While 82.2% of aneurysms were occluded immediately after

treatment, nearly 95% of the lesions had complete/near-complete

occlusion during the 14 months of radiologic follow-up. The im-

mediate occlusion rate reported in the literature is quite variable,

ranging from 50% to 100%,8,12,13 whereas long-term occlusion

rates appear homogeneous. Assessing the heterogeneity of the

data, we found a low rate of I2 for the long-term occlusion rate and

a very high rate of I2 for the immediate occlusion rate. It is likely

that the flow-diversion effect of the 2 Y-configured stents influ-

enced the aneurysm thrombosis, and lesions with a lower occlu-

sion rate immediately after treatment were completely occluded

at the last angiographic follow-up. Cekirge et al14 reported a series

of 8 bifurcation aneurysms treated by placing 2 stents in a Y-con-

figuration with no accompanying endosaccular packing. Given

the flow-diversion effect of the stents, 6 aneurysms had complete

occlusion and 2 lesions showed residual filling during about 12

months of follow-up. Because we analyzed a period of about 13

years, it is likely that the evolution of the devices (low-profile

stents compatible with 0.0165-inch inner microcatheters) and the

improvement of the operator experience would have influenced

the outcomes. Accordingly, although it was not statistically signif-

icant, we found a trend (P � .056) toward a higher occlusion rate

over the analyzed period (On-line Fig 2). Given the high rate of

long-term occlusion, only 3% of aneurysms were recanalized dur-

ing follow-up, without statistically significant differences between

the anterior and posterior circulation. These results appear com-

parable with those reported in a series of wide-neck aneurysms

treated with PulseRider6 and pCONus5 devices, showing rates of

Raymond-Roy 1–2 occlusion close to 95%, with 5% recanaliza-

tion. Among large meta-analyses of aneurysms treated with the

Woven EndoBridge (WEB; Sequent Medical, Aliso Viejo, Califor-

nia) devices, long-term complete/near-complete occlusion

ranged from 80% to 85%, with a nearly 7% retreatment rate.4,15

Long-term occlusion of large and giant aneurysms is notori-

ously challenging after selective endovascular treatment.17 Our

study found that an occlusion rate after Y-stent placement was
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lower among large/giant aneurysms (79% versus 92%, P � .02),

and the mean size of recanalized aneurysms was higher (11 mm)

compared with nonrecanalized lesions (7 mm) (P � .0001).

Y-SAC can be used as a first treatment or in the retreatment of

recanalized aneurysms. Jeon et al,17 in a series of 25 patients with

basilar tip aneurysms treated using Y-stent placement with

closed-cell stents, reported 70% complete occlusion among re-

canalized aneurysms, and 100% occlusion among those directly

treated with Y-stent placement. Our meta-analysis confirmed

higher occlusion rates after Y-stent placement used as a first treat-

ment (94% versus 82%, P � .01), probably because recanalized

aneurysms are generally those with more complex anatomy.

Treatment-Related Complications
One of the main concerns of Y-SAC is the risk of ischemic com-

plications related to the increased metal density of the overlapped

double stents that promotes platelet aggregation. In our

meta-analysis, Y-stent placement was associated with an 8.9%

complication rate, with a moderate statistical heterogeneity over

the included studies. Most complications occurred in the peripro-

cedural/early period after treatment (6.7%), with a low rate of

treatment-related morbidity (2.4%) and mortality (1%). Delayed

complications were 2.1%, and most were associated with asymp-

tomatic in-stent occlusion.18-20 Overall, thromboembolism was

the most common complication (6.5%), whereas acute in-stent

occlusion was reported among 2% of cases. Hemorrhagic events

were uncommon and were generally related to technical compli-

cations during the crossing maneuver through the interstices of

the first stent (aneurysm or vessel perforation).8 No lesions rup-

tured (delayed hemorrhage) after treatment during follow-up,

demonstrating that the aneurysms were successfully secured.

In a meta-analysis of nearly 2500 wide-neck aneurysms treated

endovascularly, the permanent complication rates were 2% and

3% for coiling and SAC, respectively.21 Flow-diverter stents have

become a suitable tool for complex wide-neck aneurysms. How-

ever, an important concern is the patency of the covered side

branches when the stent is deployed at the bifurcation points.

Recently, a meta-analysis of approximately 250 MCA aneurysms

treated with flow-diverter stents showed an overall complication

rate of 20%, with 10% treatment-related morbidity. In addition,

nearly 10% of jailed arteries were occluded during follow-up.3

Intrasaccular flow disruption with WEB devices appeared to be

relatively safe, with 8% thromboembolic complications, which

were lower (6%) among studies published after 2013, due to the

improvement in the operators’ experience.4 Similarly, although

current evidence is still limited, PulseRider can be a suitable op-

tion for wide-neck aneurysms: A recent review showed 8% intrap-

rocedural complications, which is quite comparable with the

treatment-related outcomes of Y-SAC.22

According to a large series and meta-analysis of very large and

giant aneurysms treated endovascularly,16 we found higher com-

plication rates among large-giant lesions (17%) compared with

small- or medium-sized aneurysms (9%). In addition, patients

who underwent retreatment with Y-stent placement of a recana-

lized aneurysm experienced a higher complication rate (14% ver-

sus 7.6%). This is likely a reflection of a more complex anatomic

configuration and larger neck of the recanalized aneurysms; in

this situation, retreatment can be technically challenging.

In our study, Y-stent placement for MCA aneurysms showed

better results, especially if compared with anterior cerebral artery

lesions, which were associated with complication rates close to

20%. Anterior communicating artery aneurysms usually have a

complex anatomy, while pericallosal lesions are characterized by

distal access and small arterial caliber, increasing the risk of

complications.20,23,24

Crossing-versus-Kissing Technique
In general, the crossing-Y-stent placement is the most commonly

used technique; the second stent is deployed through the cells of

the first stent. In our study, 92% of patients were treated with the

crossing technique, and 8%, with the kissing approach. The cross-

ing technique necessitates passing a wire and stent through a re-

cently placed stent, thus risking damage/dislodgement of the first

device.19 The kissing technique avoids this problem due to the use

of 2 stents placed side by side in the parent artery with the distal

segment of each stent going into 1 bifurcation vessel.19,25 How-

ever, no studies compared these 2 techniques. In our review (On-

line Table 5) complete/near complete occlusion rate (Raymon-

Roi grade 1 and 2) was quite comparable, and it was achieved in

95% and 90% of aneurysms treated with crossing and kissing

Y-stent placement, respectively. However, the complication rate

appeared to be slightly higher after kissing stent placement (12.7%

versus 8.4%), though the difference was not statistically signifi-

cant, probably due to the small number of patients in the kissing

group.

Brassel et al27 reported 14% ischemic complications in a series

of 7 complex aneurysms treated with the kissing-Y-technique

with the closed-cell Acclino flex Stent. Complete occlusion was

reported in all 7 aneurysms. Jankowitz et al19 reported an 80%

complete occlusion after Y-stent placement with the kissing tech-

nique in 11 wide-neck aneurysms. One patient had a procedural

aneurysm rupture, and 1 patient experienced delayed in-stent

thrombosis. Accordingly, the efficacy and safety of kissing Y-stent

placement probably needs larger series to be proved.

Closed-Cell and Open-Cell Stents
Y-stent placement embolization can be achieved by using various

combinations of different types of stent: closed/closed-cell (such

as the Enterprise), open/open-cell (Neuroform), or a hybrid

combination between closed and open-cell stents. Limbucci et

al8 reported a high rate of long-term occlusion (97%) and a

relatively low rate of complications (4%) after Y-stent place-

ment performed with 2 Enterprise stents in a crossing fashion.

Laser-cut closed-cell devices had good navigability, and they

are usually easily deployed because they can be partially recap-

turable. In addition, the linear profile of 2 closed-cell stents

may allow a better scaffold and protection of the parent artery

during coiling.8 However, an important concern using 2

closed-cell stents is that the first device may limit the expan-

sion of the second one, resulting in in-stent stenosis. In our

study, Y-stent placement with 2 Enterprise devices was associ-

ated with high rates of occlusion (96%) and a low rate of com-

plications (6.5%) (On-line Table 6).

126 Cagnazzo Jan 2019 www.ajnr.org



Although infrequently specified in the included studies, most

Neuroform stents were the older generation devices. Castaño et

al26 described a series of patients treated with different genera-

tions of Neuroform stents, including the Neuroform Atlas Stent

System in past years, reporting 95% occlusion and a very low rate

of treatment-related complications (2.5%) after Y-stent place-

ment. The authors reported that in their experience, open-cell

stents had good conformability to tortuous anatomies, minor

rectification of the vessels, high vessel wall apposition, and

easier microcatheterization through the mesh of the first stent.

However, if one investigated the literature, complications after

Y-stent placement with the Neuroform stent appear quite vari-

able, ranging from 2% to 25%. Spiotta et al27 reported 5

periprocedural events during Y-stent placement in 19 patients

with the Neuroform stent. Our meta-analysis showed 14%

complications associated with Y-stent placement using the

Neuroform stent. However, most were transient events with-

out clinical sequalae.

Recently, braided stents have been used to perform Y-SAC.

Compared with other stents that are laser-cut from nitinol hypo-

tubes, LVIS stents are braided from a single nitinol wire with a

closed-cell design. Theoretically, they have a smaller cell size and

higher metal coverage and flow-diversion effect than other con-

ventional self-expandable devices.24,28 We found 92% occlusion

and 11% complications using LVIS stents.

Finally, 4 studies12,19,29,30 reported results after Y-stent place-

ment performed with a combination (hybrid design) of closed/

open-cell stents (Enterprise/Neuroform). Usually the Neuroform

stent was chosen as a first stent to stabilize the structure; a second

Enterprise stent can be better deployed through the interstices of

the Neuroform stent that are wider than those in closed-cell de-

vices. In our study, the overall occlusion rate was 90%, with 7.5%

treatment-related complications.

Strengths and Limitations
Our study has limitations. The series are retrospective studies or

small single-institution experiences. Because of the small number

of cases in some subgroup analyses, the comparisons among them

may not provide power to show a statistically significant differ-

ence among the studied outcomes. However, publication bias was

excluded, and our review is the largest to date.

CONCLUSIONS
Although Y-SAC is usually performed in complex aneurysms,

high rates of long-term angiographic occlusion are achieved with

a relatively low rate of treatment-related complications. Y-stent

placement with a crossing configuration appears associated with

better outcomes. Even though a Y-configuration can be obtained

with many types of stents with comparable occlusion rates, the

Enterprise stent appears to be associated with lower rates of

complications.
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ORIGINAL RESEARCH
INTERVENTIONAL

Osseous versus Nonosseous Spinal Epidural Arteriovenous
Fistulas: Experiences of 13 Patients

X Y. Song, X S.H. Cho, X D.W. Lee, X J.J. Sheen, X J.H. Shin, and X D.C. Suh

ABSTRACT

BACKGROUND AND PURPOSE: Spinal epidural arteriovenous fistulas are rare vascular malformations. We present 13 patients with spinal
epidural arteriovenous fistulas, noting the various presenting symptom patterns, imaging findings related to bone involvement, and
outcomes.

MATERIALS AND METHODS: Among 111 patients with spinal vascular malformations in the institutional data base from 1993 to 2017,
thirteen patients (11.7%) had spinal epidural arteriovenous fistulas. We evaluated presenting symptoms and imaging findings, including bone
involvement and mode of treatment. To assess the treatment outcome, we compared initial and follow-up clinical status using the
modified Aminoff and Logue Scale of Disability and the modified Rankin Scale.

RESULTS: The presenting symptoms were lower back pain (n � 2), radiculopathy (n � 5), and myelopathy (n � 7). There is overlap of
symptoms in 1 patient (No. 11). Distribution of spinal epidural arteriovenous fistulas was cervical (n � 3), thoracic (n � 2), lumbar (n � 6), and
sacral (n � 2). Intradural venous reflux was identified in 7 patients with congestive venous myelopathy. The fistulas were successfully
treated in all patients who underwent treatment (endovascular embolization, n � 10; operation, n � 1) except 2 patients who refused
treatment due to tolerable symptoms. Transarterial glue (n � 7) was used in nonosseous types; and transvenous coils (n � 3), in osseous
type. After 19 months of median follow-up, the patients showed symptom improvement after treatment.

CONCLUSIONS: Although presenting symptoms were diverse, myelopathy caused by intradural venous reflux was the main target of
treatment. Endovascular treatment was considered via an arterial approach in nonosseous types and via a venous approach in osseous
types.

ABBREVIATIONS: ALS � Aminoff and Logue Scale of Disability; SDAVF � spinal dural arteriovenous fistula; SEDAVF � spinal epidural arteriovenous fistula; TAE �
transarterial embolization; TVE � transvenous embolization

Spinal epidural arteriovenous fistula (SEDAVF) is a rare vascu-

lar disease of the spine that manifests with benign symptoms,

such as radiculopathy.1,2 Because of advances in imaging tech-

niques, such as 3D rotational spinal angiography, and improve-

ment in the understanding of the anatomy of spinal vascular le-

sions, SEDAVFs are diagnosed with increasing frequency.3,4

SEDAVFs are fistulas located in the epidural space between the

branches of the radicular artery (mostly dorsal somatic branches)

and the epidural venous plexus,4,5 whereas the typical location of

more common spinal dural arteriovenous fistulas (SDAVFs) is

within the dural sleeve between the radiculomeningeal artery and the

radicular vein or bridging vein.4 In most cases of SEDAVFs, the ve-

nous flow drains only to the epidural and paravertebral plexuses, and

the lesion is generally asymptomatic until dilation of arterialized

veins causes compressive symptoms or intradural reflux occurs.5 Dif-

ferentiation from other spinal vascular pathology, including SDAVF,

is mandatory to localize the exact cause of presenting symptoms.6,7

SEDAVFs can be categorized into 2 distinct presenting symp-

tom patterns, depending on the involvement of the intradural

vein.8 With intradural venous reflux, they may mimic SDAVFs

with symptoms of congestive myelopathy such as lower leg weak-

ness and sphincter dysfunction.6,9-11 In SEDAVFs without intra-

dural venous drainage, compressive radiculopathy or myelopathy

caused by epidural vascular lesions may be the main problem.12
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Endovascular embolization, an operation, and combined

therapy have been the main treatment methods for SEDAVFs.

Although various endovascular treatment options in terms of ap-

proach routes and embolic materials have been reported,2 the best

treatment method has not been determined because of the complex

anatomy of the target lesion. An understanding of the manifestations

and anatomy of the lesion is the key to accurate diagnosis and proper

management.13 We present 13 cases of SEDAVF from Asan Medical

Center, studying their various clinical manifestations, radiologic fea-

tures, and outcomes after endovascular treatment.

MATERIALS AND METHODS
Patients
We retrospectively reviewed a data base of our institution, a ter-

tiary hospital, that was maintained prospectively since 1993 to

identify all spinal vascular malformations (ie, spinal arteriovenous

malformation, spinal dural/epidural arteriovenous fistula, and verte-

brovertebral fistula). Among 111 spinal vascular malformations di-

agnosed at our neurointervention suite from January 1993 to April

2017, we included 13 patients with SEDAVFs. The diagnosis was

confirmed by high-resolution selective spinal angiography. Patient

information regarding the clinical history, neurologic symptoms and

signs, and follow-up results was obtained from the data base con-

nected to the electronic medical record. Patients’ symptoms were

classified as myelopathy and radiculopathy according to the initial

neurologic symptoms and signs. “Myelopathy” was defined as spinal

cord symptoms with gait disturbance, motor/sensory deficits, or uri-

nary/bowel sphincter dysfunction; “radiculopathy” was defined as a

series of symptoms along the specific dermatomal distribution. We

evaluated the presence of functional disability using the modified

Aminoff and Logue Scale of Disability (ALS)14 and the modified

Rankin Scale.15 The scores were based on the records of the patients’

symptoms and neurologic examinations, which were described by

neurologists not directly involved in treatment.

Imaging Diagnosis
SEDAVFs were defined as arteriovenous shunts located in the

epidural space, fed by multiple epidural arterial branches and

draining first to the epidural venous pouch and then into the

paravertebral vein and, in some cases, into the intradural vein.

Direct, high-flow, single-hole fistulas between the vertebral artery

and the vertebral venous plexus (also known as vertebrovertebral

fistulas) or paravertebral fistulous lesions in the extradural space

were excluded from this study.6

The venous drainage pattern of the SEDAVFs was analyzed on

the basis of the 2D angiographic findings to determine whether

there was retrograde intradural reflux through the radicular vein.

MR imaging, CT, or dual 3D rotational angiography or a combi-

nation of these was used to demonstrate bone involvement of the

SEDAVFs.13 The “osseous type” was defined as an SEDAVF with

bone involvement, such as bone erosion, osteolytic destruction,

or compression fracture (Fig 1).

Spinal MR imaging was performed for initial assessment of the

disease. Axial and sagittal images of T1- and T2-weighted se-

quences with or without contrast enhancement were obtained

with 1.5T or 3T systems. The presence and extent of spinal cord

edema, perimedullary flow voids, and any epidural lesion that

compressed the nerve root or thecal sac were assessed on imaging.

Patients who needed imaging evaluation clinically after treatment

underwent follow-up MR imaging.

Spinal digital subtraction angiography (Artis zee; Siemens, Er-

langen, Germany) was used for localization and characterization

of the SEDAVFs. All possible feeders—including vertebral arter-

ies, thyrocervical and costocervical trunks in the cervical lesions,

and lateral and medial sacral arteries from internal iliac arteries in

the lumbosacral lesions—and all segmental arteries were scruti-

nized. 3D rotational angiography further clarified the location of

and relationship among the arterial feeders, fistulous sac (pouch),

arterialized veins, and the point where intradural reflux occurred.

Treatment
Endovascular embolization was considered primarily when the vas-

cular approach to the fistula appeared angiographically possible.

There were 2 modes of treatment in which transarterial embolization

(TAE) was used for nonosseous SEDAVFs; and transvenous embo-

lization (TVE), for osseous SEDAVFs. The treatment strategy of

nonosseous SEDAVFs was basically similar to that for SDAVFs: to

occlude the shunt and the proximal drainage vein. The range of the

embolization target was the point at which intradural reflux oc-

curred, to obliterate retrograde venous drainage into the radicular

vein leading to congestive venous myelopathy. The glue, a mixture of

N-butyl-2-cyanoacrylate (Histoacryl�; B. Braun, Melsungen, Ger-

many) and iodized oil (Lipiodol�; Guerbet, Roissy, France), was used

at the wedged position via a transarterial approach.16 The TVE was

used when multiple arterial feeders converged on the fistulous sac in

the osseous defect of the vertebral column and the fistulous sac could

FIG 1. Schematic diagram of a spinal epidural arteriovenous fistula. An
osseous SEDAVF shows bone involvement and compression of the nerve
root or the spinal cord by bulging with cortical erosion (A). A nonosseous
SEDAVF shows engorgement (fistulous sac or pouch) of the epidural vein
(B) within the spinal canal compressing the spinal cord (C).
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be approached via a transvenous route through the epidural vein.

Various types of detachable and pushable coils were used for TVE.

“Complete occlusion” was defined as disappearance of the fis-

tula or shunted vein and an obliteration of the intradural venous

drainage by disconnecting the fistulous sac with retrograde radic-

ular venous drainage in the SEDAVF with congestive venous my-

elopathy (Fig 2). “Partial occlusion” was defined as having resid-

ual retrograde flow into the retrograde intradural vein, especially

in SEDAVFs with congestive venous myelopathy or delayed

opacification of the fistula or shunted veins on the venous phase

with prominent contrast stasis in SEDAVFs with radiculopathy

without retrograde intradural venous drainage.

Outcome and Statistical Consideration
The patients’ neurologic symptoms and functional abilities were

recorded with the use of the ALS and mRS scores on every follow-

up. We evaluated the outcomes by com-

paring the scores at initial status with

those at the most recent follow-up. We

used STATA, Version 13.0 (StataCorp,

College Station, Texas) to perform sta-

tistical analysis. All data were organized

as the mean and range of continuous

variables and as the number and per-

centage of categoric variables. Statistical

significance (P � .05) among the scores

was determined with a Student t test or

the Wilcoxon rank sum test (if the as-

sumption of normality was violated on

the Shapiro-Wilk normality test).

RESULTS
Baseline Characteristics
A general overview of the patients’ infor-

mation is presented in the On-line Ta-

ble. Of the 13 patients, 10 were male and

3 were female; the mean age was 49.6

years (range, 16 – 67 years). The mean

duration from symptom onset to diagno-

sis was 3.6 months (range, 1 week to 24

months). Bilateral lower extremity weak-

ness and sphincter dysfunction were

typical manifestations of congestive my-

elopathy, which was noted in 7 patients

with intradural venous drainage. Of the 6

patients without intradural reflux, 4 pa-

tients had radiculopathy or compressive

myelopathy, which manifested mostly

with pain, weakness, and paresthesia along

the particular dermatome. The other 2 pa-

tients had only pain without neurologic

symptoms. Three patients had a history of

trauma (ie, case 1: T12 compression frac-

ture due to a fall 3 years before; case 7: L1

compression fracture due to fall 3 years be-

fore; case 13: a fall 2.5 years before without

vertebral fracture).

Imaging Diagnosis
Initial MR imaging, which was performed in all 13 patients,

showed abnormal findings. Both spinal cord edema and perimed-

ullary flow voids were noted in 7 patients with congestive myelop-

athy. Of the 6 patients without intradural reflux, 1 patient dem-

onstrated focal signal change in the spinal cord, caused by the

mass effect of the epidural vascular lesion. The other 5 patients

demonstrated only epidural vascular lesions without spinal cord

involvement. Among 5 patients who had an osseous type of

SEDAVF, 4 patients underwent CT, which showed bone involve-

ment at the fistula level.

2D and/or 3D spinal DSA confirmed the presence of epidural

arteriovenous fistulas in all 13 patients. The lesions were catego-

rized into 2 groups according to the existence of intradural reflux.

Seven patients showed intradural drainage through the radicu-

FIG 2. Spinal epidural arteriovenous fistula (perimedullary venous drainage) in a 63-year-old woman
(case 4). A, Sagittal T2-weighted MR imaging reveals diffuse spinal cord edema up to the T5 level and
multiple signal voids in the posterior aspect of the cord. B, Right lumbar arteriogram shows an arte-
riovenous fistula at the L2 level with multiple fine feeding arteries and early venous drainage to the
epidural and paravertebral venous plexuses and to intradural veins (arrows). A small venous sac is
visible around the fistula (arrowhead). C, 3D rotational angiogram shows the anatomy in detail where
the intradural reflux originated (arrow). Note the focal narrowing of the vein where it penetrates the
dura (arrowhead). D, Volume-rendering image demonstrates the epidural location of the fistula and
the venous pouch (arrowhead). An intradural course of the radicular vein is also visible (arrow). E,
Postembolization 3D angiogram confirms the presence of radiopaque glue in the fistula and along the
intradural vein (white areas). F, Follow-up MR imaging 2 months later shows that the diffuse cord
edema and the perimedullary vessels have disappeared.
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lomedullary and perimedullary veins. Of those 7, only 3 patients

had solely intradural drainage without any extradural compo-

nent. The distribution of the fistulas in the intradural reflux group

were thoracic (n � 2), lumbar (n � 3), and sacral (n � 2), while

that of the pure extradural group was cervical (n � 3) and lumbar

(n � 3). Adjacent bone involvement of the SEDAVF was demon-

strated in 5 patients on 3D angiography.

Treatment
Among the 13 patients with SEDAVFs, 10 patients received endo-

vascular embolization, 1 patient underwent an operation after the

endovascular treatment was aborted, and 2 patients refused treat-

ment due to tolerable symptoms (On-line Table). Endovascular

embolization comprised TAE in 7 patients (Fig 3) and TVE in 3

patients (Fig 4). TAE was selected in all patients with nonosseous

SEDAVFs. The embolic material used in TAE was glue in all pa-

tients and additional coils in 1 patient. Transvenous coil emboli-

zation was performed in 3 patients with osseous SEDAVFs. Com-

plete obliteration of the fistula or intradural drainage vein was

achieved in all 6 patients with congestive myelopathy. Among the

patients without intradural venous reflux, complete occlusion

was possible in 1 patient, and partial occlusion, in 3 patients be-

cause complete obliteration was not usually required. Surgical

disconnection of the intradural drainage vein was successfully

performed in the patient in whom the endovascular approach

failed due to complex vascular anatomy. There was no periproce-

dural complication in all treated cases.

Outcomes
Among 11 patients who underwent either endovascular treat-

ment (n � 10) or an operation (n � 1), the mean duration of

follow-up after treatment was 23 months (range, 1– 63 months;

FIG 3. Osseous spinal epidural arteriovenous fistula in a 57-year-old man (case 9). A, T2-weighted axial MR image reveals a well-defined lesion
with dark signal intensity in the right epidural space at the C6 level. B, CT scan at the corresponding level shows adjacent bone destruction of
the right lamina and spinous process of the C6 vertebra that resulted from the well-enhanced epidural lesion. C (right) and D (left), Deep cervical
arteriograms. A large arteriovenous fistula with multiple arterial feeders is visible at the C6 level. E, 3D fusion image demonstrates that the
feeders from both sides converge on a focal region—the epidural venous plexus and internal jugular veins—from which venous flow
drains exclusively via extradural veins. F, After 2 sessions of transvenous coil embolization, the fistula flow has almost completely
disappeared (G and H).

FIG 4. Outcomes in patients according to each scoring system and
the presence of intradural reflux. The mean scores of the initial and
follow-up evaluations are shown. Asterisks indicate statistically signif-
icant improvement at follow-up.
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median, 19 months). The other 2 patients without treatment were

lost to follow-up. The mean ALS and mRS scores were signifi-

cantly decreased at follow-up in the intradural reflux group (8.0

versus 4.7, P � .01; 3.4 versus 2.5, P � .016, respectively) (Fig 4).

On the other hand, the group without intradural reflux showed a

tendency toward decreasing scores without significance. The

overall scores were higher in the patients with intradural reflux in

all the grading systems. The scores of ALS were zero in the patients

without intradural reflux at both initial assessment and follow-up.

Symptoms and functional status improved, or at least did not

change, after treatment in all except 1 patient (case 5). In this

patient, mild lower back pain developed 4 months after treatment

despite improvement in other symptoms.

DISCUSSION
Endovascular treatment is currently the favored method of

SEDAVF treatment; the use of endovascular treatment has

been reported in approximately two-thirds of pertinent studies

and case reports.2 The rates of complete or near-complete oc-

clusion of the SEDAVF with endovascular treatment ranged

from 73.3% to 94.4%, and the rates of symptom improvement

ranged from 62.5% to 91%.1-3 Our study also demonstrated an

excellent occlusion rate (100%) and good treatment outcomes

(91%). Intradural venous drainage, noted in 53.8%7 of the 13

patients in this study, was seen with variable frequency in pre-

vious studies (27.0%2 to 74.5%4). In this study, ALS scores

were zero in all patients without intradural venous drainage

except for 1 patient who had mild leg weakness caused by com-

pressive myelopathy.

Although endovascular treatment produced good outcomes

in most patients in this study, 1 patient (case 7) could not recover

from the congestive myelopathy symptoms, even after complete

occlusion of the shunt and improved cord edema at 1-month

follow-up MR imaging. Although further follow-up is required,

this intractable case may be attributed to a 24-month delay in

diagnosis and the spinal cord possibly being irreversibly damaged

as in patients with SDAVFs.6 In the patient who finally underwent

an operation, the endovascular approach was ruled out by the

complicated vascular anatomy in which the microcatheter tip

could not reach the appropriate position to occlude the shunt. An

operation was a good alternative in this patient, and symptoms

improved as in patients with SDAVFs.17

The vascular structures surrounding the lesion must be ana-

lyzed thoroughly to determine appropriate treatment plans. We

routinely obtain a 3D rotational spinal angiogram to better un-

derstand the relationships among the feeders, fistulas, and drain-

ing veins.13 Accurate localization of regurgitation from the epidu-

ral venous plexus to the intradural vein is especially crucial to treat

the lesion with intradural reflux because during TAE, the liquid

embolic material must penetrate the intradural vein to cure the

disease. The microcatheter tip should be placed at the appropriate

point from which the preferential flow goes through the intra-

dural vein before embolic material is injected to achieve this goal.

We used glue for TAE because it is easy to control, injection time

is relatively short, and it has better visibility than Onyx (Covidien,

Irvine, California).8,16 The use of Onyx for SEDAVF embolization

has been limited by difficulty in achieving venous penetration.16

This study included 5 cases (38.4%) of osseous SEDAVFs, even

though only a few cases of SEDAVFs with bone involvement have

been reported previously.18-20 The mechanisms of formation of

the bone lesion and its clinical significance are uncertain. When

planning a treatment option, identification of the osseous type

can be important. Because Osseous SEDAVFs tend to be a high-

flow shunt with large epidural venous spaces, a transvenous ap-

proach may be possible.8 In our cases, 3 underwent TVE, 1 un-

derwent an operation, and the other one was under observation

because the symptoms were tolerable. Although trauma was sug-

gested as a cause of SEDAVFs, especially in the osseous type,19,20

only 1 patient in our study (case 1) was confirmed to have a his-

tory of trauma in which a T12 compression fracture was caused by

a fall 3 years before the initial presentation. Because the patient’s

symptoms developed after the trauma and the fistula occurred at

the same level, we assumed that the SEDAVF could have been the

result of the trauma, despite the long interval. A history of previ-

ous trauma was also noted in 2 other patients (cases 7 and 13) with

the nonosseous type of SEDAVFs in our study.

A limitation of this study could be that the number of patients

was very small because of the rarity of SEDAVFs. Diagnosing the

patients only through imaging findings without pathologic con-

firmation could be another limitation. Follow-up spinal MR im-

aging or DSA was not performed in all patients because we did not

do routine imaging studies as long as symptoms improved. Long-

term follow-up will be required because not all patients were fol-

lowed up for a sufficient time.

CONCLUSIONS
SEDAVFs were found in 13 (11.7%) patients of the all spinal vas-

cular malformations in our center. The presenting patterns were

diverse, from tolerable symptoms (n � 2) and radiculopathy (n �

5) to congestive venous myelopathy (n � 7). There is overlap of

symptoms in 1 patient (No. 11). The intradural venous reflux was

identified in all 7 patients with congestive venous myelopathy.

Osseous SEDAVFs were observed in 5 patients in whom the fis-

tulas were successfully controlled by TVE (n � 3) except 2 pa-

tients who underwent an operation (n � 1) and only clinical ob-

servation (n � 1). Nonosseous SEDAVFs were observed in 8

patients (intradural reflux in 5) in whom obliteration of the fistula

including intradural venous drainage was achieved by TAE, ex-

cept 1 patient who refused treatment due to tolerable symptoms

and wanted clinical observation. The SEDAVFs were successfully

treated in 11 patients by endovascular embolization (n � 10) and

an operation (n � 1). After 19 months of median follow-up, most

patients showed symptom improvement after treatment.
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Bone Subtraction Iodine Imaging Using Area Detector
CT for Evaluation of Skull Base Invasion by

Nasopharyngeal Carcinoma
X T. Hiyama, X H. Kuno, X K. Sekiya, X S. Tsushima, X O. Sakai, X M. Kusumoto, and X T. Kobayashi

ABSTRACT

BACKGROUND AND PURPOSE: Conventional CT has generally lower detectability of bone marrow invasion than MR imaging due to
lower tissue contrast. The purpose of this study was to compare the diagnostic performance of conventional CT alone or in combination
with bone subtraction iodine imaging using area detector CT for the evaluation of skull base invasion in patients with nasopharyngeal
carcinoma.

MATERIALS AND METHODS: Forty-four consecutive patients who underwent contrast-enhanced CT using 320 –row area detector CT
and contrast-enhanced MR imaging for nasopharyngeal carcinoma staging between April 2012 and November 2017 were enrolled in this
retrospective study. Bone subtraction iodine images were generated by subtracting pre- and postcontrast volume scans using a high-
resolution deformable registration algorithm. Two blinded observers evaluated skull base invasion at multiple sites (sphenoid body, clivus,
bilateral base of the pterygoid process, and petrous bone) using conventional CT images alone or in combination with bone subtraction
iodine images. Examination of MR and CT images by an experienced neuroradiologist was the reference standard for evaluating sensitivity,
specificity, and area under the receiver operating characteristic curve.

RESULTS: Twenty-six patients (59%) showed skull base invasion at 84 sites on the reference standard. Conventional CT plus bone
subtraction iodine images showed higher sensitivity (92.9% versus 78.6%, P � .02) and specificity (95.6% versus 86.1%, P � .01) than
conventional CT images alone for evaluating skull base invasion. The area under the receiver operating characteristic curve for conven-
tional CT plus bone subtraction iodine (0.98) was significantly larger (P � .001) than the area under the receiver operating characteristic
curve for conventional CT alone (0.90).

CONCLUSIONS: Conventional CT plus bone subtraction iodine performs more closely to the accuracy of combining CT and MR imaging
compared with conventional CT alone.

ABBREVIATIONS: AUC � area under the receiver operating characteristic curve; BSI � bone subtraction iodine; CCT � conventional CT; NPC � nasopharyngeal
carcinoma

Nasopharyngeal carcinoma (NPC), arising from the epithelial

lining of the nasopharynx, has a propensity to invade the

skull base just above the nasopharynx. Skull base invasion indi-

cates a tumor stage of at least T3 according to the eighth edition of

the American Joint Committee on Cancer staging system.1 NPC is

treated mainly by radiation therapy, with or without chemother-

apy. Intensity-modulated radiation therapy has gradually become

the standard treatment for NPC because of its superior tumor

target conformity and significantly improved localization.2,3 As

the spatial accuracy of dose distribution improves, a more precise

evaluation of the spatial extent of NPC is required.

MR imaging offers excellent soft-tissue contrast and is useful

for the diagnosis, staging, and evaluation of tumor extent.4-7 It is
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well-established that MR imaging is better than CT at identifying

invasion of the skull base.8-11 CT can detect skull base involve-

ment manifesting as lytic or sclerotic lesions but has lower sensi-

tivity than MR imaging due to lower tissue contrast and lower

detectability of bone marrow invasion. However, CT is often the

primary imaging technique for radiation therapy planning and

dose computation and may be the only option for patients with

contraindications to MR imaging such as intracranial or orbital

metallic foreign bodies and MR imaging– unsafe pacemaker de-

vices, or for patients who cannot tolerate MR imaging because of

claustrophobia.

Currently, digital subtraction angiography-like bone subtrac-

tion iodine (BSI) imaging with 160-mm-wide area detector CT is

used in some musculoskeletal and neurologic applications.12-14

According to Gondim Teixeira et al,12 BSI imaging with area de-

tector CT showed high performance for the visual identification

of bone marrow enhancement adjacent to lytic bone lesions. This

technique reduces spatial mismatch by using volume scanning

with wide area detector CT and a high-resolution deformable reg-

istration algorithm, enabling identification of contrast enhance-

ment in the bone marrow. We hypothesized that BSI imaging

might be useful for detecting skull base invasion and accurately

assessing the extent of bone invasion by the NPC.

Hence, the purpose of this retrospective study was to compare

the diagnostic performance of conventional CT (CCT) alone and

in combination with BSI imaging using area detector CT for the

evaluation of skull base invasion in patients with NPC.

MATERIALS AND METHODS
Study Population
Our institutional review board at National Cancer Center Hospi-

tal East approved this retrospective study. The requirement to

obtain written informed consent was waived. Between April 2012

and November 2017, forty-seven consecutive newly diagnosed

patients with histologically proved NPC underwent contrast-en-

hanced CT for cancer staging before treatment. Among them, 46

patients also underwent contrast-enhanced 3T MR imaging be-

fore treatment. Two of the 46 patients were excluded because of

unavailable volume data needed for subtraction reconstruction.

The remaining 44 patients (28 men, 16 women; age range, 18 –79

years; mean age, 60 years) were enrolled in this study. Of the 44

patients, 29 (65.9%) had nonkeratinizing squamous cell carci-

noma and 8 (18.2%) had keratinizing squamous cell carcinoma.

The detailed clinical profiles are summarized in Table 1. Tu-

mor stage was determined according to the seventh edition of

the American Joint Committee on Cancer staging system.15

Digital Subtraction Angiography-Like BSI Imaging
Techniques
All CT studies were performed using a 320 – detector row CT sys-

tem with a detector width of 160 mm (Aquilion ONE Vision;

Canon Medical Systems, Otawara, Japan), with the following pa-

rameters: 120 kV, 120 effective mAs (milliampere-second), 0.5-

second rotation time, 160-mm collimation. The average CT dose

index was 25.2 mGy. Patients received a 100-mL injection of 300

mg I/mL of iodinated contrast medium (iopamidol; Teva Takeda

Yakuhin, Koka, Japan) at a rate of 2.5 mL/s into an antecubital

vein through a 22-ga cannula. Scans were started 7 (mask volume)

and 70 seconds (postcontrast volume) after the start of the injec-

tion in an intermittent acquisition mode with no table feed. Dur-

ing volume scanning, the patient’s head was fixed to the bed of the

CT with a headband and neck collar (Stifneck Select; Laerdal,

Stavanger, Norway) (On-line Fig 1).

Two volume datasets (7- and 70-second CT) were recon-

structed using a high-resolution deformable registration algo-

rithm. The mask volume was subtracted from the postcontrast

volume using the SURESubtraction application (Canon Medical

Systems). The high-resolution deformable registration algorithm

is described in detail in the On-line Appendix and On-line Fig 2.16

Axial and coronal CCT images with soft-tissue (window level 65,

window width 330) and bone (window level 650, window width

3000) windows, and axial and coronal BSI images (window level

40, window width 180) were reconstructed with a 2-mm slice

thickness, 512 � 512 matrix, and 16-cm FOV. The CCT and BSI

images were reconstructed to yield precisely matching slices.

Image Interpretation
Two independent radiologists (with 12 years [H.K.] and 24 years

[T.K.] of experience in oncologic diagnostic radiology), blinded

to the patients’ clinical histories and to the images from the other

technique, independently analyzed the images. The CCT images

and combined CCT-plus-BSI images were evaluated using a

5-point scale for calculating the area under the receiver operating

characteristic curve (AUC) and weighted � statistics. For CCT

images, findings for skull base invasion were considered negative

when the tumor was separated from the skull base (score 1, defi-

Table 1: Summary of patient characteristics
Characteristics No. %

Age (yr)
Mean 60
Range 18–79

Sex
Female 16 36.0%
Male 28 64.0%

Histopathology
Nonkeratinizing carcinoma 29 65.9%

Differentiated 8
Undifferentiated 19
Unknown 2

Keratinizing carcinoma 8 18.2%
Unknown 7 15.9%

TNM (7th AJCC)
T1 8 18.2%
T2 10 22.7%
T3 4 9.1%
T4 22 50.0%
N0 3 6.8%
N1 16 36.4%
N2 13 29.5%
N3a 1 2.3%
N3b 11 25.0%
M0 41 93.2%
M1 3 6.8%

Subsite
Posterior superior 12 27.3%
Lateral wall 32 72.7%

Note:—TNM indicates tumor, node, metastasis tumor stage; AJCC, American Joint
Committee on Cancer.
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nitely negative) or was only in contact with the skull base (score 2,

probably negative). Findings of skull base invasion were consid-

ered present when erosion or sclerosis (score 3, possibly positive),

erosion and sclerosis (score 4, probably positive), or invasion into

the bone marrow (score 5, definitely positive) was present. For

combined analysis of CCT and BSI images, we scored skull base

invasion using the BSI image in addition to the CCT image. If the

BSI image showed definitive bone enhancement continuous with

the tumor, we scored it as grade 5 (definitely positive); the absence

of enhancement was scored as grade 2 (probably negative). If the

bone marrow enhancement was equivocal or impossible to esti-

mate, we gave scores of 2, three (possibly positive), or 4 (probably

positive) based on the confidence level of enhancement on BSI

images and findings on CCT. By means of a workstation (Shade

Quest View R; Yokogawa Electric, Tokyo, Japan), the images were

presented in random order in 2 sessions, initially with CCT alone

(soft-tissue and bone window), followed 4 weeks later by a com-

bination of CCT and BSI images. The readers were able to gener-

ate fusion images of the bone window and BSI images. Skull base

invasion was evaluated at 6 sites on the skull base (sphenoid body,

clivus, bilateral pterygoid process, and bilateral petrous apex).

The final score for the skull base invasion was determined by a

consensus between the 2 readers.

Standard of Reference
Owing to the difficulty in obtaining histopathologic confirmation

of skull base invasion, a combination of MR imaging and CT

features observed by an experienced neuroradiologist (T.H., 12

years of experience in neuro-/head and neck radiology) who was

not involved in image interpretation in this study but made re-

ports clinically in some cases was used as the reference standard

for evaluating sensitivity, specificity, and the AUC for skull base

invasion. The MR imaging protocol is discussed in the On-line

Appendix. All patients underwent MR imaging and CT examina-

tions within a median of 5 days (range, 0 –23 days).

MR Imaging and CT Diagnostic Criteria for Skull Base
Invasion
Findings of skull base invasion were considered positive in cases in

which the skull base had signals similar to those of the adjacent

tumor on all pre- and postcontrast T1-weighted images in the

cortical bone and bone marrow space on the MR image (low

signal intensity on a T1-weighted image and contrast enhance-

ment on the postcontrast T1-weighted image with fat suppres-

sion).8,9,17-21 We performed evaluations mainly on the basis of

the precontrast 3D T1-weighted Dixon in-phase image and the

postcontrast 3D T1-weighted Dixon water image. Other se-

quences were also used for identifying tumor location. CCT was

used for the evaluation of bone cortex because CT is superior to

MR imaging for the detection of bone cortex invasion. When CT

and MR image findings were mismatched for bone marrow inva-

sion, the diagnosis obtained on the basis of MR imaging was used.

Statistical Analysis
For estimating the sensitivity and specificity of both modalities for

the detection of skull base invasion, we considered diagnostic

confidence scores of �3 as positive diagnoses and generated con-

tingency tables separately for each site on the skull base. For com-

parisons of sensitivity and specificity, the McNemar test and gen-

eralized estimating equations were used to take into account

correlations between multiple sites in the same patient.22 The

overall diagnostic performance was quantified by the area under

the receiver operating characteristic curve using a 5-point scale.

Interreader agreement between the independent evaluations of

the 2 readers for the scores based on the CCT-alone images and

the CCT-plus-BSI images was estimated by weighted � statistics

(weight � 2). This was to account for the fact that differences of

�1 point between the scores of the 2 readers were more important

than smaller differences.23 Commercial software (STATA, Ver-

sion 12.1; StataCorp, College Station, Texas) was used. P � .05

was considered a significant difference.

RESULTS
Skull Base Invasion According to the Reference Standard
Findings
All CCT and BSI images generated from the 2-volume datasets

were considered of diagnostic image quality. In total, we exam-

ined 264 sites (44 in the sphenoid body, 44 in the clivus, 88 in the

pterygoid process, and 88 in the petrous apex) from 44 patients.

Of these 264 sites, skull base invasion was present at 84 sites

(31.8%) according to the reference standard findings. A total of 26

patients (59.1%) showed skull base invasion. Bone sclerosis was

observed in 21 (47.7%) of the 44 patients, and gross skull base

invasion into the bone marrow was observed in 18 (40.9%) of 44

patients. Skull base invasion was present at 22/44 sphenoid body

sites (50.0%), 20/44 clivus sites (45.5%), 10/44 right base of the

pterygoid process sites (22.7%), 8/44 left base of the pterygoid

process sites (18.2%), 12/44 right petrous bone sites (27.3%), and

12/44 left petrous bone sites (27.3%).

Differentiation of Imaging Findings between CCT Alone
and CCT-Plus-BSI Imaging
The results of the image interpretation and diagnostic perfor-

mance overall and at each site on the skull base for the CCT-alone

and CCT-plus-BSI imaging are summarized in Table 2. Among

the 84 skull base invasions, 66 (78.6%) were correctly detected by

CCT alone and 18 (21.4%) produced false-negative findings (4 of

the sphenoid body, 9 of the clivus, 1 base of the pterygoid process,

and 4 of the petrous apex). With use of both CCT and BSI images,

however, the number of false-negative findings decreased from 18

to 6 because the BSI images demonstrated iodine enhancement at

the skull base without obvious cortical destruction. Figure 1

shows a representative case of a false-negative finding on CCT

alone. On CCT images, extensive destruction or sclerosis of the

skull base was unclear, but the BSI images clearly demonstrated

iodine distribution within soft tissue and bone (both cortex and

bone marrow space) continuous with the tumor. Seventy-four

true-positive sites on CCT-plus-BSI had an intensity similar to

that of the tumor on T2-weighted images. The remaining 4 cases

showed hyperintensity on T2-weighted images compared with

the primary tumor. Six (7.1%) false-negative diagnoses of 84 sites

remained even after examination of BSI images, due to failure to

detect visible iodine enhancement in the bone marrow continu-

ous with the tumor. Among these 6 false-negative diagnoses, 4
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sites in 1 patient were not detected because the tumor showed a

weak enhancement with density similar to that of normal bone

marrow.

A total of 25 (13.9%) false-positive findings (8 of the sphenoid

body, 2 of the clivus, 10 of the pterygoid process, and 5 of the

petrous apex) of 180 sites without skull base invasion were ob-

served on CCT-alone images, whereas 8 (4.4%) false-positive

findings (1 sphenoid body, 2 of the clivus, 2 of the pterygoid

process, and 3 of the petrous apex) were observed on CCT-plus-

BSI images. The number of sites with

false-positive findings decreased from

25 to 8 on CCT-plus-BSI imaging be-

cause the BSI images could detect an ab-

sence of corresponding enhancement in

the sclerotic regions indicated on the

CCT images. Figure 2 shows a case with

a false-positive finding on CCT alone

with sclerotic change. Two of 8 false-

positive sites (1 of the clivus and 1 of the

petrous apex) seen on CCT-plus-BSI

were probably observed due to enhance-

ment of normal red bone marrow in a

young patient in her 30s, and 1 site

(sphenoid body) was observed due to

misidentifying noise as contrast en-

hancement. The other 5 false-positive

findings seen on CCT-plus-BSI were

caused by equivocal enhancement in the

BSI images and were scored mainly on

the basis of erosion or sclerosis observed

on the CCT images.

Diagnostic Performance of CCT
Alone and CCT-Plus-BSI Imaging
In an analysis of all sites taken together,

the sensitivity of CCT-plus-BSI (93%;

95% CI, 85%–97%) for the detection of

skull base invasion was significantly higher (P � .02) than that of

CCT alone (79%; 95% CI, 68%–87%). If we split the analysis by site,

for the clivus the sensitivity of CCT-plus-BSI was significantly higher

(P � .03) (85%; 95% CI, 62%–97%) than that of CCT alone (55%;

95% CI, 32%–77%). For the other sites, the sensitivity for CCT-plus-

BSI was higher than that for CCT alone, but none of the differences

were significant: sphenoid body (P � .63; 91% for CCT-plus-BSI

versus 82% for CCT-alone), pterygoid process (P � .16; 100% versus

94%), and petrous apex (P � .22; 96% versus 83%).

FIG 1. False-negative findings for skull base invasion by conventional CT images alone in a 74-
year-old woman with nasopharyngeal carcinoma. A, Axial contrast-enhanced CCT image (soft-
tissue window) shows nasopharyngeal tumor (T) spread into the lateral soft tissue around the
foramen lacerum (arrowheads). CCT images at the skull base level (B, soft-tissue window; C, bone
window) show no destruction of the skull base at the clivus (arrowhead). D, Bone subtraction
iodine image shows remarkable skull base invasion into the bone marrow space such as the clivus,
petrous apex, and sphenoid bone (arrowheads) with intracranial extension at the jugular foramen
(arrow). A corresponding slice on a T1-weighted image (E) and fat-suppressed T1-weighted image
after gadolinium administration (F) show tumor invading the clivus (arrowheads) and spread into
the jugular foramen (arrow).

Table 2: Comparison between CCT images alone and CCT-plus-BSI images of skull base invasiona

Parameter TPb TNb FNb FPb
Sensitivity

(%) P Value
Specificity

(%) P Value
PPV
(%)

NPV
(%)

All sites
CCT alone 66 155 18 25 79 (68–87) .016c 86 (80–90) .010c 73 90
CCT-plus-BSI 78 172 6 8 93 (85–97) 96 (91–98) 91 97

Sphenoid body
CCT alone 18 14 4 8 82 (60–95) .625 64 (41–83) .039d 69 78
CCT-plus-BSI 20 21 2 1 91 (71–99) 95 (77–100) 95 91

Clivus
CCT alone 11 22 9 2 55 (32–77) .031d 92 (73–99) 1.000 85 71
CCT-plus-BSI 17 22 3 2 85 (62–97) 92 (73–99) 89 88

Base of the pterygoid process
CCT alone 17 60 1 10 94 (73–100) .157 86 (75–93) .012c 63 98
CCT-plus-BSI 18 68 0 2 100 (81–100) 97 (90–100) 90 100

Petrous apex
CCT alone 20 59 4 5 83 (63–95) .221 92 (83–97) .306 80 94
CCT-plus-BSI 23 61 1 3 96 (79–100) 95 (87–99) 88 98

Note:—FN indicates false-negative findings; FP, false-positive findings; NPV, negative predictive value; PPV, positive predictive value; TN, true-negative findings; TP, true-
positive findings.
a Numbers in parentheses are 95% confidence intervals.
b Data are numbers of findings.
c P � .05, according to the generalized estimating equations that accounted for the multiple observations within patients.
d P � .05, as determined with the McNemar test.
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The specificity of CCT-plus-BSI (96%; 95% CI, 91%–98%) for

the detection of skull base invasion was significantly higher (P �

.01) than that of CCT alone (86%; 95% CI, 80%–90%) in the

analysis of all sites taken together. When we considered each site

separately, the specificity of sphenoid body and pterygoid process

detection was significantly higher (P � .04 and P � .012, respec-

tively) in the case of CCT-plus-BSI (sphenoid body: 95%; 95% CI,

77%–100%; pterygoid process: 97%; 95% CI, 90%–100%) than

that of CCT alone (sphenoid body: 64%;

95% CI, 41%– 83%; pterygoid process:

86%; 95% CI, 75%–93%). The specific-

ity of CCT-plus-BSI was the same or

higher than that of CCT alone at the

other sites as well, but none of the differ-

ences were significant (clivus: P � 1.00,

92% for CCT-plus-BSI versus 92% for

CCT-alone; petrous apex: P � .31, 95%

versus 92%).

The receiver operating characteristic

curves for skull base invasion and the

corresponding AUCs for diagnosis

based on CCT-plus-BSI and CCT-alone

are shown in Fig 3. The AUC for CCT-

plus-BSI was significantly larger (AUC �

0.98, P � .001) than the AUC for CCT

alone (AUC � 0.90).

Interobserver Reproducibility
The interreader agreement of the 2 read-

ers for CCT alone and for CCT-plus-BSI

was assessed with quadratic weighted

statistics, with the following results:

agreement of 0.82 (95% CI, 0.53–1.00)

and 0.86 (95% CI, 0.56 –1.00), respec-

tively, for the sphenoid body; agreement

of 0.84 (95% CI, 0.55–1.00) and 0.83

(95% CI, 0.54 –1.00), respectively, for the clivus; agreement of

0.85 (95% CI, 0.57–1.00) and 0.86 (95% CI, 0.58 –1.00), respec-

tively, for the right base of the pterygoid process; agreement of

0.82 (95% CI, 0.55–1.00) and 0.81 (95% CI, 0.53–1.00), respec-

tively, for the left base of the pterygoid process; agreement of 0.81

(95% CI, 0.52–1.00) and 0.89 (95% CI, 0.59 –1.00), respectively,

for the right petrous apex; agreement of 0.85 (95% CI, 0.57–1.00)

and 0.86 (95% CI, 0.58 –1.00), respectively, for the left petrous

apex.

DISCUSSION
The results of our study demonstrate that the combined analysis

of CCT and BSI images showed a better diagnostic performance

than the analysis of CCT images alone in the evaluation of skull

base invasion in patients with NPC. These results suggest that

CCT-plus-BSI images potentially allow an assessment closely re-

sembling that provided by combining CT and contrast-enhanced

MR imaging. High sensitivity could be achieved because CCT-

plus-BSI improves the detection of tumor spread within the skull

base (cortical bone and bone marrow), especially in the clivus.

Another factor contributing to the improved specificity was that

CCT-plus-BSI reduced the overestimation caused by sclerotic

parts such as the sphenoid body and pterygoid process, which

may reflect the bone response to tumor proximity. The differ-

ences in the diagnostic performance of each site may be due to the

amount of bone marrow, the thickness of the bone affected by

pneumatization, and the frequency of sclerosis. These results may

be particularly useful for improving the accuracy for radiation

therapy treatment planning and primary tumor staging. Further-

FIG 2. False-positive findings at the base of the left pterygoid process on conventional CT images
alone in a 63-year-old woman with nasopharyngeal carcinoma. Coronal contrast-enhanced CCT
images (A, soft-tissue window; B, bone window) show nasopharyngeal tumor (T) and bone scle-
rosis at the left base of the pterygoid process (arrow). The case was given a score of 3 based on
CCT images alone. Bone subtraction iodine image (C) and color fusion image (D) clearly show no
enhancement in the sclerotic area (arrow). E, A corresponding slice on the T1-weighted image
shows low signal intensity due to sclerosis (arrow). F, Fat-suppressed T1-weighted images after
gadolinium administration show contrast enhancement of the tumor mass and poor enhance-
ment of the pterygoid process (arrow). This was considered a case of clinical T2 category disease
without skull base invasion and was treated by chemoradiotherapy.

FIG 3. Receiver operating characteristic curves and corresponding
areas under the curve for the prediction of skull base invasion. The
AUC for CCT-plus-BSI imaging was significantly larger (AUC � 0.98
[P � .001]) than that for CCT imaging alone (AUC � 0.90).
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more, CCT-plus-BSI imaging offers a benefit for patients with

contraindications to MR imaging due to metallic foreign bodies,

MR imaging– unsafe pacemaker devices, or claustrophobia.

CT is an excellent technique for the evaluation of bone details,

particularly for the evaluation of cortical bone invasion. However,

it is still challenging to assess tumor extent in the bone marrow

using CCT imaging without contrast-enhanced MR imaging be-

cause of low contrast resolution and beam-hardening artifacts

produced by the bone cortex. MR imaging is superior to CT in the

detection of skull base involvement.8-11 Several studies have used

MR imaging to examine abnormalities of the skull base in patients

with NPC.17-21,24 Lu et al20 reported worse prognosis when �2

sites of skull base invasion were found on MR imaging. Other

groups found that the prognosis varied depending on the sites of

skull base invasion.17,21,24 Therefore, from the perspective of

prognosis, comprehensive assessment is needed, including the

sites and spatial extent within the skull base. BSI images have the

potential to detect enhancement in the bone marrow and may

complement CCT in assessing bone invasion.

Shatzkes et al25 reported that sclerotic findings in the ptery-

goid process are detected on CT in 60% of cases of untreated NPC.

These findings may indicate present or imminent skull base inva-

sion and may be used for tumor staging and the formulation of

intensity-modulated radiotherapy fields. These sclerotic changes

may be a sensitive indicator of skull base invasion, but they are not

specific because sclerosis can also be caused by inflammatory or

reactive changes.26,27 Recently, there have been several reports of

the use of dual-energy CT for the diagnosis of bone marrow

edema in patients with bone fractures28-30 and for the detection of

bone marrow involvement in patients with multiple myeloma.31

However, with current dual-energy CT systems and material

decomposition algorithm, dual-energy CT technology cannot

clearly distinguish bone from iodinated contrast.32,33 Thus, cal-

cium (bone) remains visible on the iodine map. BSI images gen-

erated by area detector CT allow bone removal (both cortical and

trabecular) without affecting the visualization of contrast en-

hancement in a nonlytic bone background.12-14 BSI imaging may

be helpful for the diagnosis of bone invasion with or without

erosive changes in cortical bone.

There are limitations to our study. The first is the absence of

histopathologic verification of the findings of skull base invasion

because the difficulty in accessing the skull base precludes surgical

confirmation and almost all patients were treated with chemora-

diotherapy. According to a study of MR imaging findings for la-

ryngeal cartilage invasion, contrast enhancement is also caused by

reactive inflammation, edema, and fibrosis in close proximity to

the tumor.34 Therefore, there is no clear consensus on whether the

contrast enhancement on BSI images was caused by tumor inva-

sion or inflammation. These issues need to be examined at other

primary sites such as the mandibular bone or maxillary bone in

future studies. The second potential limitation is that skull base

invasion was assessed only visually, without quantitative mea-

surement of iodine concentrations. Therefore, potentially con-

founding effects of interreader error, including display settings,

may be present. Moreover, the degree by which tumor and bone

marrow enhancement influence the quality and diagnostic per-

formance of BSI images remains unclear and needs to be evalu-

ated in future studies.

CONCLUSIONS
The combined analysis of CCT and BSI images generated from

320 –row area detector CT has the potential to improve diagnostic

performance in the evaluation of skull base invasion by NPC. BSI

images can provide additional contrast resolution for bone assess-

ment. Although there is no direct comparison between the under-

lying tumor histopathology and the results of BSI imaging, CCT-

plus-BSI imaging may be useful for accurate staging of the tumor

and may be helpful for patients with contraindications for MR

imaging.
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Solitary Parathyroid Adenoma Localization in Technetium
Tc99m Sestamibi SPECT and Multiphase Multidetector

4D CT
X T.H. Vu, X D. Schellingerhout, X N. Guha-Thakurta, X J. Sun, X W. Wei, X S.C. Kappadth, X N. Perrier, X E.E. Kim, X E. Rohren,

X H.H. Chuang, and X F.C. Wong

ABSTRACT

BACKGROUND AND PURPOSE: Minimally invasive parathyroid surgery relies critically on image guidance, but data comparing the
efficacy of various imaging modalities are scarce. Our aim was to perform a blinded comparison of the localizing capability of technetium
Tc99m sestamibi SPECT, multiphase multidetector 4D CT, and the combination of these 2 modalities (technetium Tc99m sestamibi
SPECT � multiphase multidetector 4D CT).

MATERIALS AND METHODS: We reviewed the records of 31 (6 men, 25 women; median age, 56 years) consecutive patients diagnosed
with biochemically confirmed primary hyperparathyroidism between November 2009 and March 2010 who underwent preoperative
technetium Tc99m sestamibi SPECT and multiphase multidetector 4D CT performed on the same scanner with pathologic confirmation by
resection of a single parathyroid adenoma. Accuracy was determined separately for localization to the correct side and quadrant using
surgical localization as the standard of reference.

RESULTS: Surgical resection identified 14 left and 17 right parathyroid adenomas and 2 left inferior, 12 left superior, 11 right inferior, and 6
right superior parathyroid adenomas. For left/right localization, technetium Tc99m sestamibi SPECT achieved an accuracy of 93.5% (29 of
31), multiphase multidetector 4D CT achieved 96.8% accuracy (30 of 31), and technetium Tc99m sestamibi SPECT � multiphase multide-
tector 4D CT achieved 96.8% accuracy (30 of 31). For quadrant localization, technetium Tc99m sestamibi SPECT accuracy was 67.7% (21 of
31), multiphase multidetector 4D CT accuracy was 87.1% (27 of 31), and technetium Tc99m sestamibi SPECT � multiphase multidetector 4D
CT accuracy was 93.5% (29 of 31). Reader diagnostic confidence was consistently ranked lowest for technetium Tc99m sestamibi SPECT and
highest for technetium Tc99m sestamibi SPECT � multiphase multidetector 4D CT.

CONCLUSIONS: For left/right localization of parathyroid adenomas, all modalities performed equivalently. For quadrant localization,
technetium Tc99m sestamibi SPECT � multiphase multidetector 4D CT is superior to technetium Tc99m sestamibi SPECT.

ABBREVIATIONS: 4DCT � multiphase multidetector 4D CT; MIBI � technetium Tc99m sestamibi

Primary hyperparathyroidism is a common endocrine disorder

caused most often by a solitary parathyroid adenoma.1 The

definitive cure for this disorder is surgical resection. The surgical

approach has shifted from standard bilateral cervical exploration

to modern minimally invasive parathyroidectomy.2 For mini-

mally invasive parathyroidectomy to be successful, accurate pre-

operative localization of a single offending parathyroid gland and

exclusion of possible multigland disease or 4-gland hyperplasia

are critical and useful. Several noninvasive preoperative localiza-

tion modalities are available, including parathyroid scintigraphy

using technetium Tc99m sestamibi (MIBI)3,4; ultrasonogra-

phy5,6; CT, specifically multiphase multidetector 4D CT

(4DCT)7; MR imaging8; and recently, 11C-methionine positron-

emission tomography/CT9 and [18F]-choline positron-emission

tomography/CT.10 The emergence of hybrid SPECT camera tech-

nology and advances in CT technology have allowed MIBI SPECT

and 4DCT to be successfully used for the preoperative localization

of abnormal parathyroid glands.11-16

The requirements for minimally invasive neck surgery have

led to greater demands from imaging. Imaging needs to confi-

dently localize the adenoma to a side, localize the adenoma to a

quadrant or precise anatomic location, characterize the embryo-
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logic origin of the parathyroid lesion, be sensitive to ectopic dis-

ease, and preferably be able to identify potential multigland

disease. Some traditional imaging studies may not meet these

modern requirements.

The purpose of the present study was to do a blinded comparison

of the localizing capability of MIBI SPECT, 4DCT, and the combina-

tion of these 2 modalities using surgical localization as a criterion

standard. We evaluated the ability of each technique to localize a

parathyroid adenoma to a side and a quadrant, with particular note

of reader confidence in the imaging findings to direct surgery.

MATERIALS AND METHODS
Study Population
This was a retrospective study of consecutive patients who were

diagnosed with primary hyperparathyroidism between Novem-

ber 2009 and March 2010. All patients had biochemically con-

firmed primary hyperparathyroidism (a serum calcium level of

�10.4 mg/dL [2.6 mmol/L] and a serum parathyroid hormone

level of �65 pg/mL [6.84 pmol/L]); underwent preoperative

MIBI SPECT and 4DCT performed on same scanner; and had

pathologic confirmation by resection of a single hypercellular

parathyroid gland. Patients who had undergone a prior operation

or had multigland resections were excluded. We obtained a

waiver of consent from our institutional review board (MD An-

derson Cancer Center, Houston, Texas) for this Health Insurance

Portability and Accountability Act– compliant study.

Image Acquisition

MIBI SPECT. All patients underwent a dual-phase MIBI study

after intravenous injection of 20 –25 mCi (740 –925 MBq) of tech-

netium Tc99m methoxyisobutyl isonitrile. Anterior and posterior

planar images of the head, neck, and thorax were acquired at 20

and 90 minutes, and SPECT was acquired at 30 – 60 minutes after

intravenous injection of technetium Tc99m methoxyisobutyl iso-

nitrile. Images were acquired using a high-resolution, low-energy,

parallel-hole collimator and a large FOV, dual-headed gamma

camera with a jointly mounted 16-slice CT scanner (Symbia T16;

Siemens, Erlangen, Germany). SPECT was acquired for 128

frames over a full 360° arc at 22 seconds per frame on a noncircu-

lar orbit mapped to the body contour. The gamma camera pho-

topeak window was centered at 140 keV with a 15% window and

an adjacent 15% scatter window at lower energy. The mean count

per frame was 196,000 with a range of 136,000 –256,000. A non-

contrast low-dose CT scan (130 kV[peak], 90 mAs, pitch � 1.2,

CareDose4D, nominal volume CT dose index � 9.7 mGy) was

obtained immediately after SPECT acquisition for attenuation

correction. Image reconstruction was performed using 3D-or-

dered subset expectation maximization (OSEM) (Flash3D; Sie-

mens) with 8 iterations and 16 subsets and a 5-mm Gaussian

postreconstruction filter to yield a 128 � 128 � 128 matrix with

4.8 � 4.8 � 4.8 mm voxels. CT-based attenuation correction,

energy-window– based scatter correction, and collimator resolu-

tion modeling were used during SPECT reconstructions.

4DCT. The 4DCT study was performed on the same table imme-

diately after the MIBI SPECT study using a 16-row multidetector

CT scanner of the SPECT system (Symbia T16; Siemens). Helical

scans were obtained at 220 mA and 130 kVp. The scans were

obtained with 1.25-mm collimation, table speed of 13.75 mm/s,

pitch of 1.375, and gantry rotation time of 1 second. Initially,

unenhanced scans were obtained from the carina to the mandible.

An 18-ga intravenous cannula placed in the antecubital vein was

used to inject 120 mL of nonionic contrast material, ioversol (Op-

tiray 320; Mallinckrodt, St. Louis, Missouri), at 4.0 mL/s with a

power injector. Multiphase scanning was performed with the sec-

ond, third, and fourth scans (programmed to the same collima-

tion, table feed, and duration as the first scan), which were ob-

tained at 25 (arterial), 55 (venous), and 85 (delay) seconds,

respectively, after the beginning of the administration of contrast.

Surgical Localization
The criterion standard for final anatomic localization of the para-

thyroid adenoma was an operation, as recorded in the operative

notes.

Imaging Performance Analysis
Retrospective image analysis was performed on PACS worksta-

tions in configurations used for routine clinical image interpreta-

tion by 2 independent and blinded teams of readers. For each

patient in the cohort, the MIBI SPECT was read independently

using noncontrast CT and MIBI SPECT data only by 2 experi-

enced nuclear physicians (E.E.K. and H.H.C.). The 4DCT data

were read using both nonenhanced and contrast-enhanced CT

data, as independently reviewed by 2 experienced neuroradiolo-

gists (D.S. and N.G.-T.). The combined MIBI SPECT and 4DCT

(MIBI SPECT � 4DCT) data (all imaging information) were re-

viewed by a reader team consisting of an experienced neuroradi-

ologist (T.H.V.) and a nuclear physician (E.R.). The team inter-

preted de-identified image sets knowing only the diagnosis of

hyperparathyroidism, and readers were asked to localize the para-

thyroid adenoma. The localization to side (left or right) and quad-

rant (relative to the midpoint of the thyroid as dividing the upper

and lower quadrants) and the embryologic origin of the abnormal

parathyroid gland (superior or inferior) were recorded, as well as

surgical localization based on surgical anatomy (Fig 1).17 For each

localization, reader confidence (certain, equivocal, or uncertain

on a 3-point scale) was also recorded. The reader team had no

knowledge of the imaging data outside their assigned area. The

images were interpreted as a consensus reading without individ-

ual readings to measure interrater agreement.

After all imaging analysis was performed, 1 researcher (F.C.W.)

consulted the surgical and pathologic records to determine adenoma

localization, pathologic characteristics, and weight.

Statistical Analysis
Error matrices were constructed for overall true-versus-false lo-

calization for each of the readings (MIBI SPECT, 4DCT, and

MIBI SPECT � 4DCT) against surgical localization. Error matri-

ces were then constructed by level of confidence and analyzed

similarly. A 95% confidence interval for accuracy was calculated

using the Clopper-Pearson exact method. Diagnostic accuracy

was compared among MIBI SPECT, 4DCT, and MIBI SPECT �

4DCT and determined by the McNemar test. All tests were

2-sided, and P values � .05 were considered statistically signifi-
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cant. Statistical analysis was performed using SAS, Version 9.4

(SAS Institute, Cary, North Carolina) and R version 2.3 (R Devel-

opment Core Team, http://www.r-project.org).

RESULTS
Patient selection is summarized in Fig 2. Forty-three patients were

included in our initial study group. Seven were excluded because

of a prior operation, and 2 were excluded owing to incomplete

imaging data, leaving 34 patients. Three patients had multiple

parathyroid adenomas resected and were excluded. The remain-

ing 31 patients had a single abnormal parathyroid gland resected.

The study group consisted of 6 male and 25 female patients

with a median age of 56 years (range, 26 –78 years). Patients had

mean corrected calcium values of 10.6 mmol/L (median, 10.6

mmol/L; range, 9.5–11.8 mmol/L) against a reference range of

8.4 –10.2 mmol/L at our laboratory. Patients had mean parathy-

roid hormone levels of 111 pmol/L (median, 105 pmol/L; range,

56 –209 pmol/L) against a reference range of 9 – 80 pmol/L at our

laboratory. The resected parathyroid glands had weights ranging

from 0.07 to 6.08 g; the mean weight was 0.77 g and the median

weight was 0.40 g.

Surgical Localization
Surgical resection localized parathyroid adenomas to the follow-

ing locations: by side, 14 left and 17 right; by quadrant, 2 left

inferior, 12 left superior, 11 right inferior, and 6 right superior;

and by surgical classification (Fig 1), 9 type A, 9 type B, 3 type C, 1

type D, and 9 type E.

Overall Imaging Performance
Tables 1–4 summarize the error matrices for left- or right-sided

localization, embryologic origin of the abnormal parathyroid

gland (superior or inferior), quadrant localization (both left or

right and upper or lower), and surgical classification of MIBI

SPECT, 4DCT, and MIBI SPECT � 4DCT readings, along with

accuracies.

MIBI SPECT achieved an accuracy of 93.5% (29 of 31 pa-

tients) in correctly localizing the parathyroid adenomas on the

left or right side. Embryologic origin accuracy was 74.2% (23 of

31 patients). Quadrant localization accuracy was 67.7% (21

of 31 patients). Surgical classification accuracy was 54.8% (17

of 31 patients).

4DCT achieved an accuracy of 96.8% (30 of 31 patients) in

correctly localizing parathyroid adenomas on the left or right side.

FIG 1. Surgical classification of parathyroid adenoma locations, ante-
rior view. A, Superior, in proximity to the posterior surface of the
thyroid parenchyma. B, Superior, fallen posteriorly into the tracheo-
esophageal groove and no longer in contact with the posterior sur-
face of the thyroid tissue. C, Superior, fallen posteriorly into the tra-
cheoesophageal groove and no longer in contact with the posterior
surface of the thyroid tissue at the inferior pole close to the clavicles.
D, Superior or inferior, in the midregion of the posterior surface of the
thyroid parenchyma near the junction of the recurrent laryngeal
nerve and the inferior thyroidal artery. E, Inferior, in the region inferior
to the thyroid gland, lying in the anteroposterior plane of the thyroid
and anterior to the trachea. F, Inferior, descended into the thyrothy-
mic ligament or superior thymus and possibly appearing to be “ecto-
pic” or in the mediastinum. G, Intrathyroidal.

FIG 2. Patient selection flowchart. Thirty-one patients were included
in the final analysis.

Table 1: Diagnostic accuracy of left/right localization of
parathyroid adenomas in the 31 patients in our study group

Imaging Modality

Left
No.
(%)

Right
No.
(%)

Total
No.
(%)

Accuracy
(95% CI)

MIBI SPECT 93.5 (78.6–99.2)
Left 13 (41.9) 1 (3.2) 14 (45.2)
Right 1 (3.2) 16 (51.6) 17 (54.8)

4DCT 96.8 (83.3–99.9)
Left 14 (45.2) 1 (3.2) 15 (48.4)
Right 0 (0.0) 16 (51.6) 16 (51.6)

MIBI SPECT � 4DCT 96.8 (83.3–99.9)
Left 14 (45.2) 1 (3.2) 15 (48.4)
Right 0 (0.0) 16 (51.6) 16 (51.6)
Total 14 (45.2) 17 (54.8)

Table 2: Diagnostic accuracy of embryologic origin of the
abnormal parathyroid gland in the 31 patients in our study group

Imaging Modality

Superior
No.
(%)

Inferior
No.
(%)

Total
No.
(%)

Accuracy
(95% CI)

MIBI SPECT 74.2 (55.4–88.1)
Superior gland 10 (32.3) 0 (0) 10 (32.3)
Inferior gland 8 (25.8) 13 (41.9) 21 (67.7)
Total 18 (58.1) 13 (41.9)

4DCT 90.3 (74.3–98.0)
Superior gland 15 (48.4) 0 (0) 15 (48.6)
Inferior gland 3 (9.7) 13 (41.9) 16 (51.6)
Total 18 (58.1) 13 (41.9)

MIBI SPECT � 4DCT 96.8 (83.3–99.9)
Superior gland 17 (54.8) 0 (0) 17 (54.8)
Inferior gland 1 (3.2) 13 (41.9) 14 (45.2)
Total 18 (58.1) 13 (41.9)
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Embryologic origin accuracy was 90.3% (28 of 31 patients).

Quadrant localization accuracy was 87.1% (27 of 31 patients).

Surgical classification accuracy was 61.3% (19 of 31 patients).

MIBI SPECT � 4DCT achieved an accuracy of 96.8% (30 of

31 patients) in correctly localizing the parathyroid adenomas

on the left or right side. Embryologic origin accuracy was

96.8% (30 of 31 patients). Quadrant localization accuracy was 93.5%

(29 of 31 patients). Surgical classification accuracy was 74.2% (23 of

31 patients).

We found that most errors in MIBI SPECT were due to supe-

rior glands being misidentified as inferior glands (Table 2),

whereas this error was much less frequently observed in the 4DCT

and MIBI SPECT � 4DCT readings.

Imaging Performance by Confidence Level
Table 5 shows reader team confidence in each localization tech-

nique. Confidence levels were generally higher for 4DCT and

MIBI SPECT � 4DCT readings than they were for MIBI SPECT

readings. Confidence in left/right localization was generally much

higher than for quadrant localization. The more detailed level of

surgical classification reduced confidence levels for MIBI SPECT

to a greater degree than it did for 4DCT and MIBI SPECT �

Table 3: Diagnostic accuracy of quadrant localization of parathyroid adenomas in the 31 patients in our study group
Imaging Modality LI No. (%) LS No. (%) RI No. (%) RS No. (%) Total No. (%) Accuracy (95% CI)

MIBI SPECT 67.7 (48.6–83.3)
LI 2 (6.5) 2 (6.5) 1 (3.2) 0 (0) 5 (16.1)
LS 0 (0) 9 (29.0) 0 (0) 0 (0) 9 (29.0)
RI 0 (0) 0 (0) 10 (32.3) 6 (19.4) 16 (51.6)
RS 0 (0) 1 (3.2) 0 (0) 0 (0) 1 (3.2)

4DCT 87.1 (70.2–96.4)
LI 2 (6.5) 1 (3.2) 1 (3.2) 0 (0) 4 (12.9)
LS 0 (0) 11 (35.5) 0 (0) 0 (0) 11 (35.5)
RI 0 (0) 0 (0) 10 (32.3) 2 (6.5) 12 (38.7)
RS 0 (0) 0 (0) 0 (0) 4 (12.9) 4 (12.9)

MIBI SPECT � 4DCT 93.5 (78.6–99.2)
LI 2 (6.5) 0 (0) 1 (3.2) 0 (0) 3 (9.7)
LS 0 (0) 12 (38.7) 0 (0) 0 (0) 12 (38.7)
RI 0 (0) 0 (0) 10 (32.3) 1 (3.2) 11 (35.5)
RS 0 (0) 0 (0) 0 (0) 5 (16.1) 5 (16.1)
Total 2 (6.5) 12 (38.7) 11 (35.5) 6 (19.4)

Note:—LI indicates left inferior; LS, left superior; RI, right inferior; RS, right superior.

Table 4: Diagnostic accuracy of surgical classification (Fig 1) of parathyroid adenomas in the 31 patients in our study group
Imaging Modality A No. (%) B No. (%) C No. (%) D No. (%) E No. (%) Total No. (%) Accuracy (95% CI)

MIBI SPECT 54.8 (36.0–72.7)
A 3 (9.7) 1 (3.2) 0 (0) 0 (0) 0 (0) 4 (12.9)
B 2 (6.5) 3 (9.7) 0 (0) 0 (0) 0 (0) 5 (16.1)
C 2 (6.5) 2 (6.5) 3 (9.7) 1 (3.2) 0 (0) 8 (25.8)
D 0 (0) 1 (3.2) 0 (0) 0 (0) 0 (0) 1 (3.2)
E 2 (6.5) 2 (6.5) 0 (0) 0 (0) 8 (25.8) 12 (38.7)
F 0 (0) 0 (0) 0 (0) 0 (0) 1 (3.2) 1 (3.2)

4DCT 61.3 (42.2–78.2)
A 7 (22.6) 4 (12.9) 0 (0) 0 (0) 0 (0) 11 (35.5)
B 1 (3.2) 2 (6.5) 0 (0) 0 (0) 0 (0) 3 (9.7)
C 0 (0) 1 (3.2) 3 (9.7) 0 (0) 0 (0) 4 (12.9)
D 0 (0) 0 (0) 0 (0) 1 (3.2) 3 (9.7) 4 (12.9)
E 1 (3.2) 2 (6.5) 0 (0) 0 (0) 6 (19.4) 9 (29.0)
F 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)

MIBI SPECT � 4DCT 74.2 (55.4–88.1)
A 7 (22.6) 3 (9.7) 0 (0) 0 (0) 0 (0) 10 (32.3)
B 0 (0) 4 (12.9) 0 (0) 0 (0) 0 (0) 4 (12.9)
C 0 (0) 2 (6.5) 3 (9.7) 1 (3.2) 0 (0) 6 (19.4)
D 2 (6.5) 0 (0) 0 (0) 0 (0) 0 (0) 2 (6.5)
E 0 (0) 0 (0) 0 (0) 0 (0) 9 (29) 9 (29.0)
F 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)
Total 9 (29) 9 (29) 3 (9.7) 1 (3.2) 9 (29.0)

Table 5: Level of confidence response from 3 reading groups
for lateralization, upper/lower quadrant localization,
and localization by surgical classification

Response/Imaging
Modality

Certain
(%)

Equivocal
(%)

Uncertain
(%)

Lateralization
MIBI SPECT 27 (87.1) 1 (3.2) 3 (9.7)
4DCT 30 (96.8) 1 (3.2) 0 (0.0)
MIBI SPECT � 4DCT 29 (93.5) 2 (6.5) 0 (0.0)

Upper/lower
MIBI SPECT 22 (71.0) 6 (19.4) 3 (9.7)
4DCT 30 (96.8) 1 (3.2) 0 (0.0)
MIBI SPECT � 4DCT 31 (100.0) 0 (0.0) 0 (0.0)

Surgical localization
MIBI SPECT 15 (48.4) 15 (48.4) 1 (3.2)
4DCT 28 (90.3) 3 (9.7) 0 (0.0)
MIBI SPECT � 4DCT 29 (93.5) 1 (3.2) 1 (3.2)

AJNR Am J Neuroradiol 40:142– 49 Jan 2019 www.ajnr.org 145



4DCT, for which confidence was fairly consistently high regard-

less of the level of detail required.

Comparison of Imaging Modalities
Tables 6-9 summarize McNemar test results comparing the diag-

nostic accuracy of left- or right-sided localization, embryologic

origin of the abnormal parathyroid gland (superior or inferior),

quadrant localization (both left/right and upper/lower), and

surgical classification among MIBI SPECT, 4DCT, and MIBI

SPECT � 4DCT.

McNemar test results comparing the diagnostic accuracy of left-

or right-sided localization revealed no statistically significant differ-

ences, indicating substantially similar diagnostic performance.

McNemar test results comparing the diagnostic accuracy of

embryologic origin revealed that MIBI SPECT � 4DCT was sig-

nificantly better than MIBI SPECT (P � .008) and 4DCT was

better than MIBI SPECT on the borderline of statistical signifi-

cance (P � .06).

McNemar test results comparing the diagnostic accuracy of

quadrant localization revealed that MIBI SPECT � 4DCT was

significantly better than MIBI SPECT (P � .01) and 4DCT was

better than MIBI SPECT on the borderline of statistical signifi-

cance (P � .06).

McNemar test results comparing the diagnostic accuracy of

surgical localization revealed that MIBI SPECT � 4DCT was bet-

ter than MIBI SPECT on the borderline of statistical significance

(P � .06).

Examples of correct and incorrect localization are shown in

Figs 3 and 4. Figure 3 shows a large right tracheoesophageal

groove parathyroid adenoma that was correctly localized by 3

modalities. Figure 4 shows a small left paraesophageal parathy-

roid adenoma that had correct left/right and quadrant local-

ization by 4DCT and MIBI SPECT � 4DCT and correct left/

right localization and incorrect quadrant localization by MIBI

SPECT.

DISCUSSION
Our results showed that overall, MIBI SPECT was less accurate

than 4DCT, which, in turn, was less accurate than combined MIBI

SPECT � 4DCT. All imaging methods performed equally well in

correctly localizing the parathyroid adenoma to the left or right

side, and most of the inconsistency between MIBI SPECT and

4DCT was a result of errors in classification of embryologic origin.

MIBI SPECT � 4DCT showed clear superiority over MIBI SPECT

for embryologic and quadrant localization. Although our results

were only marginally statistically significant, 4DCT may be better

than MIBI SPECT for embryologic and quadrant localization and

Table 6: McNemar test of paired imaging modalities for
diagnostic accuracy of left/right localization of parathyroid
adenomas in the 31 patients in our study group

Imaging Modality Correct Wrong Total P Value
4DCT vs

MIBI SPECT
Correct 28 1 29 .56
Wrong 2 0 2
Total 30 1 31

MIBI SPECT � 4DCT vs
4DCT

Correct 29 1 30 1.00
Wrong 1 0 1
Total 30 1 31

MIBI SPECT � 4DCT vs
MIBI SPECT

Correct 28 1 29 .56
Wrong 2 0 2
Total 30 1 31

Table 7: McNemar test of paired imaging modalities
for diagnostic accuracy of embryologic origin of the abnormal
parathyroid gland in the 31 patients in our study group

Imaging Modality Correct Wrong Total P Value
4DCT vs

MIBI SPECT
Correct 22 1 23 .06
Wrong 6 2 8
Total 28 3 31

MIBI SPECT � 4DCT vs
4DCT

Correct 28 0 28 .16
Wrong 2 1 3
Total 30 1 31

MIBI SPECT � 4DCT vs
MIBI SPECT

Correct 23 0 23 .008
Wrong 7 1 8
Total 30 1 31

Table 8: McNemar test of paired imaging modalities
for diagnostic accuracy of quadrant localization of the abnormal
parathyroid gland in the 31 patients in our study group

Imaging Modality Correct Wrong Total P Value
4DCT vs

MIBI SPECT
Correct 19 2 21 .06
Wrong 8 2 10
Total 27 4 31

MIBI SPECT � 4DCT vs
4DCT

Correct 26 1 27 .32
Wrong 3 1 4
Total 29 2 31

MIBI SPECT � 4DCT vs
MIBI SPECT

Correct 20 1 21 .01
Wrong 9 1 10
Total 29 2 31

Table 9: McNemar test of paired imaging modalities for
diagnostic accuracy of surgical localization of the abnormal
parathyroid gland in the 31 patients in our study group

Imaging Modality Correct Wrong Total P Value
4DCT vs

MIBI SPECT
Correct 11 6 17 .06
Wrong 8 6 14
Total 19 12 31

MIBI SPECT � 4DCT vs
4DCT

Correct 16 3 19 0.21
Wrong 7 5 12
Total 23 8 31

MIBI SPECT � 4DCT vs
MIBI SPECT

Correct 15 2 17 .06
Wrong 8 6 14
Total 23 8 31
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MIBI SPECT � 4DCT may be better than MIBI SPECT for sur-

gical localization. The confidence of readers’ localizations was

generally higher with 4DCT and MIBI SPECT � 4DCT than it

was with MIBI SPECT. The differential in both imaging perfor-

mance and reader confidence decreased as the required level of

detail in anatomic localization increased.

A recent meta-analysis of 24 published MIBI SPECT studies

evaluating 1276 patients, in which patients with mixed diagno-

ses, secondary hyperparathyroidism, previous surgeries, and

multigland disease were excluded, showed that MIBI SPECT had

an estimated pooled sensitivity of 86%.18 In a recent retrospective

study of 65 patients with primary hyperparathyroidism, MIBI

SPECT accurately localized the offending parathyroid gland with

an average weight of 0.82 g in 80% of cases.19 Compared with

these previous studies, our study showed improved accuracy of

MIBI SPECT for left/right localization and diminished accuracy

of MIBI SPECT for quadrant localization. This could be explained

by the poor image resolution of SPECT and lack of anatomic

detail in low-dose CT for discriminating parathyroid adenomas

from the thyroid gland. The ability to make this distinction would

aid in quadrant localization of the adenoma as well as surgical

classification.

Several investigators have shown that low-dose CT added to

SPECT or MIBI SPECT can improve the diagnostic value for ac-

curate localization of parathyroid adenomas.12,20 Our study

showed a substantial improvement in parathyroid adenoma lo-

calization accuracy with MIBI SPECT � 4DCT, or “diagnostic

CT” added to SPECT, compared with MIBI SPECT alone.

FIG 3. A, The axial arterial phase of a multiphase multidetector 4D CT image shows a right tracheoesophageal parathyroid adenoma (type C; Fig
1). B, Anterior and posterior delay planar scintigraphy shows retention of the radiotracer on the right side. C, An axial SPECT image shows
retention of the radiotracer in the lower neck. D, An axial SPECT image fused to a noncontrast CT image localizes the retention of the radiotracer
to the right tracheoesophageal groove. E, An axial SPECT image fused to the axial arterial phase of a multiphase multidetector 4D CT image
localizes the retention of the radiotracer with concomitant early enhancement to the right tracheoesophageal groove. Red and white arrows
show the parathyroid adenoma.
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In a retrospective study of 143 patients with primary hyper-

parathyroidism and no previous neck surgery, 4DCT had a sensi-

tivity of 93.7% for left/right localization and 86.6% for quadrant

localization.15 Compared with that study, we report slightly im-

proved accuracy of 4DCT for left/right localization and similar

accuracy for quadrant localization. A recent meta-analysis of thir-

ty-four 4DCT studies evaluating 2563 patients showed a pooled

sensitivity of 81% for left/right localization and 73% for quadrant

localization.21 Compared with that study, we report improved

accuracy of 4DCT for left/right localization and quadrant local-

ization. This may be because our 4DCT imaging protocol used 4

phases, similar to the protocol described by Hunter et al,15

whereas the meta-analysis represented various CT protocols

across studies, ranging from 1 to 4 phases. In addition, the meta-

analysis included studies of patients with previous operations and

multigland disease, which, in our experience, are likely to be

harder to interpret.

Heiba et al22 compared neck pinhole dual-tracer and dual-

phase sestamibi with and without SPECT for localization of 153

parathyroid adenomas, and they found that pinhole dual-tracer

SPECT had significantly higher sensitivity (93%) than dual-phase

SPECT (68%), SPECT with only pinhole delay (39%), pinhole

dual-tracer CT alone (25%), and dual-phase CT alone (18%). In a

prospective study comparing dual-isotope subtraction pinhole

scintigraphy, dual-phase SPECT, 4DCT, and sonography in 91

patients with 97 parathyroid adenomas, Krakauer et al23 found

that the sensitivity of dual-isotope subtraction pinhole scintigraphy

was 93%. The sensitivity of dual-phase SPECT (65%), 4DCT (58%),

and sonography (57%) was significantly lower. In our study, we con-

firmed that dual-phase MIBI SPECT has lower localization accuracy

compared with dual-isotope subtraction scintigraphy. In our study,

4DCT and MIBI SPECT � 4DCT yielded a sensitivity similar to that

of dual-isotope subtraction scintigraphy.

The use of combined CT imaging modalities raises concerns

about radiation exposure. The mean effective dose for 22.5 mCi of

sestamibi is estimated at 7.5 mSv. The mean effective dose for

4DCT is 17.9 mSv (volume CT dose index � 20.8 mGy). Our

effective dose for sestamibi was 7.5 mSv, and our dose with 4DCT

was 17.9 mSv. These doses are similar to those in a recent article

evaluating the total effective radiation doses associated with

4DCT (20.2 � 2.8 mSv) and sestamibi (5.6 � 0.24 mSv) used for

parathyroid adenoma localization before surgery.24 The total ef-

fective dose of MIBI SPECT � 4DCT is estimated at 27.7 mSv,

which includes contributions from the low-dose noncontrast CT

for SPECT attenuation correction. Although there are no good

data on cancer incidence after low radiation exposure, conserva-

tively, the net radiation exposure increases a patient’s annual can-

cer risk by 0.019% and lifetime cancer risk by 0.52% compared

with the baseline cancer incidence.25,26 We believe that this is a

favorable risk/benefit ratio given the very small cancer risk bal-

anced against the serious health consequences of persistent hyper-

parathyroidism, especially in an older patient population.

The main strength of our study is the fully blinded, unbiased

evaluation of different imaging modalities, all of which were ac-

quired and viewed on identical platforms, thus eliminating any

concerns about image coregistration or image interpretation in

different environments. We also used a highly reliable reference

standard and defined the exact location of each lesion by cross-refer-

encing the histopathology reports and the operating notes with the

imaging studies. In addition, all imaging scans were reviewed by ex-

pert radiologists or nuclear medicine physicians with considerable

clinical experience in the interpretation of parathyroid localization

studies. We directly compared MIBI SPECT and 4DCT as well as

MIBI SPECT with diagnostic 4DCT to evaluate the incremental di-

agnostic value for parathyroid adenoma detection.

Limitations of this study include its retrospective nature and

the small sample size. We included only patients with single-gland

disease because of the limited sample size of multigland disease

and the considerable differences between single- and multigland

disease both biologically and in image interpretation. None of our

imaging tests could perfectly localize lesions in the surgical classi-

fication scheme by Perrier et al,17 but this classification is based on

features (such as the location of the recurrent laryngeal nerve)

that cannot yet be perceived by imaging and is thus of greater

utility in the intraoperative environment.

CONCLUSIONS
Our results suggest that although all imaging modalities are useful

for localizing parathyroid adenomas, MIBI SPECT � 4DCT is

superior and 4DCT is marginally better than MIBI SPECT for

determining embryologic and quadrant-level localization, partic-

ularly when detailed anatomic information is required, such as

that needed to direct minimally invasive (targeted) surgery. This

finding may strengthen the role of MIBI SPECT � 4DCT and

FIG 4. A case in which 4DCT could diagnose a parathyroid adenoma in the face of a sestamibi study with negative findings. A, The axial arterial
phase of a multiphase multidetector 4D CT image shows a small early-enhancing left paraesophageal parathyroid adenoma (arrow). B, An axial
MIBI SPECT image fused to a noncontrast CT image reveals no retention of the radiotracer in the left central compartment of a surgically proven
parathyroid adenoma, which was effectively demonstrated on 4DCT (arrow). C, An axial SPECT image fused to the axial arterial phase of a
multiphase multidetector 4D CT image shows a small early-enhancing left paraesophageal parathyroid adenoma (arrow).
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4DCT as first-line imaging techniques for preoperative localiza-

tion. The confidence observed in localization, particularly useful

to surgeons who need actionable information to plan minimally

invasive surgery, was also higher for 4DCT than for MIBI SPECT.

Combined interpretation of MIBI SPECT � 4DCT showed a still

further increase in diagnostic accuracy and confidence beyond

4DCT alone, suggesting that 4DCT and MIBI SPECT are comple-

mentary modalities, supplying nonoverlapping information that

might be useful, especially in difficult diagnostic cases.
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Parapharyngeal Space Venous Malformation: An Imaging
Mimic of Pleomorphic Adenoma
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ABSTRACT
SUMMARY: Venous malformations in the parapharyngeal space are rare and may be challenging to diagnose with imaging secondary to
multiple overlapping features with pleomorphic adenoma, which is much more commonly found in this region. While both lesions are T1
isointense and T2 hyperintense relative to skeletal muscle and demonstrate contrast enhancement, more uniform T2 hyperintensity and
progressive contrast pooling on delayed postcontrast T1WI may allow the radiologist to include venous malformation in the differential
diagnosis. This is important because it has the potential to alter management from surgical resection to observation. The primary aim of
this study was to review the imaging appearance of parapharyngeal venous malformations through a retrospective case series.

ABBREVIATIONS: PPS � parapharyngeal space; VM � venous malformation

Venous malformations (VMs) are typically considered unen-

capsulated, circumscribed, or trans-spatial lesions compris-

ing dysplastic serpentine sinusoids that may contain phleboliths.

Although “cavernous hemangioma” is a colloquial term that re-

mains in use, it has been increasingly recognized that many such

lesions are actually low-flow VMs as opposed to hemangiomas,

with the latter being a true neoplasm.1-4 In 1982, Mulliken and

Glowacki5 proposed a biologic classification scheme that catego-

rized vascular anomalies on the basis of the rate of cell turnover,

histology, natural history, and examination findings. The current

International Society for the Study of Vascular Anomalies classi-

fication system is grounded in this sentinel work, which groups

vascular anomalies into 2 categories: tumors and malformations.4

The most common vascular tumor is infantile hemangioma,

while VM is the most common vascular malformation.

Parapharyngeal space (PPS) masses are uncommon, compos-

ing only 0.5% of all head and neck tumors.6 Of these, VMs repre-

sent �1% of all PPS masses.7 Salivary gland tumors, most com-

monly pleomorphic adenomas, account for 40%–50% of all PPS

tumors, arising either primarily from minor salivary rests or sec-

ondarily encroaching on the PPS from the deep parotid lobe.7-9

Both VM and pleomorphic adenoma may appear as a well-

circumscribed, mildly lobulated enhancing mass that is isodense

to muscle on CT and markedly T2 hyperintense on MR imag-

ing.1,3,10,11 As a result, distinguishing these 2 entities when they

occur in the PPS can be challenging, and this distinction is clini-

cally important because management for salivary gland tumor

and VM may differ. To date, very few case reports have published

the imaging features of patients with primary PPS VMs, which

have been frequently described as “hemangiomas,” reflecting the

controversial ongoing use of older nomenclature.12-16 The pri-

mary aim of this study was to review the imaging appearance of

PPS VMs via a retrospective case series and to seek specific imag-

ing features that may allow differentiation from benign salivary

gland tumors such as pleomorphic adenoma.

Case Series
This retrospective study was approved by the institutional review

board at the Mayo Clinic with a waiver of informed consent. The

pathology data base was electronically queried from 2000 to 2017

using a keyword search. Patients with pathologically confirmed

PPS VMs were identified, and those with pretreatment CT and/or

MR imaging were included. Demographic and clinical data were

obtained from the electronic medical record. The imaging ap-

pearance of these lesions, including CT density, MR imaging sig-

nal characteristics, enhancement pattern, the presence or absence

of calcification, the relationship to adjacent structures, size, and

Received June 22, 2018; accepted after revision September 4.

From the Departments of Radiology (C.M.T., G.P.F., J.M.H.) and Laboratory Medi-
cine and Pathology (T.K.L.), Mayo Clinic, Phoenix, Arizona; Department of Radiol-
ogy (C.P.W.), Mayo Clinic, Rochester, Minnesota; and Department of Radiology
(S.M.W.), Mayo Clinic, Jacksonville, Florida.

Paper previously presented at: Annual Meeting of the American Society of Head
and Neck Radiology, September 16 –20, 2017; Las Vegas, Nevada.

Please address correspondence to Joseph M. Hoxworth, MD, Mayo Clinic,
Department of Radiology, 5777 E Mayo Blvd, Phoenix, AZ 85054; e-mail:
hoxworth.joseph@mayo.edu

Indicates article with supplemental on-line table.

http://dx.doi.org/10.3174/ajnr.A5859

150 Tomblinson Jan 2019 www.ajnr.org

https://orcid.org/0000-0002-8297-3628
https://orcid.org/0000-0002-8410-8996
https://orcid.org/0000-0001-7655-5510
https://orcid.org/0000-0001-5580-9622
https://orcid.org/0000-0001-9316-9814
https://orcid.org/0000-0002-7179-5846


stability (On-line Table), was characterized through a detailed

review by a board-certified neuroradiologist.

Six patients met the inclusion criteria, 5 women and 1 man

(34 –76 years of age; mean, 59 years). All lesions were identified

incidentally on imaging studies obtained for an unrelated clinical

problem, which included headache, tongue numbness (contralat-

eral to the side of the VM), multiple sclerosis, cervical spondylosis,

and staging work-up for sinonasal carcinoma. Following initial

detection, all patients were evaluated by a head and neck surgeon,

and none of the masses were palpable externally. Typically follow-

ing a bloody acellular aspirate, diagnosis was established with CT-

guided core biopsy in 4 patients and with surgical resection in 2

patients. Three of the lesions were diagnosed as PPS VMs at the

time of tissue sampling, while the remaining 3 were initially char-

acterized as cavernous hemangiomas but later confirmed to be

VMs at the time of study inclusion.

All VMs were located in the prestyloid PPS.17,18 Four were

right-sided, 2 were left-sided, and only 2 contacted the deep lobe

of the parotid gland. Maximum dimensions ranged from 1.3 to

2.2 cm, while volume (ROI Volume tool, OsiriX Imaging Soft-

ware; Version 9.0, http://www.osirix-viewer.com) ranged from

0.8 to 5.5 cm3 (mean, 2.3 � 1.7 cm3).

All MR imaging scans were of good technical quality with no

need for repeat imaging. On MR imaging, all VMs were well-

defined and, relative to skeletal muscle, appeared markedly hy-

perintense on T2WI and isointense-to-minimally hyperintense

on precontrast T1WI (Fig 1). Postgadolinium T1WI was available

for review in all 6 patients and revealed highly variable enhance-

ment patterns (Fig 2). Heterogeneously diffuse enhancement and

stippled enhancement were each seen in 2 VMs, while single le-

sions demonstrated homogeneous diffuse enhancement and focal

central enhancement, respectively. Four of 6 VMs demonstrated a

qualitatively greater volume of lesion enhancement on the more de-

layed of the 2 consecutive postgadolinium sequences (Fig 2F). All

postgadolinium T1WI used fat suppression, with the axial plane ob-

tained first and immediately followed by the coronal acquisition.

On noncontrast CT, all of the PPS VMs were isodense to skel-

etal muscle and none contained phleboliths or other calcifica-

tions. Only 1 patient had postcontrast CT images that demon-

strated enhancement of the central portion of the lesion (Fig 2D).

Sonography, available for review in 2 patients, demonstrated

well-defined masses that were minimally hyperechoic compared with

the pterygoid muscles (Fig 3). Identifiable vessels within the masses

exhibited venous waveforms. Intraoral sonography, which was pur-

sued in both patients to evaluate candidacy for transoral resection,

allowed better proximity to the PPS to improve image quality.

Most patients had no follow-up imaging in our institution

after biopsy or surgical resection. In 1 patient, the VM was stable

at 8 months following biopsy. In a second patient, the lesion was

60% smaller by volume 5 years following core biopsy.

All MR imaging and CT studies were initially interpreted by a

FIG 1. Typical MR imaging signal characteristics of a VM (white arrow)
in the right PPS of a 56-year-old woman. A, Axial fat-suppressed T2-
weighted MR imaging depicts a well-circumscribed lobulated mark-
edly hyperintense PPS mass. B, Axial T1-weighted MR imaging shows
the mass as isointense to skeletal muscle.

FIG 2. Variable enhancement patterns of PPS VMs (white arrows). A, Axial T1-weighted fat-suppressed postcontrast MR imaging in a 34-year-old
man demonstrates diffuse homogeneous enhancement. B, Axial T1-weighted fat-suppressed postcontrast MR imaging from a 66-year-old
woman illustrates a diffuse heterogeneous enhancement pattern. C, Axial T1-weighted fat-suppressed postcontrast MR imaging from a 61-year-
old woman depicts stippled enhancement. Axial contrast-enhanced CT (D), axial T1-weighted fat-suppressed postcontrast MR imaging (E), and
coronal T1-weighted fat-suppressed postcontrast MR imaging (F) from a 56-year-old woman. The axial CT and MR imaging demonstrate focal
central enhancement, while the coronal image, which was acquired after additional time had elapsed following the intravenous contrast
infusion, illustrates progressively more diffuse contrast enhancement.

AJNR Am J Neuroradiol 40:150 –53 Jan 2019 www.ajnr.org 151

http://www.osirix-viewer.com


board-certified neuroradiologist. On the basis of review of the

radiology reports, salivary gland tumor or, more specifically,

pleomorphic adenoma was the most commonly suggested diag-

nosis before tissue sampling in 5 of 6 patients. One lesion was

thought to represent a metastatic lymph node in an aggressive

sinonasal carcinoma. The possibility of a VM was not suggested in

the radiology report differential diagnosis before tissue diagnosis

in any of our patients.

DISCUSSION
Evaluation of head and neck vascular anomalies is heavily depen-

dent on MR imaging, which has excellent spatial resolution and

soft-tissue contrast, allowing both lesion characterization and

assessment of extent for pretreatment planning.1-3,19,20 This de-

pendence on MR Imaging is particularly true for PPS VMs, which

may not be detectable by palpation or skin discoloration. Because

of the rich slow-flowing venous blood supply, VMs are T2 hyper-

intense and T1 intermediate on MR imaging, and signal voids

may be present in the case of phleboliths. VM enhancement is

often patchy and delayed, demonstrating sequential filling of the

lesion with slow washout. At our institution, postgadolinium

T1WI sequences are first obtained in the axial plane approxi-

mately 90 seconds postinjection and take approximately 5 min-

utes to acquire. The subsequent coronal postgadolinium T1WI

acquisition begins approximately 6 –7 minutes postinjection. In 4

of 6 patients, the PPS VM demonstrated increased enhancement

on the delayed coronal postgadolinium images, best characterized

as contrast filling-in the mass to a greater degree.

Unenhanced CT may be used as an adjunctive tool to assess

phleboliths in VM. In our series, none of the VMs contained phle-

boliths, but they have indeed been reported in PPS VMs.12 As a

result, there is a high likelihood that the absence of phleboliths in

the current series represents a sampling bias, given the small size

of our cohort. While phleboliths are considered pathognomonic

for VMs, 1 study of head and neck VMs reported phleboliths in

only 28.6%, though a rigorous, uniform imaging approach was

not used for phlebolith identification.21

Although sonography is useful for the assessment of soft-tissue

vascular anomalies,22 lesions deep in the PPS may be difficult to ad-

equately visualize. Intraoral endosonography (Fig 3D) may be per-

formed using an endocavitary probe if the lesion is located medially

in the PPS. This can be a useful adjunct for planning transoral sur-

gery, which is an increasingly viable approach for PPS lesions.23 At

sonography, VMs appear as lobulated hypoechoic masses with small

internal venous channels.3 On spectral Doppler imaging, waveforms

are venous, and a curvilinear hyperechoic focus with posterior shad-

owing may be identified if phleboliths are present.

Although vascular malformations are more likely to be trans-

spatial and less well-defined than hemangiomas,22 all of the PPS VMs

in our series appeared as lobulated, well-circumscribed soft-tissue

masses, which is concordant with other reports.12-16 This imaging

appearance can lead to diagnostic uncertainty, with PPS VMs being

mistaken for the much more common pleomorphic adenoma be-

cause both can occur with or without a connection to the deep lobe of

the parotid gland. Several imaging features may assist in differentiat-

ing PPS VM from pleomorphic adenoma. First, although PPS pleo-

morphic adenomas may calcify with greater frequency than those

within the parotid gland (50% versus 15%), the calcification is more

likely to be coarse or punctate,11 which differs from the typical lam-

inated appearance of a phlebolith.21 Second, PPS VMs are more

FIG 3. Clinicopathologic correlation for a right PPS VM in a 61-year-old woman. A, Intraoral photograph demonstrates subtle right pharyngeal
fullness with mild leftward deviation of the uvula. B, Coronal fat-suppressed T2-weighted MR imaging demonstrates a homogeneously hyper-
intense right PPS mass. C, Axial T1-weighted MR imaging depicts a round, well-circumscribed mass that is minimally hyperintense relative to
skeletal muscle with effacement of the right parapharyngeal fat. D, Intraoral sonography illustrates the close relationship to the medial
pterygoid muscle and the internal carotid artery. The VM is slightly hyperechoic compared with skeletal muscle. E, Gross pathologic specimen
demonstrates the lobulated shape of this VM, correlating with the sonographic findings. F, Hematoxylin-eosin-stained photomicrograph
illustrates nonanastomosing dilated endothelial-lined spaces, and the endothelial cells lack atypia. These findings are consistent with VM. VM
(arrow), medial pterygoid muscle (asterisk), internal carotid artery (arrowhead).
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commonly homogeneously T2 hyperintense compared with mus-

cle, while pleomorphic adenomas in the PPS may exhibit T2

isointensity or hypointensity within their solid components sec-

ondary to hypercellularity with less myxoid stroma.11,24 Last,

two-thirds of PPS VMs in our series demonstrated progressive

contrast pooling on routine delayed postcontrast MR imaging (ie,

without performing dedicated dynamic contrast-enhanced imag-

ing). Although pleomorphic adenomas can slowly accumulate

and retain intravenous contrast,24,25 the pattern of initial central

or stippled enhancement with delayed filling-in seen with some

VMs is less characteristic of pleomorphic adenomas.

In a systematic review of 1293 cases of PPS masses by Kuet et

al,7 the most common clinical presentations were cervical mass

and intraoral swelling. In contrast to our series, none of the pub-

lished reports that they reviewed were based on incidental find-

ings from imaging. Patients are more likely to present with a de-

tectable PPS mass when the lesion measures �2.5–3.0 cm,26,27 so

the small size of the VMs in our series is concordant with inciden-

tal detection. Certainly, large PPS VMs can become palpable and

symptomatic.12 Symptoms that should raise concern for malig-

nancy include referred otalgia, facial pain, trismus, and cranial

nerve involvement.7,27 None of the patients in our series demon-

strated any of these worrisome symptoms.

The primary limitations of the current case series are its small size

and retrospective methodology, though the imaging features of these

uncommon PPS VMs were relatively consistent throughout the co-

hort. Comparison of the current results with the few previously pub-

lished reports of PPS VM imaging features is also limited because we

must presume that previous reports describing PPS “hemangiomas”

in adult patients were indeed referring to VMs.

CONCLUSIONS
Because of their rarity, PPS VMs are difficult to diagnose prospec-

tively on MR imaging and CT and, when small, may be encoun-

tered incidentally on imaging studies obtained for other reasons.

This lesion can present a diagnostic dilemma related to overlap-

ping location and imaging characteristics of the much more com-

mon PPS pleomorphic adenoma. With heightened awareness of

VMs occurring in the PPS and their typical imaging features, the

radiologist may appropriately include VM in the differential di-

agnosis of a PPS mass.
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MR Imaging–Based Radiomic Signatures of Distinct Molecular
Subgroups of Medulloblastoma

X M. Iv, X M. Zhou, X K. Shpanskaya, X S. Perreault, X Z. Wang, X E. Tranvinh, X B. Lanzman, X S. Vajapeyam, X N.A. Vitanza,
X P.G. Fisher, X Y.J. Cho, X S. Laughlin, X V. Ramaswamy, X M.D. Taylor, X S.H. Cheshier, X G.A. Grant, X T. Young Poussaint,

X O. Gevaert, and X K.W. Yeom

ABSTRACT

BACKGROUND AND PURPOSE: Distinct molecular subgroups of pediatric medulloblastoma confer important differences in prognosis
and therapy. Currently, tissue sampling is the only method to obtain information for classification. Our goal was to develop and validate
radiomic and machine learning approaches for predicting molecular subgroups of pediatric medulloblastoma.

MATERIALS AND METHODS: In this multi-institutional retrospective study, we evaluated MR imaging datasets of 109 pediatric patients
with medulloblastoma from 3 children’s hospitals from January 2001 to January 2014. A computational framework was developed to extract
MR imaging– based radiomic features from tumor segmentations, and we tested 2 predictive models: a double 10-fold cross-validation
using a combined dataset consisting of all 3 patient cohorts and a 3-dataset cross-validation, in which training was performed on 2 cohorts
and testing was performed on the third independent cohort. We used the Wilcoxon rank sum test for feature selection with assessment
of area under the receiver operating characteristic curve to evaluate model performance.

RESULTS: Of 590 MR imaging– derived radiomic features, including intensity-based histograms, tumor edge-sharpness, Gabor features,
and local area integral invariant features, extracted from imaging-derived tumor segmentations, tumor edge-sharpness was most useful for
predicting sonic hedgehog and group 4 tumors. Receiver operating characteristic analysis revealed superior performance of the double
10-fold cross-validation model for predicting sonic hedgehog, group 3, and group 4 tumors when using combined T1- and T2-weighted
images (area under the curve � 0.79, 0.70, and 0.83, respectively). With the independent 3-dataset cross-validation strategy, select
radiomic features were predictive of sonic hedgehog (area under the curve � 0.70 – 0.73) and group 4 (area under the curve � 0.76 – 0.80)
medulloblastoma.

CONCLUSIONS: This study provides proof-of-concept results for the application of radiomic and machine learning approaches to a
multi-institutional dataset for the prediction of medulloblastoma subgroups.

ABBREVIATIONS: AUC � area under the curve; LAII � local area integral invariant; MB � medulloblastoma; ROC � receiver operating characteristic; SHH � sonic
hedgehog; SVM � support vector machines; WNT � wingless type

Medulloblastoma (MB) is the most common malignant brain

tumor in children and a leading cause of cancer-related mor-

bidity and mortality in this population.1 Although once considered a

single tumor type, recent molecular advances have identified at least

4 biologically distinct subgroups of MB (sonic hedgehog [SHH],
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wingless-type [WNT], group 3, and group 4) with specific subgroups

conferring important prognostic and therapeutic differences.2-4 For

example, patients with WNT-pathway-activated tumors have favor-

able outcomes with a nearly 90% 5-year survival rate, while patients

with group 3 tumors have �50% overall survival.5 These divergent

prognostic outcomes have propelled the recognition of these 4 sub-

groups, reflected in the recent revision of the World Health Organi-

zation classification of MB.6 These molecular subgroups now drive

risk-stratification, clinical outcome modeling, and novel therapeutic

development.7,8

Subtyping of tumors is frequently performed on tissues ob-

tained from surgical resection but can also be performed from

tissues obtained from a single biopsy. Even single biopsies of MB

can yield accurate information for subtyping because of the pres-

ence of spatially homogeneous transcriptomes in MBs, in contrast

to other tumor types such as high-grade gliomas.9 However, sur-

gical sampling is invasive and confers added risk to patients. In

addition, despite the increasing clinical utility of MB subtyping,

the translation of these genomic insights into clinical practice has

been limited by extensive cost and a lack of access to sophisticated

methods for accurate and expedient subgroup/subtype analyses.3

Radiomics is an emerging discipline that can link imaging fea-

tures to tumor genotype and serves as a promising approach to

identify surrogate biomarkers that can accurately reflect tumor

genomics.10 Radiomic strategies have been extensively investi-

gated in multiple cancer types, including non-small cell lung

cancer,11 glioblastoma,12-16 hepatocellular carcinoma,17 prostate

cancer,18 and breast cancer.19 However, few studies have applied

radiomics to MB; in those that have, the focus has been on the

qualitative characterization of these tumors on MR imaging.20-26

Specifically, these studies have shown that tumor location and

enhancement patterns differ across MB subgroups.20-24,26 For ex-

ample, group 3 and group 4 MBs often arise in the midline, SHH

tumors occur most frequently in the cerebellar hemispheres, and

WNT tumors occur in both the midline and the cerebellar peduncle/

cerebellopontine angle cistern locations.20,22-24 Moreover, absence

of enhancement is predictive of group 4 tumors,23 while extensive

enhancement in non-WNT/SHH tumors is predictive of poorer

overall and event-free survival.21 While qualitative image features of

MB subgroups can provide useful clinical insight, they are subject to

interobserver variability and do not cap-

ture all the multidimensional data that are

acquired by MR imaging.

To date, the use of a quantitative imag-

ing approach for the predictive analysis of

MB subgroups has not yet been well-de-

veloped. In this multi-institutional study,

we aimed to develop and validate ra-

diomic and machine-learning methods to

identify computational MR image signa-

tures that are predictive of distinct molec-

ular subgroups of MB. The discovery and

establishment of noninvasive and surro-

gate imaging markers of MB subgroups

can provide clinicians with a window into

the genomics of these tumors, which can

ultimately be helpful for clinical prognos-

tication and informing management.

MATERIALS AND METHODS
Patients
This multicenter retrospective study was approved by the institu-

tional review board or research ethics board from each of the 3

participating academic institutions: Lucile Packard Children’s

Hospital (Stanford University, Palo Alto, California), Boston Chil-

dren’s Hospital (Boston, Massachusetts), and the Hospital for Sick

Children (Toronto, Ontario, Canada). Because this was a retrospec-

tive study, informed consent was waived. Interinstitutional data

agreement was obtained for data-sharing. All patients with de novo

and histologically confirmed MBs were identified from the medical

record data base of each institution from January 2001 to January

2014. These patients were further screened using the following inclu-

sion criteria: availability of high-quality preoperative MR imaging as

determined by experienced pediatric neuroradiologists, neurosur-

geons, and neuro-oncologists and the availability of molecular sub-

group information or the availability of tumor tissue for molecular

subtyping. A total of 109 patients were included across the 3 institu-

tions (Lucile Packard Children’s Hospital, n � 32; Boston Children’s

Hospital, n � 28; the Hospital for Sick Children, n � 49), comprising

64 males and 45 females; mean age, 8.56 � 5.75 years; range, 1–18

years (Table 1). Clinicopathologic information including age, sex,

histology diagnosis, and molecular subgroups, if available, was ob-

tained from the medical record.

Molecular Analysis
Four distinct MB molecular subgroups (WNT, SHH, group 3, and

group 4) were identified on the basis of gene-expression profiling

using a nanoString-based assay (http://www.nanostring.com) as

previously described.27 For most patients, molecular analysis was

performed with formalin-fixed paraffin-embedded tissue that

was obtained at the time of surgical diagnosis. A small number of

patients had molecular subtyping based on frozen tissue.

MR Imaging Acquisition, Image Data Retrieval, and Image
Segmentation
All patients from Lucile Packard Children’s Hospital/Stanford

University underwent brain MR imaging at 1.5T or 3T (Signa or

Table 1: Patient demographics

Characteristic

Institutional Cohort

Stanford Boston Toronto
No. of patients 32 28 49
Age (mean) (yr) 10.14 � 8.49 8.54 � 4.52 7.53 � 3.69
Male sex (No.) (%) 23 (72) 9 (32) 32 (65)
Molecular subgroup (No.)

SHH 11 9 10
WNT 4 5 10
Group 3 7 5 12
Group 4 10 9 17

MRI availability (No.)
3T 5 0 1
1.5T 27 28 48
T1-weighted 32 26 48
2D T1-weighted 28 25 7
3D T1-weighted 4 1 41
T2-weighted 30 27 29
T1- and T2-weighted 30 25 27
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Discovery 750; GE Healthcare, Milwaukee, Wisconsin). MRIs

were performed using the brain tumor protocol of the institution,

which included 2D axial T2-weighted spin-echo (TR/TE, 2500 –

5600/80 –110 ms; 4- to 5-mm slice thickness; 0- to 1.5-mm skip),

2D axial or sagittal precontrast T1-weighted spin-echo, and 2D

axial gadolinium-enhanced T1-weighted spin-echo (TR/TE,

400 –1000/8 –21 ms; 2- to 5-mm slice thickness; 0- to 1.5-mm

skip) sequences. Four patients had 3D T1-weighted spoiled gra-

dient recalled-echo (TR/TE, 8/3 ms; 1-mm slice thickness; 0-mm

skip) instead of 2D T1-weighted spin-echo imaging. Patients

from Boston Children’s Hospital all underwent 1.5T brain MR

imaging (Signa; GE Healthcare). Sequences acquired included 2D

axial T2-weighted spin-echo (TR/TE, 3000 –5000/80 –100 ms; 4-

to 5-mm slice thickness; 0- to 1.5-mm skip), 2D axial precontrast

T1-weighted spin-echo, and 2D axial gadolinium-enhanced T1-

weighted spin-echo (TR/TE, 500 –700/8 –22 ms; 4- to 6-mm slice

thickness; 0- to 1.5-mm skip). One patient had 3D T1-weighted

spoiled gradient recalled-echo (TR/TE, 8/2 ms; 1.5-mm slice

thickness; 0-mm skip) instead of 2D T1-weighted spin-echo im-

aging. Patients from the Hospital for Sick Children underwent

brain MR imaging at 1.5T or 3T across various scanner vendors

(Signa, GE Healthcare; Achieva, Philips Healthcare Best, the

Netherlands; Avanto, Siemens, Erlangen, Germany). Sequences

acquired included 2D axial T2-weighted fast spin-echo (TR/TE,

3000 – 6800/80 –120 ms; 3- to 6-mm slice thickness; 0.5- to

2.5-mm skip) and, in contrast to the other 2 cohorts, 3D axial

precontrast and 3D axial gadolinium-enhanced T1-weighted

turbo or fast-field echo (TR/TE, 5–11/2–5 ms; 1- to 2-mm slice

thickness; 0-mm skip) sequences were acquired in most patients.

Seven patients had 2D T1-weighted fast spin-echo (TR/TE, 8/2

ms; 1.5-mm slice thickness; 0-mm skip) instead of 3D T1-

weighted turbo or fast-field echo imaging. All MR imaging data

were extracted from the PACS at each respective institution and

were subsequently de-identified for compliance with the Health

Insurance Portability and Accountability Act before any analyses

occurred.

An experienced team of radiologists supervised by a board-

certified neuroradiologist with �10 years of experience in pediat-

ric neuro-oncology imaging (T.Y.P.) manually drew ROIs around

the tumor margin via a quantitative imaging informatics plat-

form, electronic Physician Annotation Device (ePAD, https://

epad.stanford.edu). Radiologists annotated on each contiguous

image slice where the tumor was present on T2-weighted and

contrast-enhanced T1-weighted images. The presence of tumor

enhancement was confirmed by comparing precontrast with

postcontrast T1-weighted images. Areas of intrinsic T1-hyperin-

tensity (T1 signal that was present on precontrast images and

likely representative of blood) were excluded from the final tumor

ROIs. Final and proper placement of ROIs was confirmed by an-

other board-certified neuroradiologist with �10 years of experi-

ence in pediatric neuro-oncology imaging (K.W.Y.).

Radiomic Feature-Extraction Methodology
We developed a computational framework to capture a variety of

phenotypic characteristics of tumor. A total of 590 MR imaging–

based radiomic features were extracted from the ROIs on T2-

weighted and contrast-enhanced T1-weighted MR images, re-

spectively. The primary types of radiomic features included

intensity-based histograms, tumor edge-sharpness, Gabor fea-

tures, and local area integral invariant (LAII) (all features used are

described in On-line Tables 1 and 2). The Daube on Histogram

features were based on Daubechies wavelet decomposition. The

Quantitative Image-Feature Engine28 offers additional detailed

definitions of the extracted radiomic features (On-line Table 1).

The z score normalization was used on each feature to standardize

the range of all image features.

Statistical Analysis
Statistical analysis was conducted with Python software (2.7.14,

https://www.python.org/). A nonparametric Wilcoxon rank sum

test was used for feature selection, and a support vector machine

(SVM) classifier was used for prediction. Statistical significance

levels were all 2-sided, with statistical significance set at P � .05.

Receiver operating characteristic (ROC) curve analysis was used

to perform prediction evaluation of each molecular subgroup

of MB.

Feature Selection, Radiomics, and Machine Learning
Approach
The feature-selection method was applied to select the most dis-

criminative features within a 10-fold cross-validation evaluation

strategy (see “Model Evaluation”). Specifically, we used the Wil-

coxon rank sum test29 on individual features and sorted them by

the acquired P values. After cross-validation analysis, the top k

(k � 5, 10, 15, 20, 30, 40, 50, 100, 200, and 300) features with

smallest k P values were selected in the training set. We then as-

sessed the predictive power of selected radiomic features on the

validation set.

We applied the SVM classifier using a double 10-fold cross-

validation strategy for testing the performance of the model in

predicting the 4 main MB molecular subgroups. SVM tackles

high-dimensional data classification by weighting features and

the use of a Gaussian radial basis function kernel. During the

training process, to avoid potential overfitting, we determined

the optimal parameters of the SVM classifier and the optimal

number of image features using an internal 10-fold cross-val-

idation and tested them by a range of selected features (top 5,

10, 15, 20, 30, 40, 50, 100, 200, and 300 features). Next, the

trained model with the best area under the receiver operating

characteristic curve (AUC) value was used for testing unseen

samples in an outer 10-fold cross-validation strategy to deter-

mine the test set performance.

Model Evaluation
Two validation schemes were incorporated to evaluate the predic-

tive performance of extracted radiomic features. To determine the

generalization accuracy of the predictive models, we first per-

formed a double 10-fold cross-validation on a single dataset con-

taining all 3 patient cohorts (Fig 1). To validate the model across

different institutions, we next tested an evaluation strategy in

which we trained the model using the combined dataset from 2

institutions; then, we tested the model on data from the third

independent institution. This process was repeated 3 times with

each institutional cohort serving once as the test set (Fig 1), allow-
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ing us to evaluate truly predictive radiomic features across clinical

sites with different vendors and imaging parameters. The overall

model performance was assessed using the average of the 3 itera-

tions and by determination of the AUC.

RESULTS
Model Evaluation
Table 2 summarizes the mean AUCs for prediction of the MB

subgroups using the double 10-fold cross-validation and 3-data-

set cross-validation strategies on solely T1-weighted, solely T2-

weighted, and combined T1- and T2-weighted image datasets.

The double 10-fold cross-validation strategy, which combines

all institutional cohorts into 1 dataset, showed that SVMs resulted

in the best performance for predicting molecular subgroups. ROC

analysis revealed superior performance of this model for predict-

ing the SHH, group 3, and group 4 tumors, particularly when

using extracted quantitative data from both T1- and T2-weighted

images (AUC � 0.79, 0.70, and 0.83, respectively) (Fig 2). In con-

trast, the model was not strongly predictive of WNT tumors, de-

spite using all the different image types (AUC � 0.45– 0.63).

Fig 3 shows ROC curves of the best models for each MB sub-

group obtained with our second validation scheme (independent

3-dataset cross-validation) (See On-line Fig 1 for all ROC curves).

While not strongly predictive of group 3 tumors, the computa-

FIG 1. Illustration of 2 strategies used to evaluate the supervised machine learning models to predict the molecular subgroups of medulloblas-
toma. The upper and lower figures show details of double 10-fold cross-validation and 3-dataset cross-validation schemes, respectively.
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tional features extracted from T1-weighted images and the com-

bined dataset from T1- and T2-weighted images were predictive

of SHH (AUC � 0.73 and 0.70, respectively) and group 4 (AUC �

0.76 and 0.80, respectively) tumors (Table 2). In addition, while

the mean AUC for predicting WNT tumors using T2-weighted

images was good (0.72), there were institutional differences in

performance (Stanford, AUC � 0.90; Boston, AUC � 0.49; To-

ronto, AUC � 0.76), suggesting that more training samples of the

WNT group are needed to yield stable prediction outcomes.

Identification of Discriminative Radiomic Features
To identify discriminative radiomic features for predicting the 4

main molecular subgroups of MB (Fig 4) within our study popu-

lation, we analyzed the results of selected features for all tested

models. On-line Table 3 shows the best number of features for

each institutional cohort and the number of overlapping features

that was selected in all 3 cross-validation loops (see On-line Table

4 for a complete list of feature categories and the number of over-

lapped features in each category). We observed that the prediction

of SHH is the most robust across all institutions because the op-

timal feature number for 3 cross-validation loops is the same (40

features), which represented a small subset of all 590 features

(6.8%). Of all the features evaluated, there were 4 leading catego-

ries: lesion area, edge-sharpness, LAII, and histogram features

(On-line Fig 2), with edge-sharpness features being the most im-

portant for predicting SHH and group 4.

DISCUSSION
In this study, we developed and validated radiomic and machine

learning approaches to identify individual categories of MR im-

aging– based radiomic features that predict distinct biologic sub-

groups of MB. Our first method using the double 10-fold cross-

validation scheme allowed the prediction of SHH and group 4

tumors using combined information extracted from T1- and T2-

weighted sequences, which are frequently acquired as part of the

brain tumor MR imaging protocol of any institution. The second

method using an independent 3-dataset cross-validation scheme

showed the potential for applying our computational pipeline to

datasets from outside institutions. In keeping with the results of

our first method, this approach yielded a good predictive perfor-

mance of SHH and group 4 tumors using combined T1 and T2

datasets. However, both models performed comparatively less ro-

bustly in predicting WNT and group 3 tumors, perhaps related to

the lower amount of available imaging data for these specific sub-

groups and more molecular heterogeneity across group 3 tumors.

Several brain tumors are known to have spatial molecu-

lar1,9,30,31 and imaging13,22,23,25,26 heterogeneity. With regard to

MB, the identification of 4 molecular subgroups in the past de-

cade has deepened our understanding of the underlying biology

of this tumor and the correlation of a specific tumor genotype

with different clinical outcomes.2,3,5 A recent study analyzing

multiple biopsies within MB showed that a single biopsy can ac-

curately and reliably subtype MB due to its spatially homogeneous

transcriptomes, in contrast to the markedly heterogeneous

genomic landscape of glioblastomas; however, actionable somatic

mutations found in a single biopsy of MB were infrequently clonal

across the entire tumor, which underscores the true molecular

heterogeneity of this tumor.9 In fact, Cavalli et al32 have further

identified 12 distinct subtypes within each of the 4 core MB sub-

groups, each with differing clinical presentations, prognosis, and

copy-number mutations. Thus, the complex molecular heteroge-

neity of MB subgroups and the paucity of imaging data available

for individual subgroups in this study may help to explain the

performance of our models for predicting WNT and group 3 tu-

mors. Additionally, prior studies have shown tumor location to be

a unique factor, particularly for predicting WNT tumors,22-24 and

radiomic analysis of isolated tumor volume may be another ex-

planation for our model performance. Thus, the incorporation of

qualitative semantic features such as tumor location into our

model may improve its performance, particularly for the predic-

tion of WNT medulloblastomas, which is important clinically be-

FIG 2. Receiver operating characteristic curves with a double 10-fold cross-validation scheme for support vector machine to predict the 4 main
molecular subgroups of medulloblastoma with the use of computational MR imaging features.

Table 2: Predictive performance of 2 machine learning models for
the identification of medulloblastoma molecular subgroups

MRI
Dataset/Targeted

Subgroup

AUC with Double
10-Fold

Cross-Validation

AUC with
3-Dataset

Cross-Validation
T1

SHH 0.67 0.73
WNT 0.56 0.47
Group 3 0.40 0.54
Group 4 0.79 0.76

T2
SHH 0.70 0.66
WNT 0.63 0.72
Group 3 0.51 0.57
Group 4 0.54 0.59

T1 � T2
SHH 0.79 0.70
WNT 0.45 0.45
Group 3 0.70 0.39
Group 4 0.83 0.80
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FIG 4. MR imaging appearance of the 4 core molecular subgroups of medulloblastoma on T2-weighted and contrast-enhanced T1-weighted
images.

FIG 3. Receiver operating characteristic curves with the largest mean AUC values for 4 distinct molecular subgroups of medulloblastoma with
a 3-dataset cross-validation scheme.
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cause this subgroup is associated with the best prognosis and may

not need the aggressive therapies used to treat other subgroups.4

Because MR imaging has the capacity to capture the structure

and physiology of an entire tumor, it can be an invaluable tool for

noninvasively evaluating tumoral genetic heterogeneity.33 The

spatial variations in genetic and molecular expression of MBs can

manifest as different imaging phenotypes on MR imaging, with

varying degrees of intratumoral enhancement, hemorrhage, and

signal intensity on T1- and T2-weighted images.16,21-23,25,26 Ra-

diomic studies, most of which have focused on adult glioblas-

tomas, have shown success in linking quantitative imaging fea-

tures with key mutations as well as clinical outcomes.12-14,34-36

For example, 1 study proposed that a distinct glioblastoma sub-

type, specifically, a rim-enhancing cluster found to upregulate the

vascular endothelial growth factor receptor signaling pathway, is

more likely to respond to upfront antiangiogenic therapy.12 Many

genetic factors (eg, MYC, MYCN, OTX2, CDK6, SNCAIP, and

ACVR1) contribute to the 4 main MB subgroups and associated

prognostic differences; even within the SHH and group 3 sub-

groups, more granular sub-subgroups have emerged with signif-

icant differences in the rate of metastases and 5-year survival.32,37

Given molecular complexities that pose challenges in MB subclas-

sification, there is an important future role for a high-perfor-

mance, image-based biomarker that either predicts such unique

molecular groups or subgroups of MB or provides a more robust

tumor risk-stratification scheme for treatment decision-making

independent of molecular grouping or subgrouping.

Furthermore, a rapid, low-risk, and inexpensive platform for

classifying MB that is feasible with radiomic and machine learning

algorithms can potentially enable more widespread tumor sub-

typing in clinical institutions that may have limited histopatho-

logic and genomic resources. While immunohistochemistry

markers (GAB1, �-catenin, filamin A, and YAP1) are currently

used in some institutions to identify SHH and WNT tumors,

identifying specific group 3 or group 4 tumors remains expensive

and difficult without the application of gene expression or meth-

ylation profiling.38,39 In this study, we show a relatively high per-

formance for predicting group 4 MB that is feasible with a com-

putational analysis scheme.

This study has limitations. Because this was a retrospective and

multi-institutional study, there was heterogeneity in MR image

data, including the use of different scanner vendors and imaging

parameters. However, in clinical practice, different scanner ven-

dors at different field strengths and different imaging protocols

are used daily for tumor diagnosis and surveillance; thus, a pre-

dictive model that incorporates such technical variations results

in a more practical clinical translation of radiogenomic strategies.

A recent study showed that radiomic features varied considerably

on T1-weighted images generated by different pulse sequences

and parameters.40 In this study, we chose to retain differences in

imaging protocols from 3 different cohorts to assess the robust-

ness of radiomic features extracted from multi-institutional data.

To facilitate evaluation of classifiers, after feature extraction, we

performed feature-level normalization (z score) across patients to

help with the predictive performance of the machine learning

classifier. Future studies may need to look into other strategies to

overcome the heterogeneity of data, including normalizing the

degree of T1-weighting (eg, normalizing images to the signal in-

tensity of the tumor) and weighting the importance of specific

features or image sequences (eg, T1 versus T2) as input in a pre-

dictive radiogenomic model.40 In addition, while this study used

T1 contrast-enhanced and T2-weighted images for feature dis-

crimination and model development, incorporating additional

image sequences, such as diffusion, permeability, or T2* perfu-

sion, could further boost model performance. Despite these chal-

lenges, our study showed that radiomic strategies can be used to

extract discriminating computational features and create a ma-

chine learning– based prediction model for pediatric MB

subgroups.

CONCLUSIONS
We present proof-of-concept results for the application of ra-

diomics and machine learning using multi-institutional data for

the prediction of distinct MB molecular subgroups. High-

throughput quantitative features were extracted from contrast-

enhanced T1- and T2-weighted images and linked to 4 core sub-

groups of MB. Model performance for the prediction of SHH and

group 4 was more robust than for WNT and group 3. Future

investigations using a larger sample size for all subgroups, partic-

ularly WNT (because we had the least amount of WNT cases in

this study), is needed to improve classifier training and evaluation

during cross-validation. The use of other imaging sequences such

as diffusion-weighted, permeability, and T2* perfusion imaging

may also yield additional radiomic features and help to improve

performance. Computational analyses of MR imaging offer a

wealth of opportunities to noninvasively characterize tumors,

which can have an important role in the clinical and treatment

decision-making processes for pediatric MB.
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ORIGINAL RESEARCH
PEDIATRICS

Early Diagnosis of Spastic Cerebral Palsy in Infants with
Periventricular White Matter Injury Using Diffusion

Tensor Imaging
X H. Jiang, X X. Li, X C. Jin, X M. Wang, X C. Liu, X K.C. Chan, and X J. Yang

ABSTRACT

BACKGROUND AND PURPOSE: Periventricular white matter injury is the common cause of spastic cerebral palsy. However, the early
diagnosis of spastic cerebral palsy still remains a challenge. Our aim was to investigate whether infants with periventricular white matter
injury with bilateral spastic cerebral palsy have unique lesions different from those in infants without cerebral palsy and to evaluate the
efficiency of DTI in the early diagnosis of spastic cerebral palsy.

MATERIALS AND METHODS: Infants with periventricular white matter injury and controls underwent MR imaging at 6 –18 months of age.
Fractional anisotropy was calculated from DTI. Cerebral palsy was diagnosed by 24 –30 months of age. Subjects were divided into 3 groups:
infants with periventricular white matter injury with bilateral spastic cerebral palsy, infants with periventricular white matter injury without
cerebral palsy, and controls. Tract-Based Spatial Statistics and Automated Fiber Quantification were used to investigate intergroup
differences. Receiver operating characteristic curves were used to assess the diagnostic accuracy of spastic cerebral palsy. Correlations
between motor function scores and fractional anisotropy were evaluated along white matter tracts.

RESULTS: There were 20, 19, and 33 subjects in periventricular white matter injury with spastic cerebral palsy, periventricular white matter injury
without cerebral palsy, and control groups, respectively. Decreased fractional anisotropy in the corticospinal tract was only observed in infants
with periventricular white matter injury with spastic cerebral palsy, whereas decreased fractional anisotropy in the posterior thalamic radiation
and genu and splenium of the corpus callosum was seen in both periventricular white matter injury subgroups. Fractional anisotropy in the
corticospinal tract at the internal capsule level was effective in differentiating infants with periventricular white matter injury with spastic cerebral
palsy from those without cerebral palsy by a threshold of 0.53, and it had strong correlations with motor function scores.

CONCLUSIONS: Corticospinal tract lesions play a crucial role in motor impairment related to spastic cerebral palsy in infants with
periventricular white matter injury. Fractional anisotropy in the corticospinal tract at the internal capsule level could aid in the early
diagnosis of spastic cerebral palsy with high diagnostic accuracy.

ABBREVIATIONS: CP � cerebral palsy; CST � corticospinal tract; CST-CP � CST at the cerebral peduncle level; CST-CR � CST at the corona radiata level; CST-IC �
CST at the internal capsule level; FA � fractional anisotropy; GCC � genu of the corpus callosum; GMFCS � Gross Motor Function Classification System; PTR �
posterior thalamic radiation; PWMI � periventricular white matter injury; SCC � splenium of the corpus callosum; SCP � spastic cerebral palsy

Periventricular white matter injury (PWMI) is a major form of

white matter injury in both preterm and term infants and is the

common cause of spastic cerebral palsy (SCP).1-3 MR imaging is

effective in identifying PWMI and demonstrates periventricular

white matter signal abnormality and/or volume loss, enlargement of

the lateral ventricles, and thinning of the corpus callosum.3 On the

basis of signs on MR imaging, PWMI can be classified into mild,
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moderate, and severe grades.4 Severe PWMI develops frequently into

cerebral palsy (CP).4,5 However, the early diagnosis of SCP in infants

with mild and moderate PWMI still remains a major challenge.

MR imaging and neurologic examinations are predictive tools

for detecting the risk of CP.6-8 Compared with neurologic exam-

inations, MR imaging is preferred for revealing the anatomic po-

sition and severity of brain lesions.6 However, conventional MR

imaging has limitations in delineating white matter tracts pre-

cisely and has failed to differentiate individual tracts specifically.9

DTI is effective in overcoming the above limitations and improv-

ing the diagnostic accuracy.6 Patients with SCP typically present

with motor deficits. DTI studies have revealed that the damage in

the corticospinal tract (CST) is related to motor impairment.10-12

Meanwhile, the sensory pathways or commissural tract lesions or

both are also involved in the motor deficits in children with

SCP.13-15 However, the prerequisite white matter lesions ac-

countable for SCP remain unclear.16 The exploration of the dif-

ferences in white matter alterations between infants with PWMI

with and without CP may provide clues for the identification of

the responsible white matter tracts related to motor impairment.

In this study, the analyses of DTI data with Tract-Based Spatial

Statistics (TBSS; http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/TBSS) and

Automated Fiber Quantification (AFQ; https://pypi.org/project/

AFQ-Browser/) were used to compare the differences among

groups of infants with PWMI with bilateral SCP, infants with

PWMI without CP, and controls. The aim was to investigate

whether infants with PWMI with bilateral SCP have unique le-

sions different from lesions in those without CP and to evaluate

the early diagnostic efficiency of DTI for differentiating infants

with SCP from those with PWMI without CP.

MATERIALS AND METHODS
This was a retrospective cohort study approved by the institu-

tional review board of the First Affiliated Hospital of Xi’an Jiao-

tong University.

Participants
Parents of the infants were informed of the potential risks of MR

imaging. Written consent was obtained before the brain MR im-

aging examination.

Brain MR imaging was performed in infants 6 –18 months of

age, from July 2011 to January 2014. The reasons for MR imaging

examination included suspected developmental delay, seizures,

or other risks of cerebral disorders. The MR imaging scanner and

sequences did not change throughout the study period. Next,

these infants underwent follow-up neurologic examinations be-

tween 24 and 30 months of age, performed by a pediatric neurol-

ogist using several measurements, including motor milestones,

primitive reflexes, postural reactions, muscle strength, and cogni-

tive and psychomotor development assessment using the second

edition of the Bayley Scales of Infant Development and the Gross

Motor Function Classification System (GMFCS; https://research.

cerebralpalsy.org.au/what-is-cerebral-palsy/severity-of-cerebral-

palsy/gross-motor-function-classification-system/) assessment.

Developmental delay was defined by a score of the Mental or

Psychomotor Development Index of �85 according to the Bayley

Scales of Infant Development assessment.

CP was diagnosed in infants on the basis of the follow-up

examination results using the definition provided by the Interna-

tional Executive Committee in the United States.17 The infants

with CP were classified into GMFCS levels I–V, representing

mild-to-severe motor dysfunction.10 The GMFCS level zero rep-

resented infants without motor dysfunction in this study.

The inclusion criteria of infants with PWMI were as follows: 1)

MR imaging performed between 6 and 18 months of age and 2)

PWMI diagnosed by MR imaging. The severity of PWMI was

graded as mild, moderate, or severe on the basis of the MR imag-

ing signs as follows: 1) mild, abnormally high signal in the

periventricular white matter on T2-weighted images with mild

white matter reduction limited to the peritrigonal region; 2) mod-

erate, abnormally high white matter signal on T2-weighted im-

ages, with moderate periventricular white matter decrease and

irregular enlargement of the ventricles; 3) severe, large, or exten-

sive cystic changes of periventricular white matter, with marked

reduction of white matter and severe irregular enlargement of the

ventricles (On-line Fig 1).4 The exclusion criteria included severe

PWMI, intrauterine congenital infection, and unsuccessful fol-

low-up neurologic examinations. According to the follow-up

outcomes, infants with mild and moderate PWMI were divided

into those with PWMI with bilateral SCP and those without CP

after the exclusion of unilateral and nonspastic CP.

The infants with MR imaging performed between 6 and 18

months of age were selected as controls after excluding the

following conditions: 1) abnormalities on MR imaging, in-

cluding PWMI; dilated perivascular spaces; arachnoid cyst; hy-

drocephalus; congenital malformations; hematencephalon;

subarachnoid space enlargement; encephalomalacia and so

forth; 2) history of nervous system infection; preterm birth;

hypoxic-ischemic encephalopathy and congenital heart dis-

ease; 3) seizures; developmental delay; and hypertonia; and 4)

lack of follow-up neurologic examinations.

MR Imaging Protocols
MR imaging was performed on a 3T scanner (Signa HDxt; GE

Healthcare, Milwaukee, Wisconsin). All infants were required to

sleep soundly and wear sponge earplugs for hearing protection. The

infants who could not remain still were sedated with 10% chloral

hydrate (25–50 mg/kg) to reduce motion artifacts. The potential risks

of chloral hydrate were fully explained to the parents. The patient

selection, monitoring, and management were performed in strict

compliance with the guidelines for monitoring and management of

pediatric patients before, during, and after sedation for diagnostic

and therapeutic procedures.18 Heart rate, transcutaneous oxygen

saturation, and respiration rate were monitored throughout the pro-

cedure. All infants underwent the following MR imaging protocols:

3D T1-weighted imaging (TR � 10.2 ms, TE � 4.6 ms, slice thick-

ness � 1 mm), T2-weighted imaging (TR � 6500 ms, TE � 124 ms,

slice thickness � 4 mm), T2 FLAIR imaging (TR � 9600 ms, TE �

110 ms, TI � 2400 ms, slice thickness � 4 mm), and DTI. DTI was

performed using a spin-echo echo-planar imaging sequence. The pa-

rameters for DTI were as follows: TR � 5500 ms, TE � 95 ms, flip

angle � 90°, slice thickness � 4 mm without gap, FOV � 180 � 180

mm2, matrix � 128 � 128, b-values � 0, 1000 s/mm2 with 35 gra-

dient directions.
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Image Postprocessing and Data Analysis
Fractional anisotropy (FA) maps were obtained after brain extrac-

tion and eddy current correction using the FMRIB Software Li-

brary (FSL; http://www.fmrib.ox.ac.uk/fsl).19 Linear and nonlin-

ear image registrations were used for alignment of the FA maps of

all subjects to a selected FA map. An averaged image of the coreg-

istered FA maps was created as the target map. Then, FA maps of

all subjects were registered to the target map. A mean FA map and

mean FA skeleton were created. The aligned FA map of each sub-

ject was projected onto the mean FA skeleton (threshold � 0.2).

Voxelwise statistical analysis was performed to assess the inter-

group differences in FA.

AFQ software was used to quantitatively analyze white matter

tracts.20 Automatic fiber tract segmentation and cleaning were

performed first. Then, FA values along the tracts were calculated

by clipping each fiber to 100 equally spaced nodes. The CST, pos-

terior thalamic radiation (PTR), genu of the corpus callosum

(GCC), and splenium of corpus callosum (SCC) were evaluated.

To characterize the properties of the CST in detail, we divided the

CST into 3 parts according to the brain atlas21: CST at the cerebral

peduncle level (CST-CP; nodes: 1–37), CST at the internal capsule

level (CST-IC; nodes: 38 – 81), and CST at the corona radiata level

(CST-CR; nodes: 82–100).

Statistical Analysis
Categoric variables were analyzed using the �2 test in SPSS soft-

ware (Version 17.0; IBM, Armonk, New York). Continuous vari-

ables were analyzed across groups using analysis of variance with

the least significant difference test. Sex

ratios were compared across tracts by

using the �2 test. Interrater reliability

analyses for GMFCS were performed

with the � test. The variables of gesta-

tional age, birth weight, and age at MR

imaging were adjusted during the inter-

group comparisons and correlation

analyses to remove their potential effects

on the variations in DTI metrics. Inter-

group comparisons in FA were per-

formed by TBSS with the threshold-free

cluster enhancement and family-wise

error correction. In the AFQ analysis, a

Mann-Whitney U test with a Bonferroni

correction was used to assess the inter-

group differences in FA. Receiver oper-

ating characteristic curves were used to

assess the diagnostic performances of FA

in different regions for differentiating

infants with PWMI with bilateral SCP

from those without CP. Correlations be-

tween FA values of the white matter

tracts and motor function scores

(GMFCS levels and Psychomotor Devel-

opment Index) in infants with PWMI

were analyzed by partial correlation

analysis. P values � .05 were considered

statistically significant for all tests.

RESULTS
Demographic and Clinical Information
Thirty-nine infants with PWMI and 33 controls were finally en-

rolled on the basis of the inclusion and exclusion criteria (Fig 1).

According to the follow-up diagnosis, the infants with PWMI

were divided into infants with bilateral SCP (n � 20) and those

without CP (n � 19) groups. The time between the MR imaging

examination and diagnosis of SCP was 14.8 � 3.2 months.

Among infants with PWMI with bilateral SCP, 7 (35%), 6

(30%), 4 (20%), and 3 (15%) infants were classified into GMFCS

levels I, II, III, and IV, respectively. The � value for the interrater

reliability of the GMFCS assessment was 0.83. There was no sig-

nificant difference in gestational age and birth weight between

infants with PWMI with bilateral SCP and those without CP. The

gestational age and birth weight in infants with PWMI with bilat-

eral SCP and without CP were less than those in controls. More-

over, there was no significant difference across groups in the sex

constituent ratio or age at MR imaging (Table 1). More details

about the perinatal characteristics of the infants with PWMI are

listed in On-line Table 1.

TBSS Analysis of Intergroup Differences
FA in widespread areas of white matter was lower in the infants

with PWMI with bilateral SCP than that in the controls. In infants

with PWMI without CP, decreased FA was found mainly in re-

gions adjacent to the anterior horns, trigone, and posterior horns

of the lateral ventricles. Infants with PWMI with bilateral SCP

FIG 1. Flow chart of study participants.
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showed significantly lower FA values than infants with PWMI

without CP in the bilateral CST-CP, CST-IC, CST-CR, external

capsule, GCC, and SCC (Fig 2).

AFQ Analysis of Intergroup Differences along Tracts
The tract profiles of infants with PWMI with bilateral SCP, infants

with PWMI without CP, and controls are presented in Fig 3. Ob-

vious deceases in FA values in infants with PWMI with bilateral

SCP were found along the CST, mainly located at the internal

capsule level, while these changes in FA were not found in infants

with PWMI without CP. The PTR, GCC, and SCC showed signif-

icantly decreased FA values in both groups.

The receiver operating characteristic curves for the diagnostic

performances of FA in different regions for differentiation of in-

fants with PWMI with bilateral SCP from those without CP are

depicted in On-line Fig 2. The area under the curve was larger in

the CST than that in the PTR, GCC, or SCC (Table 2). Among the

3 parts of the CST, an FA threshold of 0.53 at the internal capsule

level had the highest area under the curve value, which demon-

strated high specificity and sensitivity.

Correlation between Motor Function Scores and FA
The correlations between motor function scores and FA values

along white matter tracts are presented in On-line Table 2. There

were more significant correlations along the CST than along the

PTR, GCC, and SCC (P � .05); and GMFCS levels were negatively

correlated with FA values within the CST at the level of the inter-

nal capsule (left r � �0.80; right r � �0.79). The Psychomotor

Development Index scores showed a positive correlation with FA

values within the CST at the level of internal capsule (left r � 0.69;

right r � 0.53).

DISCUSSION
This study found that the spatial distribution of white matter al-

terations was different between the 2 PWMI groups. Structural

integrity was more severely damaged in more widespread white

matter areas in infants with PWMI with bilateral SCP than in

those without CP. Furthermore, injured CST was found only in

infants with PWMI with bilateral SCP. The FA threshold of 0.53

in the CST at the internal capsule level was useful for the differ-

entiation of infants with PWMI with SCP from those without CP,

and it had significant correlations with motor functions.

DTI with TBSS analysis is a powerful approach that effectively

reveals alterations in the main white matter tracts of the whole

brain. Several studies have reported the presence of FA reduction

within widespread white matter areas, especially in the central and

posterior white matter, in infants with PWMI with SCP.10,12,22

However, knowledge of the spatial distribution characteristics of

white matter lesions in infants with PWMI with and without CP is

limited. In this study, the infants with PWMI with SCP had lower

FA and more widespread distribution than those without CP.

Additionally, the age distribution of patients here was different

from that in previous studies.10,12,15,22 We focused on 6- to 18-

month-old infants with PWMI, which is the period before the

definite diagnosis. Identification of the differences between in-

fants with PWMI with SCP and those without CP during this time

interval is beneficial for determining candidates at risk of SCP.

In this study, the white matter tracts potentially involved in

SCP were further analyzed using the AFQ. Previously, Hoon et

al13 had suggested that PTR injury altered the sensorimotor con-

nections to the motor cortex and attenuated descending CST.

However, our study showed that the PTR, SCC, and GCC were the

Table 1: Demographics of infants with PWMI with bilateral spastic cerebral palsy, infants with PWMI without cerebral palsy, and
controlsa

Infants with PWMI with
SCP (n = 20)

Infants with PWMI
without CP (n = 19) Controls (n = 33)

P Values

PWMI with SCP
vs PWMI

without CP
PWMI with

SCP vs Control
PWMI without
CP vs Control

Sex (female/male) 8:12 6:13 11:22 .58 .62 .90
Gestational age (wk) 37.38 � 1.90 (34.57–41.29) 38.07 � 2.45 (34.00–41.43) 39.16 � 1.14 (37.00–41.00) .23 �.01 .04
Age at MRI (mo) 11.74 � 2.13 (8.00–17.66) 11.56 � 2.99 (6.40–16.76) 11.06 � 2.38 (6.10–17.33) .83 .34 .49
Birth weight (kg) 2.95 � 0.47 (2.20–3.70) 3.06 � 0.60 (1.80–3.85) 3.38 � 0.50 (2.50–4.38) .50 .01 .04

a Data in columns 2– 4 are mean and standard deviation (range).

FIG 2. Intergroup comparisons of fractional anisotropy values using
TBSS. Blue and light blue regions show major white matter tracts with
significantly decreased FA (P � .05) in infants with PWMI with bilateral
SCP (A), infants with PWMI without CP (B) relative to controls, and
infants with PWMI with bilateral SCP relative to those without CP (C).
Green represents regions without significant differences (P � .05).
ALIC indicates anterior limb of the internal capsule; CR, corona radi-
ata; EC, external capsule; PLIC, posterior limb of the internal capsule;
SLF, superior longitudinal fasciculus.
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injured regions in both PWMI subgroups, whereas decreased FA

in CST was observed only in infants with PWMI with SCP. These

results indicate that PTR injury may not be directly responsible

for SCP. The CST, as the major projectional motor tract situated

in close proximity to the periventricular white matter region, is

vulnerable in patients with PWMI.23 CST lesions can interrupt

the corticomotor circuit in executing movement and have also

been shown to be involved in spasticity.24 These findings suggest

that CST lesions are a prerequisite for bilateral SCP in infants with

PWMI and provide clues for determining whether patients with

PWMI will develop SCP.

Previous research has shown that an FA threshold of 0.5 within

the CST was effective in differentiating CP and non-CP groups.25

Similarly, this study demonstrated that the FA thresholds in CST

for the diagnosis of SCP were 0.48 (left) and 0.49 (right). Addi-

tionally, the current study revealed that the FA thresholds in both

the left and right CST at the internal capsule level were 0.53, with

high sensitivity and specificity. These were higher than results in

FIG 3. Intergroup comparisons of fractional anisotropy among infants with PWMI with bilateral SCP, infants with PWMI without CP, and
controls along tracts of the bilateral corticospinal tract (A), bilateral posterior thalamic radiation (B), and genu of the corpus callosum and
splenium of the corpus callosum (C).
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previous MR imaging studies for detecting the risk of CP.8,26 The

results obtained in this study suggest that CST at the internal

capsule level is more suitable than the whole tract for the early

diagnosis of SCP. Furthermore, the multiple regression results

revealed that FA values of infants with PWMI were not correlated

to age (On-line Table 3). This finding suggests that the FA thresh-

old is applicable to the individual infants with PWMI between 6

and 18 months of age.

Apart from the determination of the risk of CP, the evaluation

of the degree of motor impairment in CP can further facilitate the

targeting of interventional strategies.27,28 Consistent with previ-

ous findings,23,24 FA in the CST was significantly correlated with

motor function scores. A strong correlation was found along the

CST at the internal capsule level, which may be associated with

the vulnerability of white matter in the internal capsule, where the

descending motor axons are densely concentrated.29,30 More-

over, there were more significant correlations along the CST than

along the PTR, GCC, and SCC. It has been suggested that PTR

lesions are responsible for the weakness in motor function in pa-

tients with CP because of the role of PTR in visuospatial perfor-

mance.24 The corpus callosum may play an important role in

dexterity and bimanual motor coordination.31 Overall, the results

suggest that FA of the CST at the internal capsule level is suitable

for assessing the motor function in infants with PWMI with SCP.

Nevertheless, this study has several limitations. First, it ex-

cluded severe PWMI because these cases accounted for a minority

(3 subjects) of all the infants with PWMI. Moreover, it was rela-

tively easy to determine the risk of CP in these infants. Second,

unilateral SCP and nonspastic CP were not included due to the

small sample sizes (2 with unilateral SCP and 1 with athetoid CP)

and divergent MR imaging signs, such as asymmetric brain lesions

in unilateral SCP and concurrent basal ganglia lesions in athetoid

CP. Third, the FA threshold in the internal capsule of the CST was

objectively extracted from an Automated Fiber Quantification.

This threshold may be different from those obtained by other

analysis methods, such as the ROI analysis. Fourth, this work tried

to investigate the characteristics of DTI metric changes associated

with SCP before the definite diagnosis. However, DTI was per-

formed just several months ahead of the diagnosis of SCP.

Whether SCP can be predicted by DTI in earlier periods needs

further research. Finally, this was a retrospective study. Prospec-

tive research is required to test the accuracy of the early diagnosis

of SCP.

CONCLUSIONS
CST lesions play a crucial role in motor impairment associated

with SCP in infants with PWMI. FA in the CST at the internal

capsule level could aid in the early diagnosis of SCP with high

diagnostic accuracy.
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Cesarean Delivery Impacts Infant Brain Development
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ABSTRACT

BACKGROUND AND PURPOSE: The cesarean delivery rate has increased globally in the past few decades. Neurodevelopmental out-
comes associated with cesarean delivery are still unclear. This study investigated whether cesarean delivery has any effect on the brain
development of offspring.

MATERIALS AND METHODS: A total of 306 healthy children were studied retrospectively. We included 3 cohorts: 2-week-old neonates
(cohort 1, n � 32/11 for vaginal delivery/cesarean delivery) and 8-year-old children (cohort 2, n � 37/23 for vaginal delivery/cesarean
delivery) studied at Arkansas Children’s Hospital, and a longitudinal cohort of 3-month to 5-year-old children (cohort 3, n � 164/39 for
vaginal delivery/cesarean delivery) studied independently at Brown University. Diffusion tensor imaging, myelin water fraction imaging,
voxel-based morphometry, and/or resting-state fMRI data were analyzed to evaluate white matter integrity, myelination, gray matter
volume, and/or functional connectivity, respectively.

RESULTS: While not all MR imaging techniques were shared across the institutions/cohorts, post hoc analyses showed similar results of
potential effects of cesarean delivery. The cesarean delivery group in cohort 1 showed significantly lower white matter development in
widespread brain regions and significantly lower functional connectivity in the brain default mode network, controlled for a number of
potential confounders. No group differences were found in cohort 2 in white matter integrity or gray matter volume. Cohort 3 had
significantly different trajectories of white matter myelination between groups, with those born by cesarean delivery having reduced
myelin in infancy but normalizing with age.

CONCLUSIONS: Cesarean delivery may influence infant brain development. The impact may be transient because similar effects were
not observed in older children. Further prospective and longitudinal studies may be needed to confirm these novel findings.

ABBREVIATIONS: BMI � body mass index; DMN � default mode network; FA � fractional anisotropy; ICA � independent component analysis; IQ � intelligence
quotient; MWF � myelin water fraction; RS-fMRI � resting-state fMRI; TFCE � threshold-free cluster enhancement; TBSS � Tract-Based Spatial Statistics; VBM �
voxel-based morphometry

Cesarean delivery has become increasingly prevalent through-

out the world.1 In the United States, about one-third of all

births are by cesarean delivery,2 a 60% increase from the rate in

1996.3 Elective cesarean delivery without a medical indication is

not uncommon4,5 and contributed to a considerable percentage

(8%) of the increase of cesarean deliveries in recent years.6 In

addition, the large range of cesarean delivery rates across hospi-

tals7 suggests that practice variation, a modifiable factor, also

played an important role in the increased prevalence of cesarean

delivery. The World Health Organization recently reassessed

available evidence and concluded that cesarean delivery should

ideally be undertaken only when medically necessary, acknowl-

edging that the relationship between the cesarean delivery rate

and pediatric outcome is unclear.1 An important aspect to con-
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sider is long-term neurodevelopment of children born by cesar-

ean delivery. While some studies have not shown significant dif-

ferences in intelligence quotient (IQ) between children born by

cesarean delivery compared with vaginal delivery,8,9 others have

suggested an increased risk of autism spectrum disorder and/or

attention deficit/hyperactivity disorder associated with cesarean

delivery,10-13 though it is unlikely that cesarean delivery is the

single or main cause of these outcomes.14,15

The mixed and inconclusive associations between delivery mode

and neurodevelopment may be partly attributed to numerous con-

founding factors that come into play during childhood (eg, diet and

life-style, family environment and enrichment, and so forth), which

may be avoided by evaluating the effects of cesarean delivery during

early infancy. While neurobehavioral assessments in young infants

are often not sufficiently sensitive for detecting small differ-

ences or for predicting long-term neurodevelopmental out-

comes in the healthy population, quantitative neuroimaging

by MR imaging can provide a comprehensive evaluation of the

developing brain and reveal subtle changes.16-18 Examples of

using several advanced MR imaging methods to reveal minor

changes in infant brain development are given in On-line

Appendix.

To test whether cesarean delivery has significant effects on infant

brain development and whether these effects persist into and

throughout childhood, we analyzed advanced brain MR imaging

data in 3 cohorts of healthy children—cohort 1: two-week-old neo-

nates with well-documented pregnancy and infant perinatal profiles;

cohort 2: eight-year-old children who had undergone a suite of neu-

ropsychological tests; and cohort 3: three-month to 5-year-old chil-

dren with MR imaging data acquired and

independently analyzed at a separate

institution.

MATERIALS AND METHODS
All study procedures were approved by

the local institutional review boards at

the University of Arkansas for Medical

Sciences (cohorts 1 and 2) and Brown

University (cohort 3). Written informed

consent was obtained from all parents or

legal guardians of the study subjects.

Study Population
Cohort 1 consisted of 2-week-old, full-

term, healthy neonates (n � 43, 32/11

for vaginal and cesarean delivery, re-

spectively) from uncomplicated preg-

nancies. They were scanned at the

Radiology Department of Arkansas

Children’s Hospital at �2 weeks of age.

The scan included regular imaging to

screen for apparent brain abnormalities

and diffusion tensor imaging and rest-

ing-state functional MR imaging (RS-

fMRI) to quantitatively evaluate brain

structural and functional connectivity.

In total, 43 infants (32/11 for vaginal and

cesarean delivery, respectively) had valid DTI data and 37 infants

(27/10 for vaginal and cesarean delivery, respectively) had valid

RS-fMRI data and were included in the analysis. Their demo-

graphic information is presented in Table 1.

Cohort 2 consisted of healthy 7.5- to 8.5-year-old children (n �

60, 37/23 for vaginal and cesarean delivery, respectively). MR imag-

ing examinations at Arkansas Children’s Hospital included DTI eval-

uation of brain white matter and T1-weighted high-resolution struc-

tural images for voxel-based morphometry (VBM) evaluation of

brain gray matter volume. Demographic information for subjects

with valid DTI (n � 35/21 for vaginal and cesarean delivery, respec-

tively) and VBM data (n � 36/21 for vaginal and cesarean delivery,

respectively) is presented in Table 2.

Cohort 3 consisted of healthy, typically developing, 3- to 60-

month-old children (n � 203, 164/39 for vaginal and cesarean deliv-

ery, respectively). All subjects had at least 1 brain MR imaging at the

Advanced Baby Imaging Lab at Brown University with valid myelin

water fraction (MWF) imaging data. In total, 482 (377/105 for vagi-

nal and cesarean delivery, respectively) datasets were acquired. De-

mographic information for this cohort is listed in Table 3.

Details such as inclusion/exclusion or selection criteria for

these 3 cohorts and methods for demographic data measurements

are presented in On-line Appendix.

MR Imaging Data Acquisition and Analysis
The data acquisition and analysis were based on established

protocols at Arkansas Children’s Hospital and Brown Univer-

sity and were similar to those in previous publications.16-23

Details are provided in On-line Appendix.

Table 1: Study population demographics for cohort 1—two-week-old neonates (n � 43)
Vaginal Delivery

(Mean � SD)
(n = 32)

Cesarean Delivery
(Mean � SD)

(n = 11)
P

Value
DTI TBSS study (n � 43) 32 11
RS-fMRI study (n � 37) 27 10
Mother’s age at delivery (yr) 29.0 � 3.9 30.6 � 4.4 .26

29.2 � 4.1 30.6 � 4.6 .35
Mother’s body fat % at early/prepregnancy 33.4 � 8.6 36.9 � 8.5 .24

34.5 � 8.8 38.4 � 7.3 .23
Mother’s BMI at 12 wk of pregnancy 25.1 � 5.2 28.8 � 5.1 .04

25.5 � 5.5 29.2 � 5.1 .08
Mother’s gestational weight gain (kg) 11.79 � 3.07 9.02 � 3.37 .02c

11.51 � 2.75 8.87 � 3.51 .03c

Mother’s IQa 107.7 � 9.6 104.2 � 6.9 .18
108.6 � 9.2 104.8 � 6.9 .22

Gestational age at MRIb (days) 290 � 6 287 � 6 .20
291 � 6 288 � 5 .22

Sex (M/F) 20/12 3/8 .04c

19/8 3/7 .03c

Birth weight (kg) 3.51 � 0.46 3.56 � 0.54 .79
3.49 � 0.36 3.63 � 0.52 .35

Birth length (cm) 51.1 � 2.6 49.3 � 2.6 .05c

51.2 � 2.1 49.3 � 2.7 .02c

Head circumference (cm) 36.2 � 1.1 35.9 � 0.5 .22
36.3 � 0.9 35.9 � 0.6 .31

Diet for the first 2 wk (breastmilk/formula) 29/3 10/1 .98
24/3 9/1 .92

For each cell in the table, the first row is for the DTI TBSS study, the second row is for the RS-fMRI study.
a Not available for 1 subject with vaginal delivery.
b Defined as gestational age at birth plus postnatal age at MRI.
c Consistently different between groups for both TBSS and RF-fMRI and therefore included as a covariate in the
analysis.
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Statistics
For the comparison of demographic/anthropometric/neuropsy-

chological data between delivery mode groups in cohorts 1 and

2, Wilcoxon rank sum tests were used for numeric parameters

and Fisher exact tests (or �2 tests) were used for categoric

variables. For the voxelwise comparison of DTI parameters in

Tract-Based Spatial Statistics (TBSS; http://fsl.fmrib.ox.ac.uk/

fsl/fslwiki/TBSS) analysis and RS-fMRI parameters in dual-

regression analysis, randomization with 5000 permutations

was used with the threshold-free cluster enhancement (TFCE)

option (testing of larger amounts of permutations did not

change the results). To correct for multiple comparisons for

the voxelwise analysis, we compared the observed TFCE image

with the empiric null distribution computed across permuta-

tions of the maximum voxel-specific TFCE scores.24,25 P � .05

corrected for multiple comparisons (voxelwise) was regarded

as significant.

Because multiple independent component analysis (ICA)

components were defined as meaningful functional networks and

were fed into the dual-regression program for group comparison

in the RS-fMRI analyses, an additional threshold of cluster sizes of

�5 imaging voxels was used. For post hoc ROI analyses of DTI

and RS-fMRI parameters, independent t tests were used after con-

firming normal distribution of data and testing for equality of

variance, and general linear model univariate analyses were used

to compare differences, with covariates controlled. For the VBM

analyses of regional gray matter volume, 2-sample t tests with

unequal variance were performed with multiple-comparison cor-

rection to control for family-wise error. P � .05 family-wise

error– corrected was regarded as significant. For cohort 3, the

Gompertz function parameters for the MWF curve of the 6 re-

gions were compared between delivery groups using nonpara-

metric tests, with significance defined as P � .001.

Potential confounders were controlled as covariates in statis-

tical analyses. Specifically, for cohort 1, the TBSS and RS-fMRI

dual-regression analyses were performed, respectively, when

there were no potential confounders added as covariates; when

adding demographic parameters that were consistently different

between groups (P � .05 for both the TBSS and the RS-fMRI

subsets) as covariates (gestational weight gain, infant sex, and

birth length); and when adding an additional 2 parameters that

were known potential confounders identified by our previous

studies (gestational age at MR imaging and maternal body mass

index (BMI) at early pregnancy17,18,26) as covariates. For the post

hoc ROI comparisons, significances with and without controlling

for all of these 5 covariates were both evaluated. For cohort 2, the

TBSS and VBM analyses were performed without adding covari-

Table 2: Study population demographics for cohort 2— eight-year-olds (n � 60)
Vaginal Delivery (n = 37) Cesarean Delivery (n = 23) P Value

DTI TBSS study (n � 56) 35 21
VBM study (n � 57) 36 21
Birth weight (mean � SD) (kg) 3.37 � 0.40 3.44 � 0.49 .79

3.34 � 0.43 3.45 � 0.48 .55
Gestational age at birth (mean � SD) (days) 276 � 9 275 � 9 .43

275 � 10 274 � 10 .75
Age at MRI (mean � SD) (yr) 7.93 � 0.26 7.87 � 0.24 .42

7.94 � 0.26 7.92 � 0.27 .94
Sex (M/F) 13/22 11/10 .26

14/22 9/12 .77
Infant diet (breastmilk/formula) 14/21 4/17 .10

15/21 4/17 .08
BMI (mean � SD) 16.8 � 2.9 17.1 � 2.3 .49

16.7 � 2.9 17.4 � 2.8 .27
SESa mother’s education: high school/college/graduate degree 4/15/8 2/5/3 .99
SESa father’s education: high school/college/graduate degree 7/17/3 3/6/1 .99
SESa mother’s annual income: NA/�$20k/$20k–$50k/�$50k 12/5/9/1 1/2/3/4 .03
SESa father’s annual income: NA/�$20k/$20k–$50k/�$50k 1/0/11/15 0/0/3/7 .79
IQ (mean � SD) 110 � 10 112 � 17 .53

112 � 11 112 � 16 .72
CELF-4 language scores (mean � SD)b 103 � 14 104 � 16 .31

103 � 12 105 � 14 .24
CMS general memory index (mean � SD)b 113 � 12 109 � 13 .14

115 � 11 111 � 13 .24

Note:—SES indicates socioeconomic status; CELF-4, Clinical Evaluation of Language Fundamentals; CMS, Childhood Memory Scale; NA, not applicable. For each cell in the table,
the first row is for the DTI TBSS study, the second row is for the VBM study.
a Only partial socioeconomic status data were available for all subjects (n � 27 for vaginal delivery, n � 10 for cesarean delivery).
b Not available for 1 subject with cesarean delivery.

Table 3: Study population demographics for cohort 3—
three-month- to 5-year-olds (n � 203)

Vaginal
Delivery

(Mean � SD)

Cesarean
Delivery

(Mean � SD)
P

Value
MWF study (n � 203) 164 39
Mother’s post-secondary

education (yr)
5.8 � 1.0 6.0 � 0.9 .22

Mother’s age at pregnancy (yr) 29.0 � 5.6 33.8 � 5.1 �.001
Sex (M/F) 93/71 23/16 .86
Gestational age at birth (days) 277 � 8 273 � 4 .001
Birth weight (kg) 3.54 � 0.45 3.37 � 0.48 .06
Birth length (cm) 50.8 � 4.1 50.8 � 4.1 .63
No. of scans 2.2 � 1.2 2.4 � 1.3 .32
Mean interscan period (days) 296 � 144 333 � 147 .12
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ates and then were repeated with age, sex,27 and infant diet22

added as covariates. Socioeconomic variables were not included

as covariates because of incomplete data (group comparison on

the available data did not show group differences other than

mother’s income).

RESULTS
The demographic/anthropometric/neuropsychological parame-

ters are listed in Tables 1–3 for the 3 cohorts. For cohort 1, the 2

groups of neonates did not differ with respect to mother’s age,

maternal IQ, and body fat percentage at early pregnancy, infant

gestational age at MR imaging, birth weight, head circumference,

and diet at 2 weeks of age. There was a trend toward differences in

maternal BMI measured at 12 weeks of pregnancy (significant for

the subjects included in the TBSS analysis but not significant for

the subjects included in the RS-fMRI analysis). There were group

differences in the mother’s gestational weight gain, infant sex, and

birth length. For cohort 2, the 2 groups of 8-year-old children did

not differ in any demographic or family socioeconomic status

measures except for mother’s income. The neuropsychological

test scores including IQ, language skills, and memory index were

also not significantly different between groups. For cohort 3, the 2

groups of children did not differ in birth weight, birth length,

maternal education, number of scans per child, and mean inter-

scan period. However, the cesarean delivery group had a higher

maternal age and slightly lower gestational age at birth.

Imaging Findings for Cohort 1. DTI TBSS revealed widespread

white matter regions in the frontal, parietal, and temporal lobes

that had higher fractional anisotropy (FA) values (P � .05, cor-

rected for voxelwise multiple comparisons, indicating better

white matter microstructural integrity and connectivity) in the

vaginally delivered infants compared with those born by cesarean

delivery (Fig 1A) when no covariates were added to the voxelwise

analysis. Many of these differences were still significant (P � .05,

corrected for voxelwise multiple comparisons) when the 3 demo-

graphic parameters that differed between groups (gestational

weight gain, infant sex, and birth length) were added as covariates

to the analysis (Fig 1B). Gestational age at MR imaging and ma-

ternal BMI at early pregnancy are potentially additional con-

founders influencing infant brain development.17,18,26 When they

were also added as covariates into the analysis, the trend toward

differences remained (at a level of P � .15 corrected for voxelwise

multiple comparisons) for many clusters in this voxelwise analysis

(Fig 1C) involving white matter tracts such as the anterior corona

radiata, anterior/posterior internal capsule, arcuate fasciculus,

short association fibers, superior corona radiata, and body of the

corpus callosum. Further post hoc ROI analyses for these ana-

tomic regions/white matter tracts (see Fig 1D for an illustration of

ROI selections) did show statistically significant differences in

mean FA values between groups (Fig 1E), with a mean FA in

infants born by vaginal delivery 4%–10% higher than that in in-

fants born by cesarean delivery for different ROIs. For 6 of 7 ROIs,

the differences in mean FA values were significant both with and

without controlling for all covariates.

RS-fMRI analyses revealed functional connectivity differences

between the 2 groups in the default mode network (DMN). Fig 2A

shows DMNs in neonates (obtained from the respective group

ICA analyses), typical for the developing neonatal brain (that pos-

terior regions such as posterior cingulate cortex and precuneus

were well-recruited but anterior brain involvement was weak

compared with that in older children).28 Dual-regression analysis

for this ICA network showed a cluster in the precuneus region that

had higher functional connectivity (P � .05, corrected for voxel-

wise multiple comparisons) in the vaginal delivery compared with

FIG 1. DTI TBSS results for the comparison of FA values between 2-week-old neonates born by cesarean delivery or vaginal delivery in cohort
1. Green represents major white matter tracts in the brain; orange shows voxels that have different FA values between groups. A, Group
differences (P � .05, corrected for the voxelwise multiple comparisons) when no covariates were added. B, Group differences (P � .05,
corrected for the voxelwise multiple comparisons) when 3 demographic parameters that were different between groups (gestational weight
gain, infant sex, and birth length) were added as covariates. C, Trend of group differences (P � .15, corrected for the voxelwise multiple
comparisons) when an additional 2 potential confounders (gestational age at MR imaging and maternal BMI at early pregnancy) were included
as covariates. D, Illustration of ROIs (red outlined) selected for further post hoc analysis. E, Group comparison of mean FA values in these white
matter ROIs. L indicates left; R, right; ACR, anterior corona radiata; ALIC, anterior limb of internal capsule; PLIC, posterior limb of internal capsule;
AF, arcuate fasciculus; BCC, body of the corpus callosum; SAF, short association fibers; SCR, superior corona radiata; asterisk, P � .05 without
controlling for covariates; double asterisks, P � .05 with and without controlling for covariates.
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the cesarean delivery group (Fig 2B). After controlling for poten-

tial confounders (3 demographic parameters that differed be-

tween groups and 2 more parameters known to influence neona-

tal brain development), the differences were more prominent

with a larger cluster in the precuneus and additional bilateral re-

gions in the parietal lobes involved (Fig 2B). ROI analysis of mean

z scores in the precuneus (see Fig 2C for an illustration of the ROI

selection) confirmed lower functional connectivity (P � .05, with

and without controlling for covariates) (Fig 2D). No other mean-

ingful functional components obtained from the ICA showed sig-

nificant group differences in the dual-regression analyses.

Imaging Findings for Cohort 2. DTI TBSS analysis did not show

any clusters or imaging voxels with significant white matter FA

value differences between children born by cesarean or vaginal

delivery. Likewise, VBM did not show any clusters or imaging

voxels with significant regional gray matter volume differences

between groups. Excluding/including potential confounders

(age, sex, infant diet) as covariates did not change the results.

Imaging Findings for Cohort 3. Significantly different brain de-

velopmental trajectories were observed for the 2 groups (Fig 3).

Specifically, at �3 months of age, the MWF for the infants born by

vaginal delivery was higher (indicating better myelination) in the

frontal, temporal, parietal, and occipital white matter and the

body of corpus callosum compared with those born by cesarean

delivery. The differences of MWF in white matter regions between

groups were consistent during infancy but gradually decreased

and were not observable at age �3 years or beyond when the

MWF for both groups reached the same plateau.

DISCUSSION
The imaging results from cohort 1 showed striking differences in

brain structural connectivity (measured by DTI-TBSS) and func-

tional connectivity (measured by RS-fMRI) in 2-week-old healthy

neonates born by cesarean delivery compared with vaginal deliv-

ery, whereas measured imaging parameters (structural connectiv-

ity and brain volume) in 8-year-old healthy children in cohort 2

did not differ. These novel findings provide the first-ever evidence

that cesarean delivery may be associated with a shift in brain de-

velopment, at least during early infancy. Considering the poten-

tial importance of these findings and the post hoc nature of our

analyses using data derived from a larger study, we sought confir-

mation in a separate cohort (cohort 3) in which imaging results

from a different institution were evaluated with the investigator

blinded to findings from cohorts 1 and 2. The study in cohort 3

confirmed the delivery mode–associated differences in brain

white matter development during infancy and was consistent in

showing that differences dissipated with age. The differences in

white matter development (as reflected by FA and MWF values)

during infancy associated with delivery mode were widespread in

both cohorts 1 and 3, involving the frontal, temporal, and parietal

lobes and the corpus callosum, but not the cerebellum; the latter is

one of the first regions to be myelinated, usually before birth. The

differences were not prominent beyond age �3 years, when my-

elination in most brain white matter regions approaches comple-

tion. Differences in resting-state functional connectivity were ob-

served for the DMN network for neonates in cohort 1, while at this

age most brain functional networks are still being developed.

Birth mode–associated brain developmental differences were

not observed in later childhood (ie, 8-year-old healthy children in

cohort 2 and 5-year-old healthy children in cohort 3). One possi-

bility is that the differences were ameliorated during the years of

postnatal development. Myelination for the cesarean delivery

children may eventually catch up with that in children delivered

vaginally when the developmental curve reaches a plateau after

FIG 2. Resting-sate fMRI analyses of functional connectivity in the DMN in 2-week-old neonates in cohort 1. A, The DMN for vaginal and
cesarean delivery groups obtained from respective independent component analysis (ICA). B, Regions in which the vaginal delivery group had
higher functional connectivity (z score) in the DMN than the cesarean delivery group (P � .05, corrected for the voxelwise multiple comparisons)
when excluding or including potential confounders as covariates. C, Illustration of ROI (precuneus selected) for further post hoc analysis. D,
Comparison of the mean z score values in the precuneus between the 2 groups. Double asterisks indicate P � .05 with and without controlling
for covariates.
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the first few years of life. In addition, breastfeeding (which report-

edly promotes brain development in children20,22,29) may have

driven enough changes to offset differences caused by cesarean

delivery. Another possibility is the influence of the environment.

While age, sex, and infant diet were included as covariates in co-

hort 2 and socioeconomic parameters were, in general, not differ-

ent for the 2 groups in cohort 3, extensive exposures to environ-

mental factors (childhood diet, social enrichment, or other

aspects) may have contributed to changes in neurodevelopment

with long-term effects stronger than birth mode. For example,

cognitive development in healthy children has been associated with

breakfast consumption30 and composition,31 physical activity,32

television-viewing time,33 and sleep duration.34 Many of these vari-

ables during childhood are difficult to quantify and were not consid-

ered in our study of older children. Recent population studies

showed an increased risk of autism spectrum disorder and attention

deficit/hyperactivity disorder associated with cesarean delivery that

did not persist if using sibling controls11,35 and partially confirmed

the confounding factors of family environment during childhood. In

addition, while advanced and quantitative imaging methods were

used in the evaluation of children’s brain development in our study,

it is possible that early brain structural differences associated with

delivery mode introduced variations in brain function that could be

apparent, for example, in the association of brain responses with

stimulus-related information-processing.

The mechanisms underlying the effects of cesarean delivery on

early life brain development are not known and could not be

directly addressed in the current studies. Although cesarean de-

livery is generally considered a safe procedure, both mother and

neonate are directly or indirectly subjected to factors that differ

significantly from vaginal delivery, such as anesthesia/analgesics,

surgical incisions, labor, trauma, stress, and so forth. It is not

unreasonable to assume that these factors could have significant

effects on the neonate’s brain development. While speculative, we

consider here a novel concept that associates cesarean delivery

effects on neurodevelopment with an altered microbial environ-

ment. Several lines of evidence form the premise of this hypothe-

sis. First, mode of delivery is a major determinant of gut micro-

biome composition in infants.36,37 Vaginally delivered neonates

acquire bacterial communities resembling maternal vaginal micro-

biota, while cesarean delivery neonates have bacterial communities

similar to those found on the skin surface,38 suggesting that the ex-

posure to vaginal microbial environment during natural delivery is

important for the initial establishment of neonate microbiota. Sec-

ond, there is increasing evidence suggesting that gut microbiota

modify central nervous system function and behavior, and micro-

biome-associated factors impact host immune activation, neural

pathways, tryptophan metabolism and serotonin, gut hormone re-

sponses, and systemic exposures to bacterial metabolites.39 One or

more of these events could, in theory, impact neurophysiology and

development. A recent study of microbiota-deficient adult rodents

showed differences in the regulation of genes linked to myelination

and myelin plasticity in the prefrontal cortex, which was reversed by

colonization with conventional microbiota.40 Third, a role for mi-

croglia and brain remodeling may be involved in response to the

stressors and/or microbial-derived signals noted above.

One study in neonatal mice showed lower mitochondrial uncou-

pling protein 2 messenger RNA expression in the brain hippocampus

associated with cesarean delivery.41 Uncoupling protein 2 expression

during the early postnatal period is important for neuronal differen-

FIG 3. Longitudinal MWF in different brain regions for the vaginal delivery (blue) and cesarean delivery (green) groups in cohort 3. Children born
by vaginal delivery had higher MWF (indicative of better white matter development) in most of the brain regions at young infancy, while the
differences between groups gradually disappeared with age.
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tiation, axonal outgrowth, and synapse formation,42 and uncoupling

protein 2 is highly expressed in microglia and important in microglia

function. Most important, microglia are implicated in modifying

neural circuits during early brain development.43 Thus, a working

model is that cesarean delivery–associated changes in stress signals

and/or the gut microbiome elicit a change in local signals of gut-brain

cross-talk, in turn modifying brain microglia activities that impact

brain development (Fig 4). Further study on animal models is neces-

sary to evaluate this working model and explore the molecular mech-

anisms underlying cesarean delivery–associated changes in brain de-

velopment and function.

There are several limitations in this study. First, it was based on

secondary, post hoc analysis of MR imaging data for 3 cohorts,

and the original study designs were not focused on detecting ce-

sarean delivery effects on brain development. Second, because of

age differences and institutional preferences, MR imaging meth-

ods were not the same for the 3 cohorts, and a complete charac-

terization of the brain (ie, white/gray matter structure and func-

tion at rest and during tasks) for all subjects was not available.

Nevertheless, the results from both institutions were consistent in

illustrating brain developmental differences in infants and young

children delivered by cesarean delivery that waned with age.

Third, our results showed weakening delivery mode–associated

differences on DTI measures after controlling for potential con-

founders. Gestational age, even for term pregnancy, and maternal

BMI during pregnancy would also impact an infant’s brain devel-

opment, as shown by our previous publications. Nevertheless, the

effects associated with cesarean delivery remained significant in

cohort 1 after controlling for confounders for all measurements

except the voxelwise TBSS. It is possible that there are additional

confounders that may also interfere with the observation. In ad-

dition, reasons for cesarean delivery (eg, elective or emergent) and

type of vaginal delivery (spontaneous or induced/instrument as-

sisted) were not included as covariates

because these parameters were not avail-

able for some subjects, and stratified

analysis was not performed due to the

limited sample size. Other factors dur-

ing uncomplicated delivery, such as an-

esthesia use and length of labor, may

also be potential confounders but were

not considered. Despite limitations, this

study provides the first evidence that ce-

sarean delivery (which is usually compli-

cated by multiple obstetric factors) may

impact offspring’s brain development. A

prospective study specifically focused on

this question, with a larger sample size,

will be necessary to fully validate or re-

fute this concept. Finally, our results

were derived from healthy cohorts, so

the association of delivery mode and

brain development in compromised or

at-risk infants could not be addressed.

The strengths of our approach include

statistical analyses considering relevant

covariates and reproducibility in 2 inde-

pendent cohorts at different sites.

CONCLUSIONS
Studies separately conducted at 2 independent institutions re-

vealed significant effects of cesarean delivery on infant brain de-

velopment, including reduced white matter microstructural in-

tegrity, weaker resting-state functional connectivity, and less

myelination. While obstetric situations necessitating cesarean de-

livery not addressed in this study could also be potential con-

founding factors, these novel findings may have important clini-

cal practice implications, given the increasing global prevalence of

cesarean delivery. Nevertheless, there is no evidence from the cur-

rent study that the effects are long-lasting at the brain anatomic

level, considering that different structural measurements across

age were used and functional connectivity were not assessed in the

older cohorts. Additional studies are needed that look specifically

at the impact of delivery mode on short- and long-term brain

biology, neurocognition, learning, and behavior phenotypes.
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MR Imaging of the Brain in Neurologic Wilson Disease
X X.-E. Yu, X S. Gao, X R.-M. Yang, and X Y.-Z. Han

ABSTRACTS

BACKGROUND AND PURPOSE: Neurologic Wilson disease is an inherited disease characterized by a copper metabolic disorder that
causes damage to many organs, especially the brain. Few studies report the relationships between these neurologic symptoms and MR
imaging of the brain. Therefore, we investigated the correlation of brain abnormalities in patients with neurologic Wilson disease with their
clinical symptoms, age of onset, and lag time to diagnosis.

MATERIALS AND METHODS: A cohort of 364 patients was recruited in China between January 2003 and December 2017. Age of onset, lag
time until diagnosis, and neurologic symptoms were recorded, and cranial MR imaging was performed. Patients were divided into groups
within each of these factors for correlation analysis with the MR imaging brain scans.

RESULTS: Abnormal signals in the MR imaging brain scans were seen in all 364 cases. Affected regions included the putamen, pons,
midbrain, and thalamus, while the medulla and occipital lobe were unaffected. The putamen was the most frequently damaged brain region in
this study. With the age of onset younger than 10 years, cranial MR imaging scans showed only impairment in the putamen. Patients with a longer
lag time before diagnosis were more likely to have impairment in the pons, midbrain, and cortex. Among neurologic symptoms of Wilson disease,
torsion spasm is associated with the midbrain and cortex, and choreoathetosis is related to the caudate nucleus.

CONCLUSIONS: Abnormalities in the putamen, pons, midbrain, and thalamus are part of the neuroimaging spectrum of Wilson disease.
There is a significant correlation between the site of brain injury and diagnosis lag time.

ABBREVIATION: WD � Wilson disease

Wilson disease (WD), also known as hepatolenticular degen-

eration, is an autosomal recessive disorder of human cop-

per metabolism,1,2 caused by pathogenic variants in the copper-

transporting gene ATP7B.3-5 WD leads to intracellular copper

accumulation, causing damage to many organs, especially the

brain.6-8 Neurologic WD is one of the main forms of the disease,

with some patients showing severe neurologic symptoms that

persist despite treatment. Further neurologic deterioration may

be observed even after treatment initiation.9-12

MR imaging is a sensitive method to evaluate the brains of

patients with neurologic WD.8,13 Whereas abnormalities in the

putamen are the most common feature of neurologic WD,14

brain shrinkage is also frequently observed.15 It has been sug-

gested that the clinical manifestations of WD are region-spe-

cific,16 and there may be specific differences among patients with

WD in China. Therefore, this study aimed to explore the charac-

teristics of cranial MR imaging among patients with WD in China.

Many reports have recently published MR imaging data of pa-

tients with WD, but the sample sizes of these studies have been

limited.17-19 Moreover, investigations of the relationship between

abnormal findings on MR imaging and neurologic symptoms in

patients with WD are sparse. In this study, we conducted MR

imaging in 364 patients with WD before they received any treat-

ment for the disease. We provide a detailed report of their MR

imaging in conjunction with factors such as age of onset, lag time

until diagnosis, and clinical symptoms.

MATERIALS AND METHODS
Study Participants
The study included 364 patients recruited from the Affiliated

Hospital of the Institute of Neurology at Anhui University of Chi-
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nese Medicine between January 2003 and December 2017. Within

this cohort, 219 patients were male and 145 were female. All data

were collected at the time of the patient’s hospitalization, and the

data were summarized in a timely manner.

Diagnostic Criteria
The criteria used for recruitment to this study, as is standard for

WD diagnoses, were as follows7,20-22:

1) Family heredity: parental consanguinity, having a sibling with

WD, or having a sibling who died from unexplained liver

disease.

2) Presence of an extracorticospinal tract symptom such as dysto-

nia, parkinsonism, chorea, torsion spasm, or liver symptoms.

3) Kayser-Fleischer rings visible to the naked eye or with slit-

lamp examination.

4) Ceruloplasmin level �2.16 �mol/L or serum copper oxidase

level �0.20 optical density units.

5) Urinary copper excretion level of �1.6 �mol every 24 hours.

6) Hepatic copper concentration via needle biopsy of �250 �g/g.

Participants fulfilling both criteria 1 and 4 or both criteria 2 and 4

were diagnosed with symptomatic WD. Participants fulfilling both

criteria 3 and 5, only criterion 4, or only criterion 6 were diagnosed

with asymptomatic WD. Only patients with symptomatic WD were

included in the cohort of this study.

Study Measures and Group Analysis
Age of disease onset, diagnosis lag time (time from symptom on-

set to definite diagnosis), and type of clinical neurologic symp-

toms were recorded, and groups were established for subsequent

correlation analysis. Patients were divided into 5 groups based on

the age of onset, as follows: younger than 10 years, 10 –14 years,

15–30 years, 31– 40 years, and older than 40 years. In terms of

diagnosis lag time, patients were divided into 5 groups: �3 months,

4–6 months, 7–12 months, 1–3 years, and � years. Finally, the 5

neurologic symptom groups used for correlation analysis were dysto-

nia, parkinsonism, torsion spasm, and choreoathetosis.

MR Imaging
A 1.5T MR imaging scanner (Avanto; Siemens, Erlangen, Ger-

many) (T1–TR � 210.0 ms, TE � 3.8 ms, time of acquisition �

46.83 seconds, bandwidth � 160.0 Hz/Px, T2–TR � 3300.0 ms,

TE � 99.0 ms, time of acquisition � 56.27 seconds, bandwidth �

195.0 Hz/Px) was used to image the T1 and T2 signals in the basal

ganglia, brain stem, and cerebral cortex of participants. The basal

ganglia images included the putamen,

caudate, and globus pallidus as well as

the thalamus. Images from the brain

stem included the midbrain, pons, and

medulla. Scans of the cerebral cortex

showed the frontal, temporal, parietal,

and occipital lobes. All MR images were

analyzed separately by 2 researchers

(X.Y. and R.Y.). Disagreements about

the findings were resolved by discus-

sion until a consensus was reached. This

MR imaging protocol was followed for

the entire 15-year study period.

Statistical Analyses
The Kruskal-Wallis test was used to assess the statistical difference

in the mean age of onset among the groups. The MR imaging

manifestations were used to determine the statistical differences

in neurologic symptoms among the groups. Continuous data

with a normal distribution are presented as mean � SD, and the

frequencies of categoric variables are presented as sample size

with percentage. All data were analyzed using SPSS, Version 10.01

(IBM, Armonk, New York), and P � .05 was considered statisti-

cally significant.

RESULTS
After diagnostic testing, we found that all patients showed ceru-

loplasmin levels of �2.16 �mol/L, serum copper oxidase levels of

�0.2 optical density units, and urinary copper excretion levels of

�1.6 �mol per 24 hours. All participants were positive on slit-

lamp examination for Kayser-Fleischer rings (Fig 1A). In addition

to the presence of neurologic symptoms, the above-mentioned

values resulted in the clear diagnosis of symptomatic WD in all

364 patients included in our study. According to participants’

neurologic symptoms, we found 197 cases of dystonia, 127 cases

of parkinsonism, 32 cases of torsion spasm, and 8 cases of choreo-

athetosis (Fig 1B).

All patients underwent cranial MR imaging before their initial

copper chelation therapy. The scans showed long T1 and long T2

abnormal signal in the brain (Fig 2A). All 364 patients with WD

showed abnormal signal in at least 1 examined brain region (Table

1). Most patients showed abnormal signal in the following brain

regions: 81.0% in the putamen (Fig 2A), 46.4% in the pons (Fig

2B), 36.0% in the thalamus (Fig 2C), 34.3% in the caudate nucleus

(Fig 2D), 33.5% in the midbrain (Fig 2E), and 15.4% in the globus

pallidus (Fig 2F). Brain regions that were less often affected by

WD were the temporal lobe (in 3.3% of patients, Fig 2G), parietal

lobe (3.3%, Fig 2H), frontal lobe (3.2%, Fig 2I), cerebellum (2.2%;

Fig 2J), and corpus callosum (in 2.2%, Fig 2K). No abnormalities

were observed in the occipital lobe (Fig 2L) or medulla oblongata

(Fig 2M).

The most common areas with brain damage in our patients

with WD with dystonia were the putamen, pons, and thalamus.

However, cranial MR imaging of patients with WD with torsion

spasm showed extensive impairment in the putamen, pons, and

midbrain. Compared with patients with WD who had other neu-

rologic symptoms, the cerebral cortex was more often impaired in

FIG 1. A, Kayser-Fleischer rings observable with the unaided eye (arrows). B, Wilson disease in a
23-year-old women with torsion spasm (arrows).
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the group with torsion spasm; the probability of damage in �1

of the cortical lobes in this group was approximately 18%–21%.

Taken together, our MR imaging data show that the putamen is

the most frequently damaged brain region in patients with WD,

regardless of the accompanying neurologic symptoms, followed

by the pons and the thalamus. Whereas the symptom of torsion

spasm in WD seems to indicate abnormalities in the midbrain and

cortex, the symptom of choreoathetosis predominantly suggests

damage in the caudate nucleus.

In our patient cohort, age of disease onset varied from 5 to 42

years, with an average onset at 17.04 � 6.13 years of age. Table 2

shows that the age of onset in most patients with WD was younger

than 30 years (95.9% of all patients), among whom 6.9% were

younger than 10 years at disease onset, 30.8% were 10–14 years of

age, and 58.2% were 15–30 years of age. In the group with age of onset

younger than 10 years, cranial MR imaging scans showed impair-

ment only in the putamen. However, in the group with age of onset of

10–14 years, cranial MR imaging scans very frequently revealed im-

pairment in the brain stem.

The diagnosis lag time, defined as the time between initial

symptom onset and confirmed diagnosis, averaged 3.78 � 4.46

years and varied from 1 month to 23 years. Table 3 shows that only

74 patients were diagnosed within 6 months of symptom onset.

Our data showed that an increased frequency of the presence of

brain damage correlated with an increased delay in treatment ini-

tiation. In the group with a lag time of �3 months, 90.6% of

participants showed putamen impairment (Fig 2A) and a few had

impaired thalami (Fig 2C) and pontes (Fig 2B). The latter patients

had no defects in the midbrain or cerebral cortex. Our research

revealed that diagnosis lag time does not correlate with

FIG 2. WD in a 14-year-old boy with dysarthria and dystonia with abnormal signal in the putamen (A1, A2). WD in a 19-year-old woman with
dysphagia and dystonia with abnormal signal in the pons (B1, B2). WD in a 24-year-old woman with dysarthria and parkinsonism with abnormal
signal in the thalamus (C1, C2). WD in an 18-year-old man with choreoathetosis with abnormal signal in the caudate nucleus (D1, D2). WD in a
22-year-old woman with dysarthria and parkinsonism with abnormal signal in the midbrain (E1, E2). WD in a 19-year-old woman with dystonia with
abnormal signal in the globus pallidus (F1, F2). WD in a 27-year-old man with torsion spasm with abnormal signal in the temporal lobe (G1, G2). WD
in a 19-year-old man with epilepsy and dysarthria with abnormal signal in the parietal lobe (H1, H2). WD in a 17-year-old boy with psychiatric
symptoms with abnormal signal in the frontal lobe (I1, I2). WD in an 18-year-old man with dysarthria and parkinsonism with abnormal signal in the
cerebellum (J1, J2). WD in a 13-year-old girl with parkinsonism with abnormal signal in the corpus callosum (K1, K2). WD in a 23-year-old woman with
dystonia with normal signal in the medulla oblongata (L). WD in a 27-year-old man with dysarthria and dystonia with normal signal in the occipital
lobe (arrows) (M).

Table 1: Correlations between region-specific brain damage in neurologic WD and accompanying neurologic symptomsa

Neurologic
Symptoms

No. of
Cases Putamen

Globus
Pallidus

Caudate
Nucleus Thalamus Midbrain Pons Cerebellum

Frontal
Lobe

Temporal
Lobe

Parietal
Lobe

Corpus
Callosum

Dystonia 197 159 (80.7) 34 (17.3) 66 (33.5) 73 (37.1) 67 (34.0) 95 (48.2) 4 (2.0) 4 (2.0) 3 (1.5) 3 (1.5)
Parkinsonism 127 104 (81.9) 19 (15.0) 41 (32.3) 45 (35.4) 31 (15.7) 52 (26.4) 4 (3.1) 3 (2.4) 3 (2.4) 6 (4.7)
Torsion spasm 32 25 (78.1) 2 (6.3) 10 (31.2) 8 (25) 18 (56.3) 20 (62.5) 7 (21.9) 6 (18.8) 6 (18.8) 2 (6.3)
Choreoathetosis 8 7 (87.5) 1 (12.5) 8 (100) 5 (62.5) 6 (75) 2 (25)
All patients 364 295 (81.0) 56 (15.4) 125 (34.3) 131 (36.0) 122 (33.5) 169 (46.4) 8 (2.2) 11 (3.2) 12 (3.3) 12 (3.3) 8 (2.2)

a Data are number and percentage.

Table 2: Correlations between age of onset and region-specific brain damage in neurologic WDa

Age of Onset (yr)
No. of
Cases Putamen

Globus
Pallidus

Caudate
Nucleus Thalamus Midbrain Pons Cerebellum

Frontal
Lobe

Temporal
Lobe

Parietal
Lobe

Corpus
Callosum

Younger than 10 25 25 (100)
10–14 112 107 (95.5) 31 (27.7) 47 (42.0) 52 (46.4) 74 (66.1) 2 (1.8) 3 (2.7) 2 (1.8) 3 (2.7) 8 (7.1)
15–30 212 151 (71.2) 48 (22.6) 88 (41.5) 78 (36.8) 67 (31.6) 81 (38.2) 5 (2.4) 8 (3.8) 9 (4.2) 8 (3.8)
31–40 14 11 (78.6) 8 (57.1) 5 (35.7) 7 (50) 3 (21.4) 3 (21.4) 1 (7.1) 1 (7.1) 1 (7.1)
Older than 40 1 1 (100) 1 (100) 1 (100) 1

a Data are number and percentage.
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impairment of the putamen in WD but does correlate with the

severity of accompanying neurologic symptoms and the likeli-

hood of impairment in the pons (Fig 3A), midbrain (Fig 3B), and

cerebral cortex (Fig 3C). The P value obtained by the Fisher exact

probability method was .001, and the difference was statistically

significant. The MR imaging influence in the brain region was

related to the course of disease.

DISCUSSION
Neurologic WD is a genetic disorder that leads to intracellular

accumulation of copper in the body, primarily causing damage to

the liver and various regions of the brain. Previous studies of MR

imaging brain scans in patients with WD have shown abnormal

bilateral long T1 and T2 signals in the basal ganglia, especially in

the putamen nucleus and head of the caudate nucleus and often in

some portion of the thalamus.23 Abnormal bilateral long T1 and

T2 signals in the basal ganglia (with or without brain stem impair-

ment) have become one of the important signs of WD.7,23,24 Con-

sistent with the literature, our results also showed long T1 and

long T2 abnormal signals in the brain, with the most frequently

affected regions including the putamen and caudate nucleus of

the basal ganglia (Table 1). The aberrant signal in the basal ganglia

is said to be elicited by glial cell hyperplasia as well as edema,

necrosis, and lacunae caused by copper deposition.25 However, a

study by Prayer et al26 showed that some abnormal signals caused

by edema and demyelination can disappear after proper de-cop-

pering therapy. The medulla and occipital lobe were entirely

spared, with none of our patients with WD showing abnormalities

in these regions (Table 1).

Dystonia is among the most debilitating clinical neurologic

symptoms commonly observed in neurologic WD.11,27,28 In our

study, the most common areas of brain damage in patients with

WD with dystonia were the putamen, pons, and thalamus. Re-

gardless of etiology, symptomatic treatment of dystonia generally

depends on its severity and localiza-

tion.29 According to our findings, dysto-

nia may be related to the putamen, pons,

and thalamus.
Similar to dystonia, parkinsonism

occurs quite frequently in neurologic
WD. Patients with WD show combined
presynaptic and postsynaptic nigrostria-
tal deficits.30 In general neurology,
tremor treatment varies depending on
the tremor type.31,32 In our patients, the
unanticipated finding of corpus callo-

sum abnormalities in the group with

parkinsonism resulted in corpus callo-

sum repair in some individuals, with

marked improvement of their symptoms. In our study, the most

common areas of brain damage in patients with WD with parkin-

sonism were the putamen, thalamus, and caudate nucleus. Our

study findings suggest that parkinsonism may be related to the

putamen, thalamus, and caudate nucleus.

Not all of our patients with WD with abnormal caudate nuclei

had choreoathetosis. We found that 7 of the 8 patients with WD

with choreoathetosis symptoms had an abnormal putamen, and

all 8 had an abnormal caudate nucleus. This is basically consistent

with the authors’ previous research8 indicating that the symptom

of choreoathetosis strongly correlates with impairment of the

caudate nucleus. Thus, the presence of choreoathetosis predom-

inantly suggests damage in the caudate nucleus.

Torsion spasms are a rare neurologic symptom of WD, which

contribute to patient disability when present.7 MR imaging data

from our patients showed frequent damage to the midbrain and

pons but no damage to the remaining regions of the brain stem

and medulla oblongata. Taken together, our MR imaging data

show that the putamen is the most frequently damaged brain

region in patients with WD, regardless of the accompanying neu-

rologic symptoms, followed by the pons and the thalamus.

The data in Table 2 seem to imply that the disease gradually

worsens with age before of 30 years of age, but older age of onset is

a mitigating factor in WD; however, we cannot ignore the possi-

bility that the lower frequency of brain stem abnormalities and

improved prognosis is owing to some other factor that we did not

examine in this study, such as disease duration.

The prognosis of WD is closely related to the diagnosis lag time

for each patient.33 As our correlation analysis showed, the fre-

quency of damage observed in the pons, midbrain, and cortex is

directly correlated with the diagnosis lag time. Specifically, the

longer the period between symptom onset and confirmed diag-

nosis, the greater the likelihood that the patient will develop im-

pairment in these brain regions. In the present study, the features

FIG 3. High signal intensity lesions on T2WI. Wilson disease in a 14-year-old girl with dystonia, with
a diagnosis lag time 5 years (participant group �3 years) and abnormal signal in the pons (D),
midbrain (E), and frontal and parietal lobes (F) (arrows).

Table 3: Correlations between diagnosis lag time and region-specific brain damage in neurologic WDa

Time Lag to
Diagnosis

No. of
Cases Putamen Pallidum

Caudate
Nucleus Thalamus Midbrain Pons Cerebellum

Frontal
Lobe

Temporal
Lobe

Parietal
Lobe

Corpus
Callosum

�3 mo 32 29 (90.6) 3 (9.4) 11 (34.4) 8 (25) 3 (9.4)
4–6 mo 42 37 (88.1) 8 (19.0) 5 (11.9) 12 (28.6) 9 (21.4) 10 (23.8) 1 (2.4) 2 (4.8) 1 (2.4) 5 (11.9)
7–12 mo 76 69 (90.8) 14 (18.4) 31 (40.8) 17 (22.4) 20 (26.3) 28 (36.8) 2 (2.6) 2 (2.6) 2 (2.6) 1 (1.3)
1–3 yr 87 69 (79.3) 5 (5.7) 13 (14.9) 24 (27.6) 19 (21.8) 37 (42.5) 5 (5.7) 5 (5.7) 5 (5.7) 4 (4.6)
�3 yr 127 91 (71.7) 29 (22.8) 73 (57.5) 67 (52.8) 74 (58.3) 86 (67.7) 1 (0.8) 3 (2.4) 3 (2.4) 6 (4.7)

a Data are number and percentage.
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of WD characterized by torsion spasm included age of onset usu-

ally younger than 15 years and diagnosis lag time of at least 2 years

(the longest was 23 years). From the trend in the length of diag-

nosis lag time seen in Table 3, we can speculate that the initial sites

of brain injury in neurologic WD are the putamen and thalamus,

then developing in the pons and midbrain, and culminating with

cortical damage. Therefore, it is crucial for individuals with WD

to seek medical care, receive a confirmed diagnosis, and initiate

treatment as early as possible.

Differences between our results and those of other MR imag-

ing studies of WD could be due to many reasons: Limited sample

sizes, diversity of study participants, variations in the magnetic

field strength of the MR imaging scanner used, and duration of

therapy all contribute to variations in the results reported in the

clinic. The clinical manifestations of WD may be region-spe-

cific,16 making the demographic composition of the study cohort

an important factor for interpretation of the collected data. With

364 patients with WD recruited only from China and MR images

collected before the start of any systemic de-coppering therapy,

our study has the crucial advantages of a large sample size focused

within a single geographic region and being free from the con-

founding effects of prior treatment.

This study spans a long time, and MR imaging data from gra-

dient-echo images and diffusion images have only become avail-

able in recent years. Therefore, most early studies lack these data,

and this feature is a drawback of this study.

CONCLUSIONS
Our study findings showed that the putamen, pons, midbrain,

and thalamus are highly prone to damage in neurologic WD,

whereas the medulla oblongata and occipital lobe seem com-

pletely unaffected. The putamen is the most frequently damaged

brain region in this study. In patients with age of onset younger

than 10 years, cranial MR imaging scans showed impairment only

in the putamen. Patients with a longer lag time before diagnosis

were more likely to have impairment in the pons, midbrain, and

cortex. Among neurologic symptoms of WD, torsion spasm is

associated with the midbrain and cortex, and choreoathetosis is

primarily related to the caudate nucleus. The brain abnormalities

in patients with neurologic Wilson disease are correlated with

their clinical symptoms, age of onset, and lag time to diagnosis.
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PEDIATRICS

MRI Abnormalities Predominate in the Bottom Part of the
Sulcus with Type II Focal Cortical Dysplasia:

A Quantitative Study
X Z. Liu, X W. Hu, X Z. Sun, X X. Wang, X L. Liu, X X. Shao, X K. Zhang, X Y. Ma, and X J. Zhang

ABSTRACT

BACKGROUND AND PURPOSE: Type II focal cortical dysplasia is a common histopathological substrate in focal epilepsy. This study
explored the spatial distribution of abnormal findings on MR imaging across the sulcus with type II focal cortical dysplasia using quantitative
MR imaging postprocessing techniques.

MATERIALS AND METHODS: The morphometric analysis program and normalized FLAIR signal intensity analysis were applied to retro-
spectively analyze the MR imaging data of 58 patients with histopathologically confirmed type II focal cortical dysplasia. We divided the
dysplastic sulcus into the bottom and nonbottom parts. Then spatial distribution types 1, 2, and 3 were arbitrarily defined as the abnormal
findings on MR imaging (z-value � threshold) located in the bottom part, both the bottom and nonbottom parts, and the nonbottom part,
respectively. For type 2, the mean z-values and standardized volumes of abnormal findings on MR imaging were compared between the
bottom and nonbottom parts.

RESULTS: Abnormal findings on MR imaging were detected by quantitative techniques in 42 of 58 enrolled patients. Among these 42
patients, 38 and 26 patients showed gray-white matter junction blurring and cortical FLAIR hyperintensity, respectively, which were the 2
most common abnormal MR imaging features. Gray-white matter junction blurring manifested as types 1, 2, and 3 in 24, 13, and 1 patient,
respectively, and the corresponding counts for cortical FLAIR hyperintensity were 12, 13, and 1 patient. For the 2 most common abnormal
findings on MR imaging spatially manifested as type 2, higher mean z-values and larger corresponding standardized volumes of abnormal-
ities were found in the bottom part.

CONCLUSIONS: Abnormal findings on MR imaging predominate in the bottom part of the sulcus with type II focal cortical dysplasia,
which indicates that this malformation is bottom-of-sulcus-rooted.

ABBREVIATIONS: FCD � focal cortical dysplasia; MAP � morphometric analysis program; nFSI � normalized FLAIR signal intensity

Type II focal cortical dysplasia (FCD) is a highly epileptogenic

lesion associated with pharmacoresistant epilepsy, and it is

characterized by dysmorphic neurons and balloon cells.1 FCD

type II was first described by Taylor et al, in 1971,2 and increasing

reports have indicated that it is a common histopathologic sub-

strate in epilepsy surgery.3-6 Clinical characteristics, including se-

vere partial epilepsy beginning in childhood, stereotyped seizures,

high seizure frequency, and extratemporal location, have been

associated with this specific malformation.6 Electrophysiologic

studies have also revealed that repetitive subcontinuous spikes,

spikes and waves, polyspikes, or bursts of fast rhythms are reliable

biomarkers of FCD type II.7

In addition to the above-mentioned electroclinical features,

neuroimaging studies have demonstrated MR imaging character-

istics of FCD type II, including gray-white matter junction blur-

ring, increased cortical FLAIR signal, abnormal gyration/sulca-

tion, increased cortical thickness, and the transmantle sign.8-10

However, most previous studies were based on conventional vi-
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sual analysis, which strongly depends on the training and experi-

ence of the interpreting rater and has limited ability to recognize

the existence and delineate the extent of FCD lesions. With the

development of neuroimaging and computer technology, a large

number of image-postprocessing methods have been developed

to detect the abnormal findings on MR imaging of FCD quanti-

tatively.11-15 In a morphometric analysis program (MAP) first

introduced by Huppertz et al,14 3 feature images (ie, junction,

extension, and thickness images) are derived from a statistical

parametric mapping– based algorithm, which was designed to

measure the severity of gray-white matter junction blurring,

abnormal gyration/sulcation, and cortical thickening, respec-

tively.14,16 Normalized FLAIR signal intensity (nFSI) analysis

compares individual MR imaging data with a healthy control data

base to detect changes in FLAIR signal intensity.12 These 2 quan-

titative methods have high degrees of sensitivity in FCD detection

compared with conventional visual inspection.12,13,17

Besson et al18 used techniques of automated sulcal extraction

and morphometry to explore the spatial relationship between

FCD lesions and brain sulci, and they concluded that small FCDs

were located at the bottom of a deep sulcus. However, only small

lesions were investigated; large FCD lesions with abnormal find-

ings on MR imaging continuously extending to the wall or crown

of the sulci remained unexplored in their series. The present study

aimed to describe the patterns of the distribution of abnormal

findings on MR imaging across the type II dysplastic sulci using

quantitative techniques. We believe our work can provide further

helpful information to better understand the mechanism of FCD

pathogenesis as well as principles of intracranial electrode im-

plantation and resective surgery planning.

MATERIALS AND METHODS
Patients
We retrospectively included patients who underwent a resective ep-

ilepsy operation in Beijing Tiantan-Fengtai Epilepsy Center from

January 2015 to December 2017 using the following criteria: 1) The

histopathologic finding was type II FCD, according to the 2011 In-

ternational League Against Epilepsy FCD classification system. FCD

type II was defined as abnormal cortical lamination with dysmorphic

neurons alone (IIa) or together with balloon cells (IIb).1 2) Presurgi-

cal 3D T1 and FLAIR images were available. Patients with low-quality

MR images due to noise or movement artifacts were excluded. 3) The

patient was older than 5 years of age,15,19 and 4) no cranial surgery

had been performed previously.

This research was approved by the institutional review board of

the Beijing Tiantan Hospital (approval number KY2017–043-02),

and informed consent was obtained from all included participants.

MR Imaging Acquisition
The MR images were obtained on a 3T Verio scanner (Siemens, Er-

langen, Germany), including 3D T1 sagittal MPRAGE (TR/TE �

1900/2.53 ms, TI � 900 ms, matrix � 256 � 256, thickness � 1.0

mm), T2 axial (TR/TE � 7030/110 ms, matrix � 256 � 320, thick-

ness � 3 mm), FLAIR axial (TR/TE � 8000/94 ms, TI � 2371.5 ms,

matrix � 424 � 512, thickness � 3 mm), FLAIR sagittal (TR/TE �

8000/96 ms, TI � 2371.2 ms, matrix � 236 � 256, thickness � 3

mm), and FLAIR coronal (TR/TE � 8000/96 ms, TI � 2371.2 ms,

matrix � 408 � 512, thickness � 3 mm) sequences.

Visual Inspection
Two epileptologists (X.S., W.H.) performed conventional visual

analysis of the MR images independently, and discrepancies were

resolved through discussion. The 2 reviewers defined positive

findings on MR imaging when FCD-associated abnormal findings

were identified during this procedure.

MR Imaging Postprocessing and Dysplastic Sulci Labeling
Two SPM8 (http://www.fil.ion.ucl.ac.uk/spm/software/spm8)

postprocessing algorithms, MAP and nFSI, were used to quantify the

abnormal findings on MR imaging. Extension, junction, and thick-

ness images composed of z-values were derived from MAP by com-

paring individual MR imaging data with a healthy control data base.

These images are used to measure the severity of abnormal gyration/

sulcation, gray-white matter junction blurring, and cortical thicken-

ing, respectively.16 Gray-white matter junction blurring may lead to

inaccurate segmentation of gray or white matter probability images,

which can result in incorrect calculation of cortical thickness. To

avoid the cortical pseudothickening induced by gray-white matter

junction blurring, we adjusted the gray matter probability image seg-

mented for cortical thickness calculation by subtracting the binary

image (derived from the 3D T1 image in the workflow of junction

image calculation). FLAIR intensity changes in gray and white (trans-

mantle sign) matter were quantitatively measured by nFSI, resulting

in a z-value-based image. An epileptologist (K.Z.) blinded to the con-

ventional visual results used z score thresholds of 6 (extension im-

age), 3.5 (junction image), 4 (thickness image), or 3 (nFSI image) to

identify candidate postprocessing positive (postprocessing�) re-

gions.12,15,19,20 The coregistered structural MR imaging and postsur-

gical MR imaging or CT were visually inspected at the candidate

postprocessing� region. The patient was classified as postprocess-

ing� if the candidate region was considered abnormal on the struc-

tural scan and was removed according to the postsurgical MR imag-

ing or CT. The details of image-processing steps and threshold

selection were described in previous articles.12,15-17,19,20 The dysplas-

tic sulcus with abnormal findings on MR imaging was manually la-

beled in the 3D T1 MR image according to the postprocessing results,

and the corresponding ROI was drawn using VOI tools of MRIcron

(http://people.cas.sc.edu/rorden/mricron/index.html) (Fig 1).

Division of the Dysplastic Sulcus
There is no previous literature describing the extent of the bottom

part of a sulcus. We first delineated this extent according to our

knowledge. On the basis of the structural MR image and corre-

sponding ROI image, a reviewer (Z.L.) blinded to the postpro-

cessing results drew a line intersecting the bottom point of the

sulcus and parallel to the tangent to the interior border of the gray

matter. This line divided the ROI of the dysplastic sulcus into the

bottom and nonbottom parts (Fig 2A).

Patterns of Distribution of Abnormal Findings on MR
Imaging
We defined spatial distribution types 1, 2, and 3 as abnormal

findings on MR imaging (z-value � corresponding threshold)

AJNR Am J Neuroradiol 40:184 –90 Jan 2019 www.ajnr.org 185

http://people.cas.sc.edu/rorden/mricron/index.html


located in the bottom part, both the bottom and nonbottom

parts, and the nonbottom part, respectively (Fig 2B–D).

Comparisons between the Bottom and Nonbottom Parts
For patients with type 2 distribution, we further compared the

severities of abnormal findings on MR imaging between the bot-

tom and nonbottom parts. The corresponding postprocessing

images were multiplied by the mask images of the bottom or non-

bottom part to obtain the statistical images of the 2 parts. The

mean z-value in the bottom or nonbottom part of each statistical

image was calculated. Moreover, the number of voxels with a

z-value more than the previously defined threshold in the bottom

or nonbottom part was divided by the total number of voxels of

the corresponding part to obtain the standardized volume of the

abnormality. All calculations during this step were performed in

the platform of Matlab R2013a (MathWorks, Natick, Massachu-

setts). The mean z-values and standardized volumes of abnormal-

ities between the bottom and nonbottom parts were compared in

patients with type 2 distribution.

Postoperative Outcome
The Engel Scale was used to rate postop-

erative outcome. Seizure freedom was

strictly defined as Engel Ia (seizure-free,

no auras).21

Statistical Analyses
The Fisher exact test (2-tailed) was per-

formed for statistical comparisons of inde-

pendent categoric data. The independent t

test (2-tailed) was performed for compar-

isons of independent numeric data if the

variables were normally distributed; oth-

erwise, the Mann-Whitney U test was

used. Significance was defined as P � .05.

The statistical tests were performed with

SPSS 22.0 (IBM, Armonk, New York).

RESULTS
General Information
Between January 2015 and December

2017, four hundred seventy-one patients

underwent resective surgery for refractory

focal epilepsy at Beijing Tiantan-Fengtai

Epilepsy Center. Among them, 72 patients

had the histopathologic diagnosis of FCD

II. One, 9, and 4 patients were excluded

due to obvious artifacts on MR images,

age younger than 5 years, and previous

cranial operations, respectively. Fifty-

eight patients (23 female and 35 male)

were ultimately included in this study.

The mean age at the operation was

18.78 � 9.59 years, and the mean epi-

lepsy duration was 7.89 � 5.37 years.

Thirty-seven patients underwent stereo-

electroencephalography monitoring be-

fore resective surgery. The FCD lesions

were located in the frontal lobe in 38

(65.52%) patients, parietal lobe in 8 (13.79%) patients, temporal

lobe in 4 (6.90%) patients, occipital lobe in 4 (6.90%) patients,

insular lobe in 3 (5.17%) patients, and multiple lobes in 1 (1.72%)

patient. At a mean postoperative follow-up of 23.81 � 9.60

months, 50 patients (86.2%) became seizure-free (Engel Ia).

Detection Rates of Conventional Visual Analysis and
Image Postprocessing Assistant Analysis
In general, 27 (46.55%) FCD lesions were detected by visual in-

spection. In addition to the 27 lesions, another 15 (25.86%) subtle

FCDs were detected under the assistance of image postprocessing

techniques, leading to the detection rate of 72.41%. The findings

of remaining 16 (27.59%) FCDs were strictly negative on MR

imaging and were detected by interictal PET with [18F] FDG or

stereoelectroencephalography (Fig 3).

Frequencies of Abnormal Findings on MR Imaging
As shown in the Table, among the 42 FCD lesions with detectable

abnormal findings on MR imaging, gray-white matter junction

FIG 1. Dysplastic sulcus labeling. A, Dysplastic sulcus with an abnormality of gray-white matter
junction blurring (coronal). B, Dysplastic sulcus with an abnormality of cortical FLAIR hyperinten-
sity (coronal).
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blurring was the most common (n � 38), followed by cortical

FLAIR hyperintensity (n � 26), the transmantle sign (n � 13),

abnormal gyration or sulcation (n � 7), and cortical thickening

(n � 4). Type IIb lesions significantly more often showed detect-

able abnormalities (P � .015), including gray-white matter junc-

tion blurring (P � .029) and cortical FLAIR hyperintensity (P �

.001), compared with type IIa lesions; the transmantle sign was an

exclusive feature of FCD IIb (P � .001).

Patterns of Distribution of Abnormal Findings on MR
Imaging
The abnormalities of gray-white matter junction blurring located

in the bottom part (type 1) of dysplastic sulci in 24 patients (IIa,

n � 10; IIb, n � 14), consecutively extended to the wall or crown

(type 2) in 13 patients (IIa, n � 6; IIb, n � 7) and were located in

the nonbottom part (type 3) in 1 patient with IIa. For the abnor-

mality of cortical FLAIR hyperintensity, 12 (IIa, n � 2; IIb, n �

10), 13 (IIa, n � 6; IIb, n � 7), and 1 (IIb, n � 1) lesion showed

type 1, 2, and 3 spatial distribution, respectively (Fig 4). All ab-

normalities of the transmantle sign and abnormal gyration/sulca-

tion showed a type 1 distribution. Regarding cortical thickening, 2

lesions showed a type 2 distribution and the other 2 showed a type

3 distribution.

Comparisons between the Bottom and Nonbottom Parts
Because all abnormalities of the transmantle sign and abnormal

gyration/sulcation were located in the bottom part and cases with

cortical thickening were rare in our cohort, only z-values of the junc-

tion and nFSI images were taken into account for comparisons. In

patients with gray-white matter junction blurring consecutively ex-

tending from the bottom to the wall or crown (type 2 distribution),

the mean z-value in the bottom part was higher than that in the

nonbottom part (all: 3.91 � 1.21 versus 0.43 � 0.60, P � .001; sub-

group of FCD IIa: 4.37 � 1.41 versus 0.41 � 0.41, P � .001; subgroup

of FCD IIb: 3.51 � 0.94 versus 0.44 � 0.77, P � .001), and the

standardized volume of abnormalities was also larger in the bottom

part (all: 0.56 � 0.19 versus 0.09 � 0.06, P � .001; subgroup of FCD

IIa: 0.60 � 0.18 versus 0.09 � 0.04, P � .001; subgroup of FCD IIb:

0.52 � 0.20 versus 0.08 � 0.08, P � .001). Regarding FLAIR signal

changes, the mean z-value was higher (all: 2.52 � 0.63 versus 0.92 �

0.50, P � .001; subgroup of FCD IIa: 2.39 � 0.87 versus 0.80 � 0.24,

P � .001; subgroup of FCD IIb: 2.63 � 0.37 versus 1.03 � 0.65, P �

.001) and the standardized volume of abnormalities was larger (all:

0.34 � 0.18 versus 0.06 � 0.05, P � .001; subgroup of FCD IIa:

0.28 � 0.22 versus 0.04 � 0.04, P � .001; subgroup of FCD IIb:

FIG 2. Schematic diagram of the divisions of the sulcus and the types of spatial distribution of abnormal findings on MR imaging. A, Line a is
tangential to the interior border of the gray matter in the sulcus bottom, and line b is parallel to line a, intersecting the bottom point of the
sulcus. Gray matter interior and exterior to line b is defined as the bottom and the nonbottom parts, respectively. If one considered gray-white
matter junction blurring, for example, spatial distribution types 1 (B), 2 (C), and 3 (D) are defined as the abnormalities located in the bottom part,
both the bottom and nonbottom parts, and the nonbottom part, respectively.

FIG 3. Abnormal findings on MR imaging detected by conventional
visual analysis and postprocessing techniques. MRI� indicates posi-
tive by conventional visual analysis; Subtle, negative by conventional
visual analysis but positive by postprocessing; MRI�, negative by
postprocessing.
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0.39 � 0.12 versus 0.07 � 0.06, P � .001) in the bottom part com-

pared with that in the nonbottom part (Fig 5).

DISCUSSION
Knowledge of the MR imaging features is crucial for recognition

and detection of FCD II lesions, and understanding the spatial

distribution of abnormal findings on

MR imaging is important for deep elec-

trode implantation and lesion resection.

The present retrospective study quanti-

tatively revealed that gray-white matter

junction blurring and cortical FLAIR

hyperintensity were the 2 most common

abnormal findings on MR imaging of

type II FCD, and the transmantle sign

was exclusive to FCD IIb. Moreover, ab-

normal findings on MR imaging pre-

dominated in the bottom part of the sul-

cus with type II FCD.

Bottom-of-sulcus dysplasia was first

proposed by the 2005 revision of the

Barkovich classification. It was defined

as a subtype of FCD with balloon cells

(FCD IIb).22 FCD IIa was excluded be-

cause it had different imaging features,

different outcomes after the seizure op-

eration, and clearly different etiolo-

gies.4,5,22-24 In 2008, a study by Besson et

al18 indicated that small FCD lesions

were located at the bottom of a deep sul-

cus. The present study demonstrates

that in addition to FCD IIb, the abnor-

mal findings on MR imaging (n � 10 for

gray-white matter junction blurring and

n � 2 for cortical FLAIR hyperintensity)

of FCD IIa lesions could also be located

in the bottom part of the sulcus. From

the perspective of spatial location, these

FCD IIa lesions should not be excluded

from bottom-of-sulcus dysplasia. The

exclusion of FCD IIa in the classification

by Barkovich is most likely explained by

the use of low-field-strength or low-res-

olution MR images. Small FCD IIa le-

sions located in the bottom part of the

sulcus, frequently manifesting as subtle

gray-white matter junction blurring and

lacking notable characteristics such as

the transmantle sign, tend to be over-

looked during conventional visual anal-

ysis. As a consequence of negative find-

ings on MR imaging, it is difficult to

localize those lesions and the seizure

outcomes are poor.25,26

In addition to subtle lesions located

at the bottom, other larger lesions with

abnormalities continuously extending

from the bottom to the wall were also

analyzed in our study. Among these lesions, quantitative analyses

indicated that abnormal findings on MR imaging predominated

in the bottom part of the sulcus. Based on the above-mentioned

findings, we postulated that the bottom of the sulcus was the

“root” of type II FCD lesions and proposed the concept of

FIG 4. Statistical data of the 3 spatial distribution types of abnormalities on MR imaging. A,
Gray-white matter junction blurring. B, Cortical FLAIR hyperintensity.

FIG 5. Comparisons between the bottom and nonbottom parts in patients with a type 2 abnor-
mality distribution. A, Comparison of z-values derived from the junction image (designed to
measure gray-white matter junction blurring) of MAP. B, Comparison of standardized volumes of
abnormalities (z � 3.5) in the junction image. C, Comparison of z-values derived from the nFSI
image (designed to measure cortical FLAIR hyperintensity). D, Comparison of standardized vol-
umes of abnormalities (z � 3) in the nFSI image.

Frequencies of abnormal findings on MRI measured by quantitative methods
All (n = 58) IIa (n = 32) IIb (n = 26) P (IIa vs IIb)

Gray-white matter junction blurring 38 (65.52%) 17 (53.13%) 21 (80.77%) .029
Cortical FLAIR hyperintensity 26 (44.83%) 8 (25%) 18 (69.23%) .001
Cortical thickening 4 (6.90%) 2 (6.25%) 2 (7.69%) �.999
Abnormal gyrus or sulcus 7 (12.07%) 5 (15.63%) 2 (7.69%) .614
Transmantle sign 13 (22.41%) 0 (0%) 13 (100%) �.001
Normal findings 16 (27.59%) 13 (40.63%) 3 (11.54%) .015
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bottom-of-sulcus rooted dysplasia. The lesions with type 1 and 2

spatial distributions were all bottom-of-sulcus-rooted dysplasia.

The only difference between them we could see was the volume of

the lesions.

The mechanism of cortical folding is unclear. Two hypotheses

have dominated views on this topic. The first is the intracortical

differential growth hypothesis, whereby the differential expan-

sion of upper-versus-lower neuronal layers causes the surface to

buckle or fold.27 The cortex is thicker at sites of growing gyri and

thinner beneath developing sulci.28 The cortex forms its 6-layered

structure until gestational week 18, before cortical folding. We

postulate that the sites where FCD lesions are located, being the

weak points of tangential tension due to the disruption of cortical

layers, tend to be folded into the sulci. The second is the axonal

tension hypothesis, which posits that tension generated by axons

drives cortical folding by pulling strongly interconnected regions

together.29 According to this theory, gyri are bulked between ar-

eas with strong axonal connections as axons draw them together,

and sulci are folded between areas weakly connected or even with-

out links. Decreased subcortical fiber connectivity in FCD has

been demonstrated,30-32 which may be the main reason that this

kind of lesion is bottom-of-sulcus-rooted.

Our study also provided a rule for interpreting the results of

postprocessing images in the detection of FCD lesions. The sam-

ple cases of FCD II presented in the literature of image postpro-

cessing showed that most dysplastic areas highlighted by the ex-

tension, junction, and nFSI images were located in the inferior

parts of the dysplastic sulci.12-14 The results of the present study

are consistent with the findings from previous publications. Hup-

pertz,16 the introducer of MAP, claimed that this method does not

detect the lesion automatically, so a visual confirmation at the

MAP-highlighted area on coregistered structural MR imaging was

still necessary. The interpretation of the postprocessing images

requires some experience. Moreover, false-positives exist be-

cause the postprocessing images may highlight areas that have

no pathologic correlates in the structural MR images.16 If the

electroclinical data indicate an FCD II lesion, areas at the

crown of the gyri highlighted by any postprocessing images

need extremely careful inspection because this kind of lesion is

bottom-of-sulcus-rooted.

Subdural and depth electrodes are widely used in localizing

epileptogenic zones. Although subdural electrodes have advan-

tages, including large cortical coverage and convenience in corti-

cal mapping,33 contacts of subdural electrodes, which are placed

on the surface of the brain, cannot directly record the signals of

FCD deeply buried in the sulcus. Thus, depth electrodes are pre-

ferred in localizing FCD II during the phase 2 evaluation. To go

close to the FCD lesion rooted at the bottom of the sulcus, the

trajectory of the depth electrode should run through the inferior

portion of the dysplastic sulcus. For lesion resection, the depth of

resection of the sulcus directly affects the postsurgical seizure out-

come. In other words, the gray matter at the bottom should be

completely removed to reveal the underlying white matter, espe-

cially for the sulcus, where vessels pass at the bottom.

The main limitation of the present study is the exclusion of

pediatric patients younger than 5 years of age due to the absence of

healthy controls with a similar age distribution. Younger brains

show significant structural differences compared with adult

brains, and bias might have occurred during the unequal compar-

isons. However, the prevalence rate of FCD II in these pediatric

patients undergoing an epilepsy operation was high. Another lim-

itation is that some cases with electroclinical or neuroimaging

data strongly indicating FCD II were not included due to negative

histopathologic findings. The main cause, we postulate, is the

fragmentation of specimens during the resective surgery. Selec-

tion bias might have been induced by the above-mentioned lim-

itations in our study.

CONCLUSIONS
We explored the spatial distribution of abnormal findings on MR

imaging across the sulci containing FCD II lesions using quanti-

tative techniques. Our results suggest that gray-white matter junc-

tion blurring and cortical FLAIR hyperintensity are the 2 most

common characteristics, which predominate in the bottom part

of the sulcus with type II FCD. The findings of our study indicate

that FCD II is bottom-of-sulcus-rooted and provide helpful in-

formation for postprocessing image interpretation, intracranial

electrode implantation, and resection of this kind of lesion.
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1. Blümcke I, Thom M, Aronica E, et al. The clinicopathologic spec-

trum of focal cortical dysplasias: a consensus classification pro-
posed by an ad hoc Task Force of the ILAE Diagnostic Methods
Commission. Epilepsia 2011;52:158 –74 CrossRef Medline

2. Taylor DC, Falconer MA, Bruton CJ, et al. Focal dysplasia of the
cerebral cortex in epilepsy. J Neurol Neurosurg Psychiatry 1971;34:
369 – 87 CrossRef Medline

3. Lerner JT, Salamon N, Hauptman JS, et al. Assessment and surgical
outcomes for mild type I and severe type II cortical dysplasia: a
critical review and the UCLA experience. Epilepsia 2009;50:1310 –35
CrossRef Medline

4. Tassi L, Colombo N, Garbelli R, et al. Focal cortical dysplasia: neu-
ropathological subtypes, EEG, neuroimaging and surgical out-
come. Brain 2002;125:1719 –32 CrossRef Medline

5. Lawson JA, Birchansky S, Pacheco E, et al. Distinct clinicopathologic
subtypes of cortical dysplasia of Taylor. Neurology 2005;64:55– 61
CrossRef Medline
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Reliability of MR Imaging–Based Posterior Fossa and Brain
Stem Measurements in Open Spinal Dysraphism in the Era of

Fetal Surgery
X M. Aertsen, X J. Verduyckt, X F. De Keyzer, X T. Vercauteren, X F. Van Calenbergh, X L. De Catte, X S. Dymarkowski,

X P. Demaerel, and X J. Deprest

ABSTRACT

BACKGROUND AND PURPOSE: Fetal MR imaging is part of the comprehensive prenatal assessment of fetuses with open spinal dysra-
phism. We aimed to assess the reliability of brain stem and posterior fossa measurements; use the reliable measurements to characterize
fetuses with open spinal dysraphism versus what can be observed in healthy age-matched controls; and document changes in those within
1 week after prenatal repair.

MATERIALS AND METHODS: Retrospective evaluation of 349 MR imaging examinations took place, including 274 in controls and 52 in
fetuses with open spinal dysraphism, of whom 23 underwent prenatal repair and had additional early postoperative MR images. We
evaluated measurements of the brain stem and the posterior fossa and the ventricular width in all populations for their reliability and
differences between the groups.

RESULTS: The transverse cerebellar diameter, cerebellar herniation level, clivus-supraocciput angle, transverse diameter of the posterior
fossa, posterior fossa area, and ventricular width showed an acceptable intra- and interobserver reliability (intraclass correlation coeffi-
cient � 0.5). In fetuses with open spinal dysraphism, these measurements were significantly different from those of healthy fetuses (all with
P � .0001). Furthermore, they also changed significantly (P value range � .01 to � .0001) within 1 week after the fetal operation with an
evolution toward normal, most evident for the clivus-supraocciput angle (65.9 � 12.5°; 76.6 � 10.9; P � .0001) and cerebellar herniation level
(�9.9 � 4.2 mm; �0.7 � 5.2; P � .0001).

CONCLUSIONS: In fetuses with open spinal dysraphism, brain stem measurements varied substantially between observers. However,
measurements characterizing the posterior fossa could be reliably assessed and were significantly different from normal. Following a fetal
operation, these deviations from normal values changed significantly within 1 week.

ABBREVIATIONS: ACi � atriocerebral index; CHL � cerebellar herniation level; CSA � clivus-supraocciput angle; GA � gestational age; ICC � intraclass correlation
coefficient; OSD � open spinal dysraphism; PF � posterior fossa; TCD � transverse cerebellar diameter; TDPF � transverse diameter of the PF; VW � ventricular width

Open spinal dysraphism (OSD), subdivided into myelomen-

ingocele and myeloschisis, is a nonlethal congenital malfor-

mation with complex physical and neurodevelopmental sequelae.

Its prevalence is approximately 4.9 per 10,000 live births in Eu-

rope and 3.17 in the United States.1-3 OSD results in motor and

sensory deficits, their extension being defined by the upper level

of the anatomic defect. These range, as the level increases, from

bladder, bowel, and sexual dysfunction to involvement of the

lower and even upper extremities and secondary orthopedic dis-

abilities.4,5 Children with OSD almost invariably have an associ-

ated Chiari II hindbrain malformation and ventriculomegaly.6

The Chiari II malformation is characterized by posterior fossa

(PF) and brain stem abnormalities with downward displacement

and compression of the cerebellum and brain stem.7

Geerdink et al8 demonstrated that morphometric measures

reliably quantify the morphologic distortions of Chiari II malfor-

mation on postnatal MR images. The mamillopontine distance

and the cerebellar width were the most sensitive and specific de-
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terminants of Chiari II.9 Some fetuses with OSD have ventriculo-

megaly, and its degree is believed to be predictive of the need for

postnatal shunting.10,11

In 2011, the Management of Myelomeningocele Study

(MOMS) demonstrated the benefit of in utero repair of myelo-

meningocele because the need for ventricular shunting at 12

months was reduced and motor outcome at 30 months im-

proved.12 Fetuses with the suspicion of OSD should be assessed

comprehensively to counsel parents about the expected outcome

and possibility of fetal surgery. In this assessment, fetal MR imag-

ing has a crucial role to characterize the brain and spinal abnor-

malities and rule out additional anomalies in fetuses with

OSD.13,14 For fetal surgery eligibility, the presence of Chiari II

hindbrain malformation on MR imaging is a necessary find-

ing.12,15 Many measurements have been proposed to describe

the typical PF changes in fetuses with OSD, yet the reproduc-

ibility of these has rarely been studied.14,16-23 These parame-

ters have also been shown to change after in utero repair of

OSD in small series and at different time points after fetal

surgery, yet no study has consistently reported early postoper-

ative assessment in utero.18

The aims of this study were 3-fold: 1) to assess the reproduc-

ibility of measurements of the brain stem and PF that have been

suggested to be representative on postnatal8,9 and prenatal MR

imaging14,16-23; 2) to apply those parameters that were shown to

be reproducible, to discriminate fetuses with OSD from gesta-

tional age–matched fetuses with a normal PF; and 3) to docu-

ment early changes in these measurements 1 week after a fetal

operation.

MATERIALS AND METHODS
This was a single-center retrospective study at University Hospi-

tals Leuven that was approved by its ethics committee (S60814).

Patients eligible for the OSD group were those having fetal MR

imaging examinations for additional assessment because of a pre-

natal diagnosis of OSD on ultrasound. Before MR imaging, pa-

tients had an ultrasound assessment, in which the lesion, second-

ary changes, and, when applicable, associated anomalies were

characterized. Before the MR imaging, the radiologist was in-

formed of the ultrasound findings. For the gestational age–

matched controls, we included fetuses assessed for other congen-

ital anomalies that do not affect the central nervous system or who

were scanned for suspected CNS abnormalities with normal find-

ings on prenatal ultrasound, fetal MR imaging, and postnatal

evaluation (On-line Table 1).

Fetal Imaging and Quality Criteria
The routine protocol for this condition includes acquisition on a

1.5T MR imaging system (Aera; Siemens, Erlangen, Germany)

with 2 small body coils placed adjacent to each other over the

maternal abdomen. The mother was positioned in the supine or

left lateral decubitus position. The images used were T2-weighted

HASTE or balanced steady-state gradient-echo sequences in the

sagittal, axial, and coronal planes relative to the fetal head. Before

September 2015, maternal sedation (flunitrazepam, 0.5 mg orally

20 –30 minutes before the examination) was used when the ges-

tational age (GA) was �30 weeks.24 Later, this was abandoned

because we, like others, thought that this induced maternal ad-

verse effects while not clinically required.25 For this study, we

searched our data base for all examinations performed in the set-

ting of spinal dysraphism assessment, as well as for appropriate

gestational age–matched controls. The image quality had to be

good, consisting of at least 3 orthogonal T2-weighted HASTE se-

ries of the fetal brain with limited fetal motion, allowing adequate

performance of the outcome measurements. The primary selec-

tion and review of images was performed by a single pediatric

radiologist (M.A.) with �3 years of experience in fetal MR imag-

ing. The main exclusion criteria were twin pregnancy, syndromal

pathology, fetal hydrops, or anhydramnios. The number of pa-

tients and individual reasons for exclusion are shown in On-line

Table 2. This exclusion left data from 349 MR imaging examina-

tions of a total of 1006, including 274 examinations in 246 control

fetuses. These data illustrate that some fetuses were scanned more

than once. Additionally, we included 52 MR imaging examina-

tions in fetuses with OSD, of whom 23 had a repeat MR imaging

examination after the operation. The eligibility criteria for fetal

surgery were those used in the MOMS trial.12

Outcome Measurements
Biometric variables included the transverse cerebellar diameter

(TCD), pontine thickness, and pontine height, measured accord-

ing to the standards defined by Garel26 and Tilea et al.27 The

transverse diameter of the PF (TDPF) was measured according to

Woitek et al,17 who suggested that this would be a proxy for the

TCD. The midsagittal PF area was measured according to Tsai et

al.20 The ventricular width (VW) was measured in the coronal

plane according to Garel,26 and in case of asymmetry, the largest

value was taken into account. Mamillopontine distance, the level

of kinking of the brain stem, medullary length, tentorial length,

and width of the cisterna magna were measured as described by

Geerdink et al.8 The width of the foramen magnum was de-

fined as the distance between the opisthion and the basion. The

cerebellar herniation level (CHL) was measured by drawing a

perpendicular line from the foramen magnum to the lowest

cerebellar portion. In the presence of cerebellar herniation, the

deepest portion was measured.20 The clivus-supraocciput an-

gle (CSA) was measured according to D’Addario et al.28 The

TCD, TDPF, mamillopontine distance, TL, PF area, and CSA

are demonstrated in Fig 1.

Reproducibility Study
The reproducibility of measurements was determined on a ran-

domly chosen subgroup of spinal dysraphism cases (n � 15/52;

referred to as the pilot group). Images were anonymized and up-

loaded to a research server29 for assessment by M.A. and J.V., a

radiologist with 1-year specific training for fetal MR imaging. This

radiologist was first trained with a training dataset from 5 other

fetuses with spinal dysraphism, with the help of a purposely de-

signed training document. For intraobserver assessment, M.A.

read the images twice in a random order with a 2-week interval.

J.V. measured parameters with at least moderate (intraclass cor-

relation coefficient [ICC] � 0.5) intraobserver reliability once to

obtain interobserver reliability.30
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Posterior Fossa Characteristics
The PF characteristics were determined on the presumed healthy

population to obtain normative values. To compare cases of fetal

myelomeningocele with the healthy population, we used these

normative curves to calculate expected values for the given gesta-

tional ages, and the fetal myelomeningocele values were then ex-

pressed as observed over the expected ratio.

Short-Term (<7 Days) Postoperative Changes
In this part of the study, we looked at the difference between PF

measurements shown to be reproducible in the above part of the

study in 23 fetuses who had a fetal operation at our center. These

fetuses had preoperative MR imaging and were imaged again

within 1 week after the operation. All measurements were per-

formed on T2-weighted images in the coronal or sagittal plane of

the fetal head. Again, the values were expressed as observed over

the expected ratio to determine changes after prenatal treatment

that were not attributable to normal growth.

In addition to the posterior fossa, we also evaluated the ventricu-

lar width in fetuses with OSD and the difference from the control

population. To describe the differential effect of a fetal operation on

the parenchyma and ventricles, one can measure changes in the so-

called atriocerebral index (ACi). The ACi

is the ratio of the atrial diameter and the

cerebral (parenchymal) biparietal diame-

ter.24 Others called this index the ventric-

ular width index as used in the postnatal

literature.18

Statistics
Intraobserver and interobserver vari-

ability were analyzed with a 2-way ran-

dom ICC using SPSS for Windows, Ver-

sion 22.0 (Released 2004; IBM, Armonk,

New York). An ICC cutoff value of 0.5 as

the lowest acceptable was chosen, taking

into account the guidelines for interpre-

tation by Cicchetti31 and allowing some

variation in view of the limited spatial

resolution for assessing such small struc-

tures so that borderline parameters can

be fully investigated. For the interpreta-

tion of ICC values, we followed the

guidelines of Koo and Li,30 with ICC val-

ues �0.5 indicative of poor reliability;

values between 0.5 and 0.75, moderate

reliability; values between 0.75 and 0.9,

good reliability; and values �0.90, excel-

lent reliability. The normality of GA in

the 274 examinations was evaluated

using the Shapiro-Wilk test, which indi-

cated that GA was not normally distrib-

uted. We attempted several transforma-

tion models (logarithmic, polynomial,

and square root) from which the square

root transformation provided the most

normally distributed data. Afterward, re-

gression analysis was performed on all ex-

amined PF characteristics to find normative ranges in correlation

with GA. Differences in the reliable parameters between the healthy

cohort and the fetuses with OSD were calculated using the Wilcox-

on–Mann-Whitney test. The Wilcoxon test was used to analyze dif-

ferences in the paired measurements of individual fetuses before and

after the operation. All statistics in the PF characteristics section were

performed using Analyze-it (Analyze-it for Microsoft Excel 4.81.4;

Analyze-it Software, Leeds, UK). A P value � .05 indicated statistical

significance.

RESULTS
Demographics
MR imaging examinations in controls were performed at a mean

GA of 27.9 � 5.3 weeks (range,18.6 –38.3 weeks). In fetuses with

OSD, the mean GA at MR imaging was 23.6 � 0.3 weeks (range,

19.3–27.3 weeks). Descriptive statistics for the study parameters

in controls and cases with OSD are shown in Table 1.

Reproducibility Study
The intraobserver ICCs for the PF area, VW, TCD, and CHL were

excellent. Conversely, TDPF (0.729), the pontine thickness (0.59),

FIG 1. T2-weighted imaging (HASTE) in the coronal (A) plane shows the biparietal diameter (white
line in A) and the ventricular width (black line in A). In the sagittal plane (B–D), the mamillopontine
distance (white line with circles at both ends in B) is demonstrated along with the foramen
magnum diameter (dotted white line in B) and the cerebellar herniation level (white line perpen-
dicular to the dotted line in B). The midsagittal posterior fossa area is shown in C (dotted free
form), and the clivus-supraocciput angle is demonstrated in D with a line according to the clivus
(white line) and the occiput (dotted line).
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the foramen magnum diameter (0.44), mamillopontine distance

(0.66), CSA (0.60), and the width of the cisterna magna (0.48) had

a fair-to-good reproducibility. Measurements of the other param-

eters showed a low reproducibility (tentorial length) or were un-

reliable (level of brain stem kinking, medullar length, and pontine

length). Interobserver reproducibility was moderate for TCD,

CHL, CSA, and TDPF. PF area and VW had good interrater

reliability.

Posterior Fossa Characteristics
All parameters with an intra- and interobserver ICC � 0.5 were

taken into account for further analysis. Normative curves for VW,

PF area, TDPF, TCD, CSA, TCD/TDPF, and CHL were calculated

and are shown in Table 2. Figure 2 shows the individual observa-

tions for cases with OSD, which were all significantly different

from what was measured in healthy fetuses (P � .0001).

Short-Term (<7 Days) Postoperative Changes
When we considered the observed over expected ratio values, fetal

surgery was associated with a significant difference in cerebellar

herniation (P � .0001), TCD/TDPF (P � .0002), TCD (P �

.0127), PF area (P � .0003), TDPF (P � .0127), CSA (P � .0001),

and VW (P � .0002). Figure 3 shows the individual observations

and boxplots in patients with OSD for all tested parameters, both

pre- and postoperatively. In 18/23 (78%) fetuses, the postopera-

tive observed over expected ratios of the PF area were improving

toward normal compared with the preoperative measurement.

The same was true for the observed over expected ratios of the

TDPF in 15/23 (65%), for the observed over expected ratios of the

TCD in 7/23 (30%), and for the observed over expected TCD/

TDPF ratios in 4/23 (17%) postoperative fetuses. The observed

over expected ratio level of cerebellar herniation increased, mean-

ing that the Chiari II–associated changes were reduced in 19/23

fetuses at 1 week after the operation. The observed over expected

ratios of the CSA increased toward, the normal range in 16/23

(70%) postoperative fetuses. The VW increased in 17/23 (74%)

fetuses, but there was no difference in the ACi between the pre-

and postoperative examinations (P � .46), with a mean of the

preoperative measurements of 0.22 and, postoperatively, of 0.23.

DISCUSSION
A large number of structural measurements on MR images of the

PF have been suggested to characterize changes attributed to

OSD. Some are believed to be clinically relevant due to their rela-

tion to the symptoms associated with a small PF, Chiari II mal-

formation, and brain stem compression.32 These changes are rep-

resented by the degree of cerebellar herniation, mamillopontine

distance, brain stem kinking, tentorial hypoplasia, and the con-

figuration of the fourth ventricle. These features can be measured

reproducibly in the postnatal period.8 In the era of prenatal diag-

nosis and fetal surgery, logically, the same measurements are also

used. Yet, in case of prenatal surgery, these are measured on

midgestational prenatal images at a time when the condition is

still progressive and image quality is different. We therefore in-

vestigated whether those measurements were reproducible in the

window of interest. For instance, we did not evaluate the fourth

ventricle because it is hardly visible around 20 –24 weeks in fetuses

with OSD. Conversely, we looked at parameters characterizing

the brain stem (mamillopontine distance, pontine thickness,

pontine length, foramen magnum diameter, level of brain stem

kinking, medulla length, tentorial length, and cisterna magna

width) and the PF as a whole (TCD, TDPF, PF area, CHL,

TCD/TDPF, and CSA). Due to its clinical relevance in fetuses

with OSD and the impact on outcome after fetal surgery,33 we

also included the VW.

Herein, we conclude that brain stem parameters in fetuses

with OSD cannot be measured reliably at midgestation; thus, we

were not able to objectively measure brain stem elongation and

displacement in utero. For fetuses with OSD, we believe this issue

is due to the limited spatial resolution of fetal MR imaging at that

point in gestation when the structures involved are in the milli-

metric range so that the slightest measurement error has a tre-

mendous impact on statistics. Another reason is that in OSD,

there is a decrease or even absence of extra-axial CSF, further

limiting the contrast resolution of MR imaging.34 Contrast reso-

lution is essential for accurate evaluation of small PF structures as

well as some additional cerebral lesions due to the presence of

different structures (medulla oblongata, pons, vermis, cerebel-

lum) in a small area.35 There is no difference between balanced

steady-state free-precession sequences and half-Fourier rapid re-

laxation with relaxation enhancement sequences for measuring

the foramen magnum.19 Conversely, when we looked at larger

structures (PF area, TCD, and TPFD) and/or with more abundant

contrast between fluid and soft tissue (CHL and VW), the ICC

values were much better. We confirmed this finding for those

parameters typical for the smaller posterior fossa and cerebellar

descent in the pathologic subgroup, as others did.17,18,20,22 More-

over, the difference with our gestational age–matched healthy pa-

tients was highly significant, again as previously described.17

Fetal surgery has been shown to reverse those posterior fossa

Table 1: Mean and SDs of different parameters for the controls
and fetuses with nonoperated and operated spinal dysraphism

Controls
(n = 274)

Nonoperated
OSD (n = 52)

Postoperative
OSD (n = 23)

GA (wk) 27.9 (5.3) 23.6 (0.3) 26.0 (1.1)
VW (mm) 6 (1.6) 11.9 (4.6) 12.3 (3.6)
PF area (cm2) 7.4 (2.2) 3.1 (0.9) 4.44 (0.83)
TDPF (mm) 39.8 (7.1) 22.3 (3.4) 27.2 (4.1)
TCD (mm) 31.6 (6.4) 21.8 (3) 24.4 (3.3)
Ratio TCD/TDPF 0.79 (0.05) 1 (0.05) 0.9 (0.07)
CHL (mm) 8.8 (1.9) �9.3 (5.4) �0.7 (5.2)
CSA 87.1° (8.3°) 62.5° (9.7°) 76.6° (10.9°)

Table 2: Equations of the regression curves with their respective
levels of significance and the R2 for the TCD, CHL, CSA, TDPF, PF
area, VW, and ratio TCD/TDPF

Parameter Regression Curve
P

Valuea R2

TCD y � 64.38–30.58*x � 4.606*x2 �.0001 0.907
CHL y � �78.26 � 31.6*x–2.849*x2 �.0001 0.117
CSA y � 21.61 � 12.44*x �.0001 0.265
TDPF y � �65.28 � 19.95*x �.0001 0.894
PF area y � 14.25–8.537 *x �1.369*x2 �.0001 0.875
VW y � 51.5–17.59*x � 1.692*x2 .0257 0.027
Ratio TCD/TDPF y � 3.87–1.215*x � 0.1192*x2 �.0001 0.243

Note:—x indicates square root (gestational age in weeks); R2, coefficient of
determination.
a P value according to Fisher F test.
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changes.11,14,18 Other investigators used the above parameters to

measure those typically �4 weeks after the operation.18 In the

present study, we acquired images within 2 weeks. In line with

ultrasound observations, we quantified significant changes dur-

ing that short observation period. Within 1 week, 26% of operated

fetuses had a PF area within the normal range, and in 52%, the

TCD was normal. Furthermore, the cerebellar herniation level

was at or above the foramen magnum in 52% of fetuses, and 70%

had a normal CSA. These acute changes in the PF following clo-

sure of the defect are in line with the theory of McLone and Knep-

per.36 In other words, it seems that the effects of fetal surgery on

the PF are already evident and can be quantified very early postoper-

atively. They are very likely to persist because others observed the

same effects later on and even confirmed them after birth.14,18,37 This

outcome might be an interesting proxy for measurement of the effi-

cacy of fetal surgery in clinical studies.

In this short-term follow-up study, we observed a postopera-

tive increase in ventricular width within 1 week in most patients.

Such increase is in line with observations made by others, though

several weeks after fetal surgery.18,33 They suggest that there is still

a certain degree of obstructive ventricular widening. The dynam-

ics of CSF fluid production and resorption in OSD are still poorly

understood. It may take some time after fetal surgery for CSF fluid

circulation to normalize after stopping its egress.11

In healthy fetuses, the ACi drops dramatically between 24 and

27 weeks, which means that there is, during that time period, a

proportional increase in the parenchymal brain component. In

our patients undergoing fetal surgery, the ACi remained stable.

FIG 2. The individual observations in the control population (black circles) with the mean (full line) and 95% confidence interval (dashed lines)
compared with the preoperative fetuses with open spinal dysraphism (white triangles) for the posterior fossa area, ventricular width, transverse
diameter of the posterior fossa, transverse cerebellar diameter, cerebellar herniation level, and clivus-supraocciput angle.
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This might be counterintuitive and contradicts the findings of

Rethmann et al.18 They measured the ACi and observed a drop in

the ACi; yet, that was 4 weeks after the operation and continued

after birth. These contrasting findings can be explained in differ-

ent ways. A drop in ACi would suggest a proportional increase in

biparietal cerebral diameter, hence a larger parenchymal compo-

nent. Conversely, the increase in ACi for a comparable VW in our

cohort would suggest that the parenchymal component decreases.

Although tempting, both groups cannot be compared because

measurements were performed at different gestational ages. In

healthy fetuses, the ACi spontaneously declines between 24 and 27

weeks. If fetuses with OSD follow this normal evolution, our find-

ings may eventually align with these of Rethmann et al and can be

explained by spontaneous and normal evolution. Unfortunately,

we have no longitudinal follow-up MR images to further study

these observations.

We have looked into prenatal measurements characterizing

the brain stem, which, to our knowledge, was not performed in

detail before. We based our evaluation on our own normative

values. Furthermore, we documented all parameters in a relatively

large pathologic population in the narrow gestational age range

that is relevant to prenatal spina bifida repair. Although the num-

ber of operated fetuses was not very large, we were able to describe

early postoperative changes therein. There are, however, some

shortcomings. First, our control fetuses definitely had normal

CNS findings on both MR imaging and ultrasound but were not

truly fully healthy fetuses. Controls underwent MR imaging be-

cause of other congenital abnormalities, presumed not to be as-

sociated with CNS abnormalities.

Second, we did not report on advanced MR images, such as

DWI and DTI, which may also provide relevant information. We

definitely acknowledge the potential of DWI and DTI because

they may detect more subtle abnormalities below the anatomic

level. Woitek et al38 already showed that fetuses with spina bifida

have increased fractional anisotropy compared with normally de-

veloping fetuses, however without reporting the functional im-

FIG 3. Boxplot demonstrating the minimum, first quartile, median, third quartile, and maximum of the observed over expected ratio in
preoperative fetuses with open spinal dysraphism and postoperative fetuses with OSD at 1 week for the posterior fossa area, ventricular width,
transverse diameter of the posterior fossa, transverse cerebellar diameter, cerebellar herniation level, and clivus-supraocciput angle.
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pact. Although we acquired such sequences in fetuses with spina

bifida, we were lacking those in healthy fetuses or the controls

used in this study; hence, we could not interpret the findings.

Third, we describe in utero findings without correlation to post-

natal short- or long-term follow-up or early postnatal MR imag-

ing confirmation. Although relevant, such a follow-up was be-

yond the scope of this study as was a comparison of these posterior

fossa measurements with those in a cohort that underwent post-

natal repair. Postnatal evaluation would most likely have identi-

fied additional findings, such as subependymal heterotopias.18,39

These are often missed in utero before as well as after fetal surgery.

CONCLUSIONS
This study showed that the brain stem cannot be reliably charac-

terized using the current panel of measurements in fetuses with

OSD. Conversely, posterior fossa measurements are demon-

strated to be reliable in the evaluation of fetuses with OSD. In

addition, these were significantly different from those in the

healthy population and changed within 7 days after prenatal sur-

gery. This finding advocates for their use in the evaluation of

fetuses with OSD on fetal MR imaging on a routine basis before

and shortly after a prenatal operation.
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ABSTRACT

BACKGROUND AND PURPOSE: The “ears of the lynx” MR imaging sign has been described in case reports of hereditary spastic paraplegia
with a thin corpus callosum, mostly associated with mutations in the spatacsin vesicle trafficking associated gene, causing Spastic
Paraplegia type 11 (SPG11). This sign corresponds to long T1 and T2 values in the forceps minor of the corpus callosum, which appears
hyperintense on FLAIR and hypointense on T1-weighted images. Our purpose was to determine the sensitivity and specificity of the ears
of the lynx MR imaging sign for genetic cases compared with common potential mimics.

MATERIALS AND METHODS: Four independent raters, blinded to the diagnosis, determined whether the ears of the lynx sign was present
in each of a set of 204 single anonymized FLAIR and T1-weighted MR images from 34 patients with causal mutations associated with SPG11
or Spastic Paraplegia type 15 (SPG15). 34 healthy controls, and 34 patients with multiple sclerosis.

RESULTS: The interrater reliability for FLAIR images was substantial (Cohen �, 0.66 – 0.77). For these images, the sensitivity of the ears of
the lynx sign across raters ranged from 78.8 to 97.0 and the specificity ranged from 90.9 to 100. The accuracy of the sign, measured by area
under the receiver operating characteristic curve, ranged from very good (87.1) to excellent (93.9).

CONCLUSIONS: The ears of the lynx sign on FLAIR MR imaging is highly specific for the most common genetic subtypes of hereditary
spastic paraplegia with a thin corpus callosum. When this sign is present, there is a high likelihood of a genetic mutation, particularly
associated with SPG11 or SPG15, even in the absence of a family history.

ABBREVIATIONS: AUC � area under the curve; HSP-TCC � hereditary spastic paraplegia with a thin corpus callosum; ROC � receiver operating characteristic
curve

Autosomal recessive hereditary spastic paraplegia with a thin

corpus callosum (HSP-TCC for short) presents clinically as a

progressive spastic paraplegia, usually beginning during infancy

or puberty, and is often associated with cognitive impairment,

occasionally antedating the onset of paraparesis.1-6 Both symp-

toms worsen slowly for decades. Mutations in the spatacsin vesicle

trafficking associated (SPG11) gene, coding for spatacsin, are most

commonly identified in these patients.1-6 Mutations in the gene

encoding spastizin (zinc finger fyve domain-containing protein 26,

ZFYVE26, causing SPG15) or other genes are rarer.2,4,5,7 The dis-

order is transmitted as an autosomal recessive trait; thus, it is

common for patients to present without a family history of the

disease.4,6 Given the clinical presentation, these patients are most

often studied with MR imaging to detect disorders affecting the

brain and, particularly, the pyramidal tract.8 MR imaging shows a

thin corpus callosum, but this sign is not unique to HSP-TCC,9-17
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and there are patients with HSP-TCC caused by SPG11 mutations

in whom the corpus callosum has an apparently normal thickness

(Fig 1).

Another MR imaging feature may be helpful to lead to the

diagnosis. A characteristic abnormality affecting the region of the

forceps minor of the corpus callosum18,19 has been described as

the “ears of the lynx” sign.20 The forceps minor of the corpus

callosum, corresponding to the genu fibers, has prolonged T1 and

T2 values. As a result, this region appears bright on T2-weighted

and dark on T1-weighted images (Fig 2). On axial sections, the

abnormality bears a remarkable resemblance to the ears of a lynx,

with the areas of abnormal signal reminiscent of the tufts of hair

crowning the tips of the ears of this animal (Fig 3).

If specific, the presence of this MR imaging finding in a seem-

ingly sporadic case could be very useful to guide genetic testing or

help in interpreting genetic findings. Thus, separating patients

with genetic mutations from those who may show a similar radio-

logic finding caused by more common etiologies, such as gliosis at

the calloso-caudate angle of the frontal horn of the lateral ventri-

cles21 or multiple sclerosis, is much more relevant in terms of

imaging than helping to differentiate among rare genetic variants.

If a genetic disorder is suggested by the radiologic picture, a de-

tailed genetic study should be performed to determine the exact

genetic etiology. Therefore, our objective was to determine the

sensitivity and specificity of this sign for patients with known

genetic mutations associated with HSP-TCC versus potentially

similar common patterns in this age group, such as gliosis at the

calloso-caudate angle or demyelinating disease. Thus, we com-

pared the MRIs of patients with HSP-TCC who were found by

genetic testing to have causal mutations associated with SPG11 or

SPG15 with those of healthy controls and of patients with multi-

ple sclerosis, a common cause of white matter changes in an age

group similar to the HSP-TCC sample.

MATERIALS AND METHODS
All procedures were approved by the Human Studies Committees

of the institutions involved, including the National Institutes of

Health Office of Human Subjects Research for the healthy con-

trols and patients with MS. In all cases, only retrospective, anony-

mized information was used for the study; therefore, individual

written informed consent was waived. Patients with HSP-TCC

had been recruited between 2002 and 2014 at 9 institutions, listed

in the authors’ affiliations. Nine of these patients had been in-

cluded in a study22 reporting on the clinical course of genetic

variants of HSP-TCC, not on the radiologic sign described in this

article. Another 5 patients had been included in a study23 report-

ing diffusion tensor imaging changes in white matter and brain

volume in HSP-TCC, but this study did not discuss the radiologic

sign studied here. Finally, another 4 patients with HSP-TCC had

been included in the original report of the ears of the lynx sign,20

but its sensitivity or specificity was neither studied nor described

in that article. Patients with MS and healthy controls had partic-

ipated in other studies at the National Institutes of Health, but we

had access to only their anonymized MRIs, obtained from 2002 to

2013, which were selected to match the HSPTCC sample in age

and sex. All patients with HSP-TCC had identified pathogenic

mutations, 31 associated with SPG11 and 3 with SPG15. Each of

the 3 groups (HSP-TCC, MS, healthy controls) consisted of 34

subjects, split almost evenly across sexes, with a mean age at MR

imaging of approximately 25 years (Table 1).

Anonymized MRIs were used for all groups. One axial T2

FLAIR and one T1-weighted image across the anterior forceps of

the corpus callosum (Fig 2) of each patient with HSP-TCC and

each control (healthy or MS) were randomized for presentation to

FIG 1. Corpus callosum size similar to normal in a patient with HSP-
TCC. The patient had mild cognitive impairment and a mild spastic
paraparesis. She had SPG 11 pathogenetic mutations. The ear of the
lynx sign in this patient is shown in Fig 2.

FIG 2. Ears of the lynx on MR imaging. Axial images across the anterior
forceps of the corpus callosum. Note an abnormality in the region of
the forceps minor of the corpus callosum, corresponding to the genu
fibers, which appear dark on T1-weighted and bright on FLAIR images
(arrows). Midline sagittal images from the same individuals are seen in
Fig 1.

FIG 3. Ears of the lynx. Shown are the gray-scale and corresponding
negative images of the head of a lynx. The hair tufts at the tip of the
ears resemble the MR imaging finding described here. Modified with
permission from an original photo taken by Aleksandar Vasic.

Table 1: Demographics
Diagnosis

SPG11 (n = 31)
or SPG15 (n = 3)

Mutations MS
Healthy
Control

Number 34 34 34
Sex, female/male 16:18 16:18 16:18
Mean age (SD) at MRI (yr) 24.6 (7.8) 25.0 (6.8) 24.6 (7.5)
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the evaluating raters. Thus, each rater read 204 images blindly.

Single images were presented on a computer screen containing

the image to be evaluated and buttons to indicate the presence or

absence of the ears of the lynx sign and the quality of the image.

Raters included 3 US board-certified radiologists with Certificate

of Additional Qualification in Neuroradiology, with an average

experience of 22 years of practice (range, 11–32 years), and a

board-certified neurologist with 12 years of experience in imag-

ing. Before reading the images blindly, the raters were trained to

recognize the ears of the lynx with 4 images positive for it and 4

images negative for it, including both T2 and T1 studies. They

were not given information on the diseases of the patients but

were only shown the morphology of the ears of the lynx sign. For

the unknown images, the raters were asked to make a forced

choice, deciding whether the image contained the ears of the lynx

sign. In addition, they had to define whether each image was of

good or poor quality.

Statistical Analysis
This is a retrospective case-control study. Given the absence of

previous studies on the sensitivity and specificity of the ears of the

lynx sign, we arrived at the sample size by following guidelines for

studies with an unknown effect size.24 The Cohen � statistic was

used to calculate interrater reliability. The degree of agreement

was interpreted on the basis of the � coefficients as follows: 0 – 0.2,

poor; 0.21– 0.4, fair; 0.41– 0.6, moderate; 0.61– 0.8, substantial;

0.81–1, almost perfect.25 Sensitivity, specificity, and the 95% CIs

for T1-weighted and FLAIR images were calculated. The area un-

der the curve (AUC) was obtained from the logistic regression

model. The logistic regression model with cluster, which allowed

interrater correlation, was also used to calculate the effect of the

rated quality of images on the agreement of the rating with the

true allocation of each image. All analyses were performed with

STATA version 15 (StataCorp, College Station, Texas). Statistical

significance was defined as a 2-tailed P � .05 for all tests.

RESULTS
The interrater reliability for FLAIR im-

ages was substantial, ranging from 0.66

to 0.77. For T1-weighted images, it was

moderate to substantial, ranging from

0.51 to 0.75 (Table 2). In the T2 FLAIR

images, the ears of the lynx sign sensitiv-

ity across raters ranged from 78.8 to 97.0

and the specificity ranged from 90.9 to

100 (Table 3). On T1-weighted images,

the sign was not detected as often, with a

sensitivity ranging from 39.3 to 75, but

the specificity was still high (87.5–100)

(Table 3). The receiver operating char-

acteristic curves (ROCs) showed better

FIG 4. ROCs for T1-weighted and FLAIR images. The receiver operating characteristic curves show better discrimination for FLAIR than for
T1-weighted images. For FLAIR images, the area under the ROC curve showed that the ears of the lynx sign performed in the very good-to-
excellent range for a diagnostic test.

Table 2: Interrater reliability (Cohen �)
Cohen � for

FLAIR (95% CI)
Cohen � for

T1-Weighted (95% CI)
Rater 1 vs 2 0.74 (0.60–0.88) 0.51 (0.32–0.71)
Rater 2 vs 3 0.74 (0.60–0.88) 0.42 (0.24–0.63)
Rater 3 vs 4 0.77 (0.63–0.91) 0.75 (0.54–0.96)
Rater 1 vs 3 0.66 (0.51–0.82) 0.59 (0.38–0.80)
Rater 2 vs 4 0.71 (0.56–0.86) 0.40 (0.20–0.60)
Rater 1 vs 4 0.73 (0.59–0.87) 0.62 (0.42–0.83)
All raters 0.72 (0.61–0.82) 0.53 (0.35–0.69)

Table 3: ROC results with sensitivity and specificity for FLAIR and T1-weighted images
ROC Results

AUC
(95% CI)

Sensitivity
(95% CI)

Specificity
(95% CI)

Sensitivity and specificity for
FLAIR images

Rater 1 93.9 (89.4–98.5) 97.0 (84.2–99.9) 90.9 (81.3–96.6)
Rater 2 87.1 (79.7–94.5) 81.8 (64.5–93.0) 92.4 (83.2–97.5)
Rater 3 87.1 (79.6–94.6) 78.8 (61.1–91.0) 95.5 (87.3–99.1)
Rater 4 89.4 (82.3–96.5) 78.8 (61.1–91.0) 100 (94.6–100)

Sensitivity and specificity for
T1-weighted images

Rater 1 84.8 (76.1–93.5) 71.4 (51.3–86.8) 98.2 (90.4–100)
Rater 2 81.3 (72.0–90.5) 75.0 (55.1–89.3) 87.5 (75.9–94.8)
Rater 3 68.8 (59.4–78.1) 39.3 (21.5–59.4) 98.2 (90.4–100)
Rater 4 69.6 (60.4–78.9) 39.3 (21.5–59.4) 100 (93.6–100)
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discrimination for FLAIR than for T1-weighted images (Fig 4).

For FLAIR images, the area under the ROC curve showed that the

ears of the lynx sign performed in the very good-to-excellent

(87.1–93.9) range for a diagnostic test. The quality of the images

did not make a significant difference between the blinded rating

and the true outcome (P � .29) for FLAIR images, but it affected

the agreement between the rating and outcome (P � .001) for

T1-weighted images (On-line Table).

DISCUSSION
Our study indicates that the ears of the lynx sign on axial FLAIR

MR imaging is associated with HSP-TCC caused by genetic mu-

tations characteristic of SPG11 and SPG15. We did not explore its

association with other genetic mutations because this radiologic

finding is probably not sufficient to make the genetic diagnosis; a

genetic study is required. However, our study shows that the ears

of the lynx sign is helpful to suggest a genetic disorder in a patient

with an apparently sporadic spastic paraparesis or cognitive im-

pairment. This is important because responsible mutations have

been sought particularly in families with several affected mem-

bers,3,6,26 though pathogenetic mutations often have sporadic

presentations.4,6 As an imaging endophenotype, the ears of the

lynx sign seems useful to suggest that genetic testing should be

performed in patients who apparently have a sporadic rather than

hereditary disorder or in patients with an atypical clinical picture.

Our study determined that the ears of the lynx sign, particularly

on axial FLAIR images, is highly associated with these mutations.

In addition, when Whole Exome Sequencing finds genetic vari-

ants with potential pathogenicity that is nonetheless difficult to

assess, the presence of the ears of the lynx sign on MR imaging

would support the pathogenicity of the variants.

An important question is whether this MR imaging sign is

present before the onset of clear-cut, defining clinical findings.

Our study cannot answer this question. Only 1 patient was stud-

ied at age 11, when she had a low intelligence quotient but had not

yet developed a spastic paraparesis, which started at 15 years of

age. Already at 11 years of age, the ears of the lynx sign was present

on her MR imaging. We hope that the description of the reliability

of this sign may encourage its search at younger ages.

We studied mostly patients with mutations in the SPG11 gene,

on chromosome 15. Of the 34 patients with HSP-TCC, only 3 had

mutations in another gene, causing SPG15; their MR imaging also

contained the ears of the lynx sign. Therefore, this sign is not

pathognomonic for SPG11 mutations but can probably be found

with mutations that affect the corpus callosum in a manner sim-

ilar to the SPG11 mutations. We are aware of a number of reports

mentioning the ears of the lynx sign in patients with genetically

determined HSP-TCC,7,22,27-31 but we are also aware of a single

report of a somewhat similar finding in a patient with a possible

Marchiafava-Bignami syndrome.32 However, in this case, the im-

aging finding was difficult to interpret in the published image;

furthermore, that patient had a thin corpus callosum and no ge-

netic testing. Given the range of phenotypic presentations of these

genetic disorders, an atypical HSP-TCC could not be ruled out

confidently in that case. The main potential mimic of the ears of

the lynx sign is an area of gliosis observed in many healthy indi-

viduals at the calloso-caudate angle of the frontal horn of the

lateral ventricles (Fig 2).21 However, this finding differs in mor-

phology—it has a rounded capping, rather than flaming shape—

and is smaller than the ears of the lynx. This normal finding,

present in many of our MRIs with normal findings, probably led

the raters to misclassify some cases, but this number was very

small and null for some of the raters, as indicated in the Results

section.

The raters were not asked to separate the series of images by

diagnosis: They were completely unaware of the 3 diagnostic

groups. They were only asked whether the ears of the lynx finding

was present on an image. Therefore, other features of the image,

such as other hyperintense lesions in multiple sclerosis scans, were

supposed to be irrelevant to their readings.

Our study had a main limitation. It is difficult to rule out an

effect of the presence of a thin corpus callosum on the decision of

the raters. To minimize this issue, we did not reveal to the raters

the disease entities to which the images corresponded. HSP-TCC

is uncommon, and on postreading, only 2 of the raters indicated

that they had some exposure to this disorder. One had read pre-

viously about 3 cases; the other, none. These 2 raters did not have

better accuracy than the other 2. Because the images were pre-

sented in a sequence, we were able to evaluate the learning effects.

Had the raters used a different feature in the image, namely the

thin corpus callosum, to aid in accuracy, a learning effect would

be expected. We did not detect better accuracy for images read

later in the series.

CONCLUSIONS
The ears of the lynx MR imaging sign suggests the presence of a

genetic mutation, likely characteristic of SPG11 or SPG15, in pa-

tients with cognitive impairment or a spastic paraparesis. In ad-

dition, the presence of this MR imaging finding in a subject iden-

tified as having a genotype associated with HSP-TCC suggests that

the mutation is pathogenic.
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LETTERS

T1-Hyperintense Plaques on Intracranial-versus-Extracranial
Vessel Wall MRI

We read with great interest the recent article by Zhu et al1

regarding the association between T1-hyperintensity of

basilar artery stenosis as detected by intracranial vessel wall MR

imaging, presumably intraplaque hemorrhage (IPH), and cere-

bral infarction in the basilar artery territory. T1-hyperintense

plaques as a marker of IPH have been validated in the extracranial

carotid artery using carotid endarterectomy specimens and have

been studied extensively in various populations. In contrast, data

on similar lesions in intracranial arteries are rather limited. The

study by Zhu et al highlighted the clinical relevance of T1-hyper-

intensity in intracranial atherosclerotic disease, which should call

for further investigations of its etiology and pathophysiology, es-

pecially considering the similarities and differences compared

with T1-hyperintensity in carotid artery disease.

In the study by Zhu et al1 and virtually all previous studies on

intracranial IPH,2,3 imaging criteria used for detecting IPH were

adopted from carotid MR imaging studies. Radiologic-pathologic

correlation studies validating the empiric signal intensity thresh-

old adopted from carotid MR imaging for detecting intracranial

IPH are currently lacking. This issue is understandable because it

is usually difficult to assess intracranial artery specimens soon

after in vivo imaging. However, caution must be exercised be-

cause images are generated by different T1-weighted sequences

that may produce different T1 contrasts. Although not discussed

by Zhu et al, the use of different sequences with different T1 con-

trasts may be another potential explanation for the vast differ-

ences in the prevalence of IPH in previous studies.1,3 In some

previous studies, it is unclear whether fat suppression was imple-

mented. In theory, plaques with a high content of lipids may also

appear hyperintense on T1-weighted MR imaging. Studies devel-

oping and validating imaging criteria for detecting intracranial

IPH are warranted.

Notably, the prevalence of IPH in the basilar artery was not

different between the low-grade and high-grade stenosis groups,1

whereas the prevalence of IPH in the carotid artery often in-

creased with luminal stenosis.4 One may explain this finding by a

selection bias because the low-grade stenosis group may have in-

cluded more symptomatic patients. However, the degree of ste-

nosis was not associated with symptom status in the study.1 Al-

ternatively, this difference between the carotid and basilar arteries

may indicate different remodeling mechanisms that exist between

different arterial beds. Whether wall area measurements were dif-

ferent between basilar plaques with and without IPH is unknown

but a question worth asking.

We congratulate Zhu et al1 for reporting these important

data and findings on a relatively unexplored topic. Notably, the

association of T1-hyperintensity with cerebral infarction ap-

peared to be even stronger than that of postcontrast enhance-

ment, though most previous studies on intracranial vessel wall

MR imaging have only focused on the latter. Certainly, more

questions can be raised than answered from the study by Zhu

et al, and future efforts are needed to further understand the

etiology and clinical significance of T1-hyperintensity on in-

tracranial vessel wall imaging.
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REPLY:

We thank Drs Yuan and Sun for their interest in our article1

and their group’s recent work on intraplaque hemorrhage

(IPH) in carotid plaque.2 While IPH is validated as a high-risk

plaque feature in extracranial carotid artery plaque3 due to facile

histologic validation from endarterectomy specimens, our cur-

rent understanding of the role of IPH in intracranial atheroscle-

rotic plaque vulnerability assessment is limited. The characteriza-

tion of intracranial plaque features by in vivo imaging remains

challenging due to the small plaque size and impracticality of

histologic validation. The definition of T1-weighted hyperintense

signal suggestive of IPH as �150% signal relative to the nearby

medial pterygoid muscles on precontrast T1-weighted imaging

used in our study was adopted from previous carotid studies and

supported by initial studies of IPH within the middle cerebral

artery.4

Intracranial IPH is increasingly recognized as a harbinger of

elevated stroke risk,5 and our study adds to the literature concern-

ing basilar artery plaque in showing an association with stroke risk

independent of the degree of stenosis. We appreciate Drs Yuan

and Sun’s suggestions on the discussion of imaging sequences for

improving the accuracy of intracranial IPH detection. The use of

different TR/TE parameters or inversion pulses can alter image

contrast, which may partially explain the heterogeneity of prior

study results. Histologic validation is preferred to standardize im-

aging approaches; however, it has practical challenges in intracra-

nial atherosclerotic plaque, which cannot be obtained in vivo. An

alternative practical approach to standardize sequences for clini-

cal detection of IPH could be to use phantoms with different T1

values; this method needs to be explored further. In addition,

recent studies have increasingly used 3D high-resolution fast

spin-echo sequences (sampling perfection with application-opti-

mized contrasts by using different flip angle evolution [SPACE]

sequence, Siemens, Erlangen, Germany; CUBE, GE Healthcare,

Milwaukee, Wisconsin; or volume isotropic turbo spin-echo ac-

quisition [VISTA], Philips Healthcare, Best, the Netherlands) for

intracranial plaque imaging. IPH detection should be used with

caution because the long echo-train (�30) induces considerable

T2-weighting,6 which alters contrast from traditional 2D T1-

weighted fast spin-echo or gradient-echo sequences.

In our study, the degree of stenosis was not associated with

stroke symptoms, and the prevalence of IPH was comparable in

low- and high-grade stenoses. This finding may reflect IPH as an

independent risk factor for stroke symptoms in basilar artery

plaque, though the limited sample size in a single-center popula-

tion could introduce sampling error. Nonetheless, these data

highlight the importance of basilar artery IPH even in low-grade

stenosis as potentially leading to stroke. High-risk plaque in in-

tracranial arteries with �50% stenosis7 has been recognized as a

potential cause of cryptogenic stroke, and identifying these high-

risk features, including IPH, may improve the management of

these patients. Nonetheless, we agree with Drs Yuan and Sun that

both IPH and plaque enhancement should be studied further in a

prospective, longitudinal study to better understand potential im-

aging-related independent risk factors that may predict stroke.
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LETTERS

Disproportionate International Contributions to Subspecialties
of Neuroradiology in the American Journal of Neuroradiology

In a follow-up study to our article entitled, “Who’s Contributing

Most to American Neuroscience Journals: American or Foreign

Authors?”1 we looked at the various branches of neuroradiology

to identify the countries that contribute the most published arti-

cles to the American Journal of Neuroradiology (AJNR). We had

shown that contributions to the AJNR by foreign institutions have

dramatically increased in recent decades.1 We subsequently ex-

amined whether all areas of neuroradiology have been equally

affected in the AJNR.

For this analysis, we assessed the country of the first author’s

institution in published articles in the past 30 AJNR issues (Janu-

ary 2016 to June 2018) to determine the contributions to Brain,

Head & Neck (H&N), Spine, Neurointerventional Radiology

(NIR), and Pediatrics (Ped) sections. In addition to calculating

the percentage of US authorship, we determined which countries

were contributing the most to each branch of neuroradiology.

We reviewed 793 articles. Overall, 350 (44.1%) articles were

from American institutions, and 443 (55.9%) were from non-

American institutions. The percentages of articles from US insti-

tutions were 44.4% in 2016, 47.2% in 2017, and 37.4% from Jan-

uary to June 2018. The percentage of US authorship was least in

NIR (31.8%; P � .001) and Brain (41.5%; P � .21), while it was

significantly higher than non-US authorship in Spine (60.7%; P �

.002), followed by H&N (53.7%), and Ped (51.3%) (Figure).

The foreign countries that had the highest contributions in

Brain, H&N, Spine, Ped, and NIR were Japan, Korea, Canada,

Italy, and Germany, respectively (Table).

We concluded that contributions to the AJNR from non-US

authors dominated in the NIR category, likely due to the more

restrictive limitations of the FDA on new NIR devices compared

with the more lenient oversight in Europe by their governmental

bodies, such as the Medicines and Healthcare products Regula-

tory Agency in the United Kingdom and the French Organization

for the Safety of Health Products. Asian countries may contribute

more to H&N due to the increased prevalence of thyroid and

nasopharyngeal carcinomas and Epstein–Barr Virus infections.

Europeans and Canadians publish more than those in Asian

countries in Pediatrics, in part from noteworthy Italian authori-

ties in pediatric neuroradiology. The US prominence is foremost

in the spine, and Canada dominates the non-US spine contribu-

tions. Overall, the contributions from non-US authors (55.9%)

exceeded those originating from the United States (44.1%).
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Top 2 foreign countries with highest contributions to subsections of AJNR

Specialty
Top Country
Contributor

Top Country (No. of
Articles) (% of Non-US)

No. 2 Country
Contributor

No. 2 Country (No.
of Articles) (% of Non-US)

Brain Japan 28 (14.3%) China 24 (12.2%)
H&N Korea 15 (39.5%) China 6 (15.8%)
NIR Germany 22 (18.6%) France 19 (16.1%)
Pediatrics Italy 12 (20.6%) Canada 8 (13.8%)
Spine Canada 10 (30.3%) Switzerland 4 (12.1%)
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ERRATUM

The authors regret that in the article “White Matter Changes Related to Subconcussive Impact Frequency during a Single Season of

High School Football” (AJNR Am J Neuroradiol 2018;39:245–51; https://doi.org/10.3174/ajnr.A5489), the art and legend for Fig 3

did not match. A corrected figure with the original legend is reproduced below.

http://dx.doi.org/10.3174/ajnr.A5907

FIG 3. Scatterplot of changes in FXST FA for all subjects across the season. Individual player data are connected by solid or dotted lines based
on the median split of the total number of impacts during the season, as depicted in the legend. The concussed subject is plotted with triangles.
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