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Indications for Use: The FRED X System is indicated for use in the internal carotid artery from the petrous segment to 

the terminus for the endovascular treatment of adult patients (22 years of age or older) with wide-necked (neck width 4 

mm or dome-to-neck ratio < 2) saccular or fusiform intracranial aneurysms arising from a parent vessel with a diameter  

2.0 mm and  5.0 mm.

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

professionals intended use only.

MICROVENTION, FRED and HEADWAY are registered trademarks of MicroVention, Inc. in the United States and other 

jurisdictions. Stylized X is a trademark of MicroVention, Inc. © 2022 MicroVention, Inc. MM1222 US 03/22

* Data is derived from in vivo and ex vitro testing and may not be representative of clinical performance.

1.  Data on file

2.  Tanaka M et al. Design of biocompatible and biodegradable polymers based on intermediate water concept. 

Polymer Journal. 2015;47:114-121. 

3.  Tanaka M et al. Blood compatible aspects of poly(2-methoxyethylacrylate) (PMEA) – relationship between 

protein adsorption and platelet adhesion on PMEA surface. Biomaterials. 2000;21:1471-1481. 

4.  Schiel L et al. X Coating™: A new biopassive polymer coating. Canadian Perfusion Canadienne. June 2001;11(2):9. 

For more information, contact your local 

MicroVention sales representative or visit 

our website. www.microvention.com
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The FRED™ X Flow Diverter features the same precise 

placement and immediate opening of the FRED™ Device, 

now with X Technology. X Technology is a covalently 

bonded, nanoscale surface treatment, designed to:

• REDUCE MATERIAL THROMBOGENICITY 1

• MAINTAIN NATURAL VESSEL HEALING 

RESPONSE 2,3,4

• IMPROVE DEVICE  DELIVERABILITY AND 

RESHEATHING 1

The only FDA PMA approved portfolio with a 0.021” 

delivery system for smaller device sizes, and no 

distal lead wire.

FRED™                ™

Flow Diverter Stent

THE NE    T ADVANCEMENT IN 
FLOW DIVERSION TECHNOLOGY
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WEB™17
Aneurysm Embolization System

INDICATIONS FOR USE:
The WEB Aneurysm Embolization System is intended for the endovascular embolization of ruptured and unruptured intracranial aneurysms and other neurovascular 
abnormalities such as arteriovenous fistulae (AVF). The WEB Aneurysm Embolization System is also intended for vascular occlusion of blood vessels within the 
neurovascular system to permanently obstruct blood flow to an aneurysm or other vascular malformation 

POTENTIAL COMPLICATIONS: 
Potential complications include but are not limited to the following: hematoma at the site of entry, aneurysm rupture, emboli, vessel perforation, parent artery 
occlusion, hemorrhage, ischemia, vasospasm, clot formation, device migration or misplacement, premature or difficult device detachment, non-detachment, 
incomplete aneurysm filling, revascularization, post-embolization syndrome, and neurological deficits including stroke and death. For complete indications, potential 
complications, warnings, precautions, and instructions, see instructions for use (IFU provided with the device).

VIA 21, 27, 33 - The VIA Microcatheter is intended for the introduction of interventional devices (such as the WEB device/stents/flow diverters) and infusion of 
diagnostic agents (such as contrast media) into the neuro, peripheral, and coronary vasculature. 

VIA 17,17 Preshaped - The VIA Microcatheter is intended for the introduction of interventional devices (such as the WEB device/stents/flow diverters) and infusion of 
diagnostic agents (such as contrast media) into the neuro, peripheral, and coronary vasculature.

The VIA Microcatheter is contraindicated for use with liquid embolic materials, such as n-butyl 2-cyanoacrylate or ethylene vinyl alcohol & DMSO (dimethyl sulfoxide).

The device should only be used by physicians who have undergone training in all aspects of the WEB Aneurysm Embolization System procedure as 
prescribed by the manufacturer.

RX Only: Federal law restricts this device to sale by or on the order of a physician.

For healthcare professional intended use only.

MicroVention Worldwide 
Innovaton Center PH +1.714.247.8000

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

 

WEB™ and VIA™ are registered trademarks 

of Sequent Medical, Inc. in the United States.

©2021 MicroVention, Inc. MM1184 WW 11/2021

™



NO COMPROMISE IN MRI

MR Suite

The individual who appears is for illustrative purposes. The person depicted is a model and not a real healthcare professional.
Please see Brief Summary of Prescribing Information including Boxed Warning on adjacent page.

High Relaxivity, High Stability:1,2   
I choose both.

Life is full of compromises. 
It’s time to take a stand.

INTRODUCING

HALF THE GADOLINIUM DOSE COMPARED TO OTHER 
MACROCYCLIC GBCAs IN APPROVED INDICATIONS.1,3-6

FROM BRACCO, YOUR TRUSTED PARTNER IN MRI.

VUEWAY™ (gadopiclenol) solution for injection

Indications
VUEWAY injection is indicated in adults and children aged 2 years and 
older for use with magnetic resonance imaging (MRI) to detect and 
visualize lesions with abnormal vascularity in:

• the central nervous system (brain, spine and surrounding tissues),
• the body (head and neck, thorax, abdomen, pelvis, and 

musculoskeletal system).

IMPORTANT SAFETY INFORMATION

WARNING: NEPHROGENIC SYSTEMIC FIBROSIS (NSF)

Gadolinium-based contrast agents (GBCAs) increase the risk for 
NSF among patients with impaired elimination of the drugs. Avoid 
use of GBCAs in these patients unless the diagnostic information 
is essential and not available with non-contrasted MRI or other 
modalities. NSF may result in fatal or debilitating fi brosis affecting 
the skin, muscle and internal organs.

•  The risk for NSF appears highest among patients with:
•  Chronic, severe kidney disease (GFR < 30 mL/min/1.73 m2), or
•  Acute kidney injury.

• Screen patients for acute kidney injury and other conditions 
that may reduce renal function. For patients at risk for 
chronically reduced renal function (e.g. age > 60 years, 

hypertension, diabetes), estimate the glomerular fi ltration rate 
(GFR) through laboratory testing.

• For patients at highest risk for NSF, do not exceed the 
recommended VUEWAY dose and allow a suffi cient period of 
time for elimination of the drug from the body prior to any re-
administration.

Contraindications
VUEWAY injection is contraindicated in patients with history of 
hypersensitivity reactions to VUEWAY.

Warnings
Risk of nephrogenic systemic fi brosis is increased in patients using 
GBCA agents that have impaired elimination of the drugs, with the 
highest risk in patients chronic, severe kidney disease as well as 
patients with acute kidney injury. Avoid use of GBCAs among these 
patients unless the diagnostic information is essential and not available 
with non-contrast MRI or other modalities.

Hypersensitivity reactions, including serious hypersensitivity reactions, 
could occur during use or shortly following VUEWAY administration. 
Assess all patients for any history of a reaction to contrast media, 
bronchial asthma and/or allergic disorders, administer VUEWAY only in 
situations where trained personnel and therapies are promptly available 
for the treatment of hypersensitivity reactions, and observe patients for 
signs and symptoms of hypersensitivity reactions after administration.

Gadolinium retention can be for months or years in several organs 
after administration. The highest concentrations (nanomoles per gram of 
tissue) have been identifi ed in the bone, followed by other organs (brain, 
skin, kidney, liver and spleen). Minimize repetitive GBCA imaging studies, 
particularly closely spaced studies, when possible. 

Acute kidney injury requiring dialysis has occurred with the use 
of GBCAs in patients with chronically reduced renal function. The 
risk of acute kidney injury may increase with increasing dose of the 
contrast agent.

Ensure catheter and venous patency before injecting as extravasation
may occur, and cause tissue irritation.

VUEWAY may impair the visualization of lesions seen on non-contrast 
MRI. Therefore, caution should be exercised when Vueway MRI scans are 
interpreted without a companion non-contrast MRI scan.

The most common adverse reactions (incidence ≥ 0.5%) are injection 
site pain (0.7%), and headache (0.7%).

You are encouraged to report negative side effects of prescription drugs 
to the FDA. Visit www.fda.gov/medwatch or call 1-800-FDA-1088.

Please see BRIEF SUMMARY of Prescribing Information for VUEWAY, 
including BOXED WARNING on Nephrogenic Systemic Fibrosis.

Manufactured for Bracco Diagnostics Inc. by Liebel-Flarsheim Company 
LLC - Raleigh, NC, USA 27616.

VUEWAY is a trademark of Bracco Imaging S.p.A.

References: 1. Vueway™ (gadopiclenol) Injection Full Prescribing Information. Monroe 
Twp., NJ: Bracco Diagnostics Inc.; September 2022. 2. Robic C, Port M, Rousseaux O, et 
al. Physicochemical and Pharmacokinetic Profi les of Gadopiclenol: A New Macrocyclic 
Gadolinium Chelate With High T1 Relaxivity. Invest Radiol. 2019 Aug;54: 475–484.
3. GADAVIST® (gadobutrol) Injection. Full Prescribing Information. Bayer HealthCare 
Pharmaceuticals Inc. Whippany, NJ; April 2022.
4. DOTAREM® (gadoterate meglumine) Injection. Full 
Prescribing Information. Guerbet LLC. Princeton, NJ; 
April 2022. 5. CLARISCAN™ (gadoterate meglumine) 
injection for intravenous use. Full Prescribing Information. 
GE Healthcare. Marlborough, MA; February 2020.
6. ProHance® (Gadoteridol) Injection. Full Prescribing 
Information and Patient Medication Guide. Monroe Twp., 
NJ: Bracco Diagnostics Inc.; December 2020.

Bracco Diagnostics Inc.
259 Prospect Plains Road, Building H
Monroe Township, NJ 08831 USA 
Phone: 609-514-2200
Toll Free: 1-877-272-2269 (U.S. only)
Fax: 609-514-2446
© 2022 Bracco Diagnostics Inc. 
All Rights Reserved. US-VW-2200012 10/22

VISIT 
VUEWAY.COM 

FOR MORE 
INFORMATION



NO COMPROMISE IN MRI

MR Suite

The individual who appears is for illustrative purposes. The person depicted is a model and not a real healthcare professional.
Please see Brief Summary of Prescribing Information including Boxed Warning on adjacent page.

High Relaxivity, High Stability:1,2   
I choose both.

Life is full of compromises. 
It’s time to take a stand.

INTRODUCING

HALF THE GADOLINIUM DOSE COMPARED TO OTHER 
MACROCYCLIC GBCAs IN APPROVED INDICATIONS.1,3-6

FROM BRACCO, YOUR TRUSTED PARTNER IN MRI.

VUEWAY™ (gadopiclenol) solution for injection

Indications
VUEWAY injection is indicated in adults and children aged 2 years and 
older for use with magnetic resonance imaging (MRI) to detect and 
visualize lesions with abnormal vascularity in:

• the central nervous system (brain, spine and surrounding tissues),
• the body (head and neck, thorax, abdomen, pelvis, and 

musculoskeletal system).

IMPORTANT SAFETY INFORMATION

WARNING: NEPHROGENIC SYSTEMIC FIBROSIS (NSF)

Gadolinium-based contrast agents (GBCAs) increase the risk for 
NSF among patients with impaired elimination of the drugs. Avoid 
use of GBCAs in these patients unless the diagnostic information 
is essential and not available with non-contrasted MRI or other 
modalities. NSF may result in fatal or debilitating fi brosis affecting 
the skin, muscle and internal organs.

•  The risk for NSF appears highest among patients with:
•  Chronic, severe kidney disease (GFR < 30 mL/min/1.73 m2), or
•  Acute kidney injury.

• Screen patients for acute kidney injury and other conditions 
that may reduce renal function. For patients at risk for 
chronically reduced renal function (e.g. age > 60 years, 

hypertension, diabetes), estimate the glomerular fi ltration rate 
(GFR) through laboratory testing.

• For patients at highest risk for NSF, do not exceed the 
recommended VUEWAY dose and allow a suffi cient period of 
time for elimination of the drug from the body prior to any re-
administration.

Contraindications
VUEWAY injection is contraindicated in patients with history of 
hypersensitivity reactions to VUEWAY.

Warnings
Risk of nephrogenic systemic fi brosis is increased in patients using 
GBCA agents that have impaired elimination of the drugs, with the 
highest risk in patients chronic, severe kidney disease as well as 
patients with acute kidney injury. Avoid use of GBCAs among these 
patients unless the diagnostic information is essential and not available 
with non-contrast MRI or other modalities.

Hypersensitivity reactions, including serious hypersensitivity reactions, 
could occur during use or shortly following VUEWAY administration. 
Assess all patients for any history of a reaction to contrast media, 
bronchial asthma and/or allergic disorders, administer VUEWAY only in 
situations where trained personnel and therapies are promptly available 
for the treatment of hypersensitivity reactions, and observe patients for 
signs and symptoms of hypersensitivity reactions after administration.

Gadolinium retention can be for months or years in several organs 
after administration. The highest concentrations (nanomoles per gram of 
tissue) have been identifi ed in the bone, followed by other organs (brain, 
skin, kidney, liver and spleen). Minimize repetitive GBCA imaging studies, 
particularly closely spaced studies, when possible. 

Acute kidney injury requiring dialysis has occurred with the use 
of GBCAs in patients with chronically reduced renal function. The 
risk of acute kidney injury may increase with increasing dose of the 
contrast agent.

Ensure catheter and venous patency before injecting as extravasation
may occur, and cause tissue irritation.

VUEWAY may impair the visualization of lesions seen on non-contrast 
MRI. Therefore, caution should be exercised when Vueway MRI scans are 
interpreted without a companion non-contrast MRI scan.

The most common adverse reactions (incidence ≥ 0.5%) are injection 
site pain (0.7%), and headache (0.7%).

You are encouraged to report negative side effects of prescription drugs 
to the FDA. Visit www.fda.gov/medwatch or call 1-800-FDA-1088.

Please see BRIEF SUMMARY of Prescribing Information for VUEWAY, 
including BOXED WARNING on Nephrogenic Systemic Fibrosis.

Manufactured for Bracco Diagnostics Inc. by Liebel-Flarsheim Company 
LLC - Raleigh, NC, USA 27616.

VUEWAY is a trademark of Bracco Imaging S.p.A.

References: 1. Vueway™ (gadopiclenol) Injection Full Prescribing Information. Monroe 
Twp., NJ: Bracco Diagnostics Inc.; September 2022. 2. Robic C, Port M, Rousseaux O, et 
al. Physicochemical and Pharmacokinetic Profi les of Gadopiclenol: A New Macrocyclic 
Gadolinium Chelate With High T1 Relaxivity. Invest Radiol. 2019 Aug;54: 475–484.
3. GADAVIST® (gadobutrol) Injection. Full Prescribing Information. Bayer HealthCare 
Pharmaceuticals Inc. Whippany, NJ; April 2022.
4. DOTAREM® (gadoterate meglumine) Injection. Full 
Prescribing Information. Guerbet LLC. Princeton, NJ; 
April 2022. 5. CLARISCAN™ (gadoterate meglumine) 
injection for intravenous use. Full Prescribing Information. 
GE Healthcare. Marlborough, MA; February 2020.
6. ProHance® (Gadoteridol) Injection. Full Prescribing 
Information and Patient Medication Guide. Monroe Twp., 
NJ: Bracco Diagnostics Inc.; December 2020.

Bracco Diagnostics Inc.
259 Prospect Plains Road, Building H
Monroe Township, NJ 08831 USA 
Phone: 609-514-2200
Toll Free: 1-877-272-2269 (U.S. only)
Fax: 609-514-2446
© 2022 Bracco Diagnostics Inc. 
All Rights Reserved. US-VW-2200012 10/22

VISIT 
VUEWAY.COM 

FOR MORE 
INFORMATION



Vueway™ 
(gadopiclenol) injection, for intravenous use

BRIEF SUMMARY: Please see package insert of 
full prescribing information.

INDICATIONS AND USAGE
Vueway™ (gadopiclenol) is a gadolinium-based contrast agent indicated in 
adult and pediatric patients aged 2 years and older for use with magnetic 
resonance imaging (MRI) to detect and visualize lesions with abnormal vas-
cularity in:
• the central nervous system (brain, spine, and associated tissues),
•  the body (head and neck, thorax, abdomen, pelvis, and musculoskeletal 

system).
CONTRAINDICATIONS
Vueway is contraindicated in patients with history of hypersensitivity reactions 
to gadopiclenol.
WARNINGS AND PRECAUTIONS
Nephrogenic Systemic Fibrosis Gadolinium-based contrast agents (GBCAs) 
increase the risk for nephrogenic systemic fibrosis (NSF) among patients with 
impaired elimination of the drugs. Avoid use of GBCAs among these patients 
unless the diagnostic information is essential and not available with non-con-
trast MRI or other modalities. The GBCA-associated NSF risk appears highest 
for patients with chronic, severe kidney disease (GFR < 30 mL/min/1.73 m2) 
as well as patients with acute kidney injury. The risk appears lower for pa-
tients with chronic, moderate kidney disease (GFR 30-59 mL/min/1.73 m2) 
and little, if any, for patients with chronic, mild kidney disease (GFR 60-89 mL/
min/1.73 m2). NSF may result in fatal or debilitating fibrosis affecting the skin, 
muscle, and internal organs. Report any diagnosis of NSF following Vueway 
administration to Bracco Diagnostics Inc. (1-800-257-5181) or FDA (1-800-
FDA-1088 or www.fda.gov/medwatch). 
Screen patients for acute kidney injury and other conditions that may reduce 
renal function. Features of acute kidney injury consist of rapid (over hours to 
days) and usually reversible decrease in kidney function, commonly in the set-
ting of surgery, severe infection, injury or drug-induced kidney toxicity. Serum 
creatinine levels and estimated GFR may not reliably assess renal function in 
the setting of acute kidney injury. For patients at risk for chronically reduced 
renal function (e.g., age > 60 years, diabetes mellitus or chronic hypertension), 
estimate the GFR through laboratory testing. 
Among the factors that may increase the risk for NSF are repeated or higher 
than recommended doses of a GBCA and the degree of renal impairment at 
the time of exposure. Record the specific GBCA and the dose administered to 
a patient. For patients at highest risk for NSF, do not exceed the recommended 
Vueway dose and allow a sufficient period of time for elimination of the drug 
prior to re-administration. For patients receiving hemodialysis, physicians may 
consider the prompt initiation of hemodialysis following the administration of a 
GBCA in order to enhance the contrast agent’s elimination [see Use in Specific 
Populations (8.6) and Clinical Pharmacology (12.3) in the full Prescribing Infor-
mation]. The usefulness of hemodialysis in the prevention of NSF is unknown.
Hypersensitivity Reactions With GBCAs, serious hypersensitivity reactions 
have occurred. In most cases, initial symptoms occurred within minutes of 
GBCA administration and resolved with prompt emergency treatment.
•  Before Vueway administration, assess all patients for any history of a reaction 

to contrast media, bronchial asthma and/or allergic disorders. These patients 
may have an increased risk for a hypersensitivity reaction to Vueway. 

•  Vueway is contraindicated in patients with history of hypersensitivity re-
actions to Vueway [see Contraindications (4) in the full Prescribing Infor-
mation].

•  Administer Vueway only in situations where trained personnel and therapies 
are promptly available for the treatment of hypersensitivity reactions, includ-
ing personnel trained in resuscitation. 

•  During and following Vueway administration, observe patients for signs and 
symptoms of hypersensitivity reactions.

Gadolinium Retention Gadolinium is retained for months or years in several 
organs. The highest concentrations (nanomoles per gram of tissue) have been 
identified in the bone, followed by other organs (e.g. brain, skin, kidney, liver, 
and spleen). The duration of retention also varies by tissue and is longest in 
bone. Linear GBCAs cause more retention than macrocyclic GBCAs. At equiv-
alent doses, gadolinium retention varies among the linear agents with gadodi-
amide causing greater retention than other linear agents such as gadoxetate 
disodium, and gadobenate dimeglumine. Retention is lowest and similar 

WARNING: NEPHROGENIC SYSTEMIC FIBROSIS (NSF)
Gadolinium-based contrast agents (GBCAs) increase the risk 
for NSF among patients with impaired elimination of the drugs. 
Avoid use of GBCAs in these patients unless the diagnostic in-
formation is essential and not available with non-contrasted 
MRI or other modalities. NSF may result in fatal or debilitating 
fibrosis affecting the skin, muscle and internal organs.
• The risk for NSF appears highest among patients with:

• Chronic, severe kidney disease (GFR < 30 mL/min/1.73 
m2), or

• Acute kidney injury.
• Screen patients for acute kidney injury and other conditions 

that may reduce renal function. For patients at risk for chron-
ically reduced renal function (e.g. age > 60 years, hyperten-
sion, diabetes), estimate the glomerular filtration rate (GFR) 
through laboratory testing.

• For patients at highest risk for NSF, do not exceed the recom-
mended Vueway dose and allow a sufficient period of time 
for elimination of the drug from the body prior to any re-ad-
ministration [see Warnings and Precautions (5.1) in the full 
Prescribing Information].

Bracco Diagnostics Inc.
among the macrocyclic GBCAs such as gadoterate meglumine, gadobutrol, 
gadoteridol, and gadopiclenol. 
Consequences of gadolinium retention in the brain have not been established. 
Pathologic and clinical consequences of GBCA administration and retention in 
skin and other organs have been established in patients with impaired renal 
function [see Warnings and Precautions (5.1) in the full Prescribing Informa-
tion]. There are rare reports of pathologic skin changes in patients with normal 
renal function. Adverse events involving multiple organ systems have been 
reported in patients with normal renal function without an established causal 
link to gadolinium.
While clinical consequences of gadolinium retention have not been estab-
lished in patients with normal renal function, certain patients might be at 
higher risk. These include patients requiring multiple lifetime doses, pregnant 
and pediatric patients, and patients with inflammatory conditions. Consider 
the retention characteristics of the agent when choosing a GBCA for these pa-
tients. Minimize repetitive GBCA imaging studies, particularly closely spaced 
studies, when possible.
Acute Kidney Injury In patients with chronically reduced renal function, acute 
kidney injury requiring dialysis has occurred with the use of GBCAs. The risk of 
acute kidney injury may increase with increasing dose of the contrast agent. 
Do not exceed the recommended dose.
Extravasation and Injection Site Reactions Injection site reactions such 
as injection site pain have been reported in the clinical studies with Vueway 
[see Adverse Reactions (6.1) in the full Prescribing Information]. Extravasation 
during Vueway administration may result in tissue irritation [see Nonclinical 
Toxicology (13.2) in the full Prescribing Information]. Ensure catheter and ve-
nous patency before the injection of Vueway.
Interference with Visualization of Lesions Visible with Non-Contrast MRI 
As with any GBCA, Vueway may impair the visualization of lesions seen on 
non-contrast MRI. Therefore, caution should be exercised when Vueway MRI 
scans are interpreted without a companion non-contrast MRI scan. 
ADVERSE REACTIONS 
The following serious adverse reactions are discussed elsewhere in labeling:
•  Nephrogenic Systemic Fibrosis [see Warnings and Precautions (5.1) in the 

full Prescribing Information]
•  Hypersensitivity Reactions [see Contraindications (4) and Warnings and Pre-

cautions (5.2) in the full Prescribing Information]
Clinical Trials Experience Because clinical trials are conducted under widely 
varying conditions, adverse reaction rates observed in the clinical trials of a 
drug cannot be directly compared to rates in the clinical trials of another drug 
and may not reflect the rates observed in clinical practice.
The safety of Vueway was evaluated in 1,047 patients who received Vueway 
at doses ranging from 0.025 mmol/kg (one half the recommended dose) 
to 0.3 mmol/kg (six times the recommended dose). A total of 708 patients 
received the recommended dose of 0.05 mmol/kg. Among patients who re-
ceived the recommended dose, the average age was 51 years (range 2 years 
to 88 years) and 56% were female. The ethnic distribution was 79% White, 
10% Asian, 7% American Indian or Alaska native, 2% Black, and 2% patients 
of other or unspecified ethnic groups.
Overall, approximately 4.7% of subjects receiving the labeled dose reported 
one or more adverse reactions.
Table 1 lists adverse reactions that occurred in > 0.2% of patients who re-
ceived 0.05 mmol/kg Vueway.

TABLE 1. ADVERSE REACTIONS REPORTED IN > 0.2% OF PATIENTS 
RECEIVING VUEWAY IN CLINICAL TRIALS

Adverse Reaction Vueway 0.05 mmol/kg
(n=708) (%)

Injection site pain 0.7
Headache 0.7
Nausea 0.4
Injection site warmth 0.4
Injection site coldness 0.3
Dizziness 0.3
Local swelling 0.3

Adverse reactions that occurred with a frequency ≤ 0.2% in patients who 
received 0.05 mmol/kg Vueway included: maculopapular rash, vomiting, 
worsened renal impairment, feeling hot, pyrexia, oral paresthesia, dysgeusia, 
diarrhea, pruritus, allergic dermatitis, erythema, injection site paresthesia, 
Cystatin C increase, and blood creatinine increase.
Adverse Reactions in Pediatric Patients
One study with a single dose of Vueway (0.05 mmol/kg) was conducted in 80 
pediatric patients aged 2 years to 17 years, including 60 patients who under-
went a central nervous system (CNS) MRI and 20 patients who underwent a 
body MRI. One adverse reaction (maculopapular rash of moderate severity) in 
one patient (1.3%) was reported in the CNS cohort.
USE IN SPECIFIC POPULATIONS 
Pregnancy Risk Summary There are no available data on Vueway use in 
pregnant women to evaluate for a drug-associated risk of major birth de-
fects, miscarriage or other adverse maternal or fetal outcomes. GBCAs cross 
the human placenta and result in fetal exposure and gadolinium retention. 
The available human data on GBCA exposure during pregnancy and adverse 
fetal outcomes are limited and inconclusive (see Data). In animal reproduc-
tion studies, there were no adverse developmental effects observed in rats 
or rabbits with intravenous administration of Vueway during organogenesis 
(see Data). Because of the potential risks of gadolinium to the fetus, use Vue-
way only if imaging is essential during pregnancy and cannot be delayed. 
The estimated background risk of major birth defects and miscarriage for the 
indicated population(s) are unknown. All pregnancies have a background risk 
of birth defect, loss, or other adverse outcomes. In the U.S. general population, 
the estimated background risk of major birth defects and miscarriage in clini-
cally recognized pregnancies is 2% to 4% and 15% to 20% respectively. Data 
Human Data Contrast enhancement is visualized in the placenta and fetal 
tissues after maternal GBCA administration. Cohort studies and case reports 
on exposure to GBCAs during pregnancy have not reported a clear association 
between GBCAs and adverse effects in the exposed neonates. However, a 
retrospective cohort study comparing pregnant women who had a GBCA MRI 
to pregnant women who did not have an MRI reported a higher occurrence of 
stillbirths and neonatal deaths in the group receiving GBCA MRI. Limitations 
of this study include a lack of comparison with non-contrast MRI and lack of 
information about the maternal indication for MRI. Overall, these data preclude 

a reliable evaluation of the potential risk of adverse fetal outcomes with the 
use of GBCAs in pregnancy.
Animal Data Gadolinium Retention: GBCAs administered to pregnant non-hu-
man primates (0.1 mmol/kg on gestational days 85 and 135) result in mea-
surable gadolinium concentration in the offspring in bone, brain, skin, liver, 
kidney, and spleen for at least 7 months. GBCAs administered to pregnant 
mice (2 mmol/kg daily on gestational days 16 through 19) result in measur-
able gadolinium concentrations in the pups in bone, brain, kidney, liver, blood, 
muscle, and spleen at one-month postnatal age.
Reproductive Toxicology: Animal reproduction studies conducted with gadop-
iclenol showed some signs of maternal toxicity in rats at 10 mmol/kg and 
rabbits at 5 mmol/kg (corresponding to 52 times and 57 times the recom-
mended human dose, respectively). This maternal toxicity was characterized 
in both species by swelling, decreased activity, and lower gestation weight 
gain and food consumption.
No effect on embryo-fetal development was observed in rats at 10 mmol/
kg (corresponding to 52 times the recommended human dose). In rabbits, a 
lower mean fetal body weight was observed at 5 mmol/kg (corresponding to 
57 times the recommended human dose) and this was attributed as a conse-
quence of the lower gestation weight gain. 
Lactation Risk Summary There are no data on the presence of gadopicle-
nol in human milk, the effects on the breastfed infant, or the effects on milk 
production. However, published lactation data on other GBCAs indicate that 
0.01% to 0.04% of the maternal gadolinium dose is excreted in breast milk. 
Additionally, there is limited GBCA gastrointestinal absorption in the breast-fed 
infant. Gadopiclenol is present in rat milk. When a drug is present in animal 
milk, it is likely that the drug will be present in human milk (see Data). The 
developmental and health benefits of breastfeeding should be considered 
along with the mother’s clinical need for Vueway and any potential adverse 
effects on the breastfed infant from Vueway or from the underlying mater-
nal condition. Data In lactating rats receiving single intravenous injection of 
[153Gd]-gadopiclenol, 0.3% and 0.2% of the total administered radioactivity 
was transferred to the pups via maternal milk at 6 hours and 24 hours after 
administration, respectively. Furthermore, in nursing rat pups, oral absorption 
of gadopiclenol was 3.6%.
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WBRT: The whole story on cognitive impairment
While whole brain radiotherapy (WBRT) has been the main treat-
ment option for many years, experts agree that it often results in 
cognitive deterioration and a negative impact on quality of life. � is 
mental decline has a devastating impact 
on patients and their families and adds 
ongoing costs for the healthcare systems 
managing these symptoms. 

Using WBRT instead of SRS in some 
patients is estimated to decrease the total 
costs of brain metastasis management, 
though with increased toxicity.

SRS: Fewer side effects but greater 
risk of missed tumors
� e cost of upfront SRS is the greatest 
contributor to cost of brain metastasis 
management.1 SRS is often more expen-
sive than WBRT. What’s more, multiple 
applications of SRS can increase the cost 
of treatment greatly. 

Stereotactic radiosurgery (SRS) has 
far fewer side e� ects, but upfront use of 
SRS is expensive and can carry the risk of 
missed tumors, requiring repeat procedures such as salvage SRS.1

Number of lesions and lesion size are key factors to be considered 
when determining the treatment plan for these patients. It follows 
that increased diagnostic information and accuracy could be bene� -
cial in directing the proper therapy and improving overall long-term 
patient outcomes and containing costs. Getting the diagnosis right the 
� rst time is crucial to ensure proper treatment begins quickly, and high 
cost/high stakes procedures such as SRS need precise surgical planning.

What does optimal visualization mean for outcomes and cost?
For surgical planning with SRS, radiologists need the best visual-
ization achievable to accurately count the number and size of the 
lesions. � ese metrics are the key predictors of the need for SRS,1

WBRT, or a combination of both. 
By selecting the ideal contrast agent 

and equipment protocols, neuroradiolo-
gists can identify the proximate numbers 
of metastases for upfront treatment and 
reduced salvage treatment occurrences.  

The role of radiology
As medical care for oncology patients 
continues to evolve, it will be increas-
ingly important to assess the cost 
of various interventions given the 
often-limited life expectancy of cancer 
patients, the rising costs of cancer ther-
apy, and the increasing prevalence of 
cancer in an aging population. 

� rough seeing all the tumors and 
tumor borders as clearly as technology al-
lows, radiology can play a part in ensuring 
that proper treatment can begin quickly, 

while containing costs through optimized patient care. E� orts to 
carefully manage treatment approaches require improvements in 
protocol design, contrast administration in imaging, and utilizing 
multimodal imaging approaches.

In this era of precision medicine, radiology departments’ contri-
bution to this improved standard of care will have signi� cant short 
and long-term implications by reducing cost of care, providing a 
more proximate diagnosis, and ensuring optimal patient outcomes. ■

Getting the diagnosis right the fi rst 
time is crucial to ensure proper 
treatment begins quickly.

When faced with a patient presenting with metastatic brain cancer, determining whether to use 
up-front stereotactic radiosurgery (SRS) vs. fi rst treating with whole brain radiotherapy (WBRT) 
is a signifi cant clinical decision. 

Reference: 1. Shenker, R. F., McTyre, E. R., Taksler, D et al. Analysis of the drivers of cost of management when patients with brain metastases are treated with upfront radiosurgery. 
Clin Neurol Neurosurg. 2019 Jan;176:10-14.

In Planning for Brain Metastases Treatment, 
Imaging may be the Missing Link in Cost Containment1

ADVERTISEMENT

Reference: 1. Shenker, R. F., McTyre, E. R., Taksler, D et al. Analysis of the drivers of cost of management when patients with brain metastases are treated with upfront radiosurgery. 
Clin Neurol Neurosurg. 2019 Jan;176:10-14.

missed tumors, requiring repeat procedures such as salvage SRS.1
Number of lesions and lesion size are key factors to be considered 

when determining the treatment plan for these patients. It follows 

tumor borders as clearly as technology al-
lows, radiology can play a part in ensuring 
that proper treatment can begin quickly, 

while containing costs through optimized patient care. E� orts to 
carefully manage treatment approaches require improvements in 
protocol design, contrast administration in imaging, and utilizing 

time is crucial to ensure proper 
treatment begins quickly.
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PERSPECTIVES

Title: East 59th Street Stack. The East 59th Street stack marks 1 of the 6 Con Ed steam power substations in New York City. It is located, not surprisingly, next to the “59th
Street Bridge” and billows huge white plumes in the winter. Also not surprisingly, all the substations are located along the major New York City waterways of the East and
Hudson Rivers. The New York City steam system is the largest district heating network in the country. It feeds about 120 million tons of steam per year through 105 miles of
pipes to around 1800 buildings in New York City, most in lower and mid-Manhattan, which have the highest concentration of taller buildings. The steam powers various proc-
esses, including heating, refrigeration, sterilization (eg, hospitals), and humidification (eg, art museums). Without district heating the Manhattan skyline would be very different
with 1800 or more spewing chimney stacks and pots peppering the rooftops, not to mention the corresponding constraints on rooftop architectural innovation.

Manfred Hauben, MD, MPH, Pfizer Inc and NYU Langone Health, New York City
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REVIEW ARTICLE

Quantitative MRI in Multiple Sclerosis: From Theory to
Application

M. Tranfa, G. Pontillo, M. Petracca, A. Brunetti, E. Tedeschi, G. Palma, and S. Cocozza

ABSTRACT

SUMMARY:Quantitative MR imaging techniques allow evaluating different aspects of brain microstructure, providing meaningful in-
formation about the pathophysiology of damage in CNS disorders. In the study of patients with MS, quantitative MR imaging tech-
niques represent an invaluable tool for studying changes in myelin and iron content occurring in the context of inflammatory and
neurodegenerative processes. In the first section of this review, we summarize the physics behind quantitative MR imaging, here
defined as relaxometry and quantitative susceptibility mapping, and describe the neurobiological correlates of quantitative MR
imaging findings. In the second section, we focus on quantitative MR imaging application in MS, reporting the main findings in both
the gray and white matter compartments, separately addressing macroscopically damaged and normal-appearing parenchyma.

ABBREVIATIONS: bSSFP ¼ balanced steady-state free precession; CL ¼ cortical lesions; GRE ¼ gradient recalled-echo; NAWM ¼ normal-appearing white
matter; PD ¼ proton density; qMRI ¼ quantitative MR imaging; QSM ¼ quantitative susceptibility mapping; RF ¼ radiofrequency

While conventional MR imaging plays an unquestionable
role in the diagnosis and management of MS,1,2 it

offers very limited information about the pathophysiology of
tissue damage because conventional sequences are not able to
detect subtle changes affecting WM and GM. Quantitative
MR imaging (qMRI) bridges this gap, detecting brain micro-
structural alterations with high sensitivity and robustness to
interscanner and interobserver variability, thus providing
measures that can be compared among sites and longitudinal
examinations. Furthermore, this technique has been success-
fully used to differentiate MS from other demyelinating dis-
eases, such as neuromyelitis optica, which presents a different
spectrum of relaxometry alterations3 and a peculiar spatial
deep gray matter involvement,4 and also to characterize other
conditions with different etiologies, from vascular disease to
brain tumors.5,6 However, the applications of qMRI extend
beyond the brain, being able to depict changes in liver iron

concentration7 as well as the presence of fibrosis,8 and prostatic

calcifications,9 and to evaluate cortical bone mineral density10 or

myocardial structural alterations.11

Although the definition of qMRI is open to different interpre-
tations, several advanced MR imaging techniques are usually
grouped under this umbrella, including relaxometry, magnetic
susceptibility, diffusion invariants, magnetization transfer, and,
to some extent, perfusion parameters.12 Each of these techniques
offers different, sometimes complementary, insights into the
complex tissue alterations occurring in MS.13 In this light, it is
noteworthy to remember that, while demyelination represents
the end result of a complex phenomenon of inflammation, ulti-
mately leading to axonal and neuronal degeneration, change in
iron homeostasis is a crucial step in the pathophysiology of dam-
age in MS, linked to microglial activation and modifications in
oligodendrocyte functionality.14,15 Relaxometry plays a unique
role, given that most of the above-mentioned qMRI techniques
offer valuable and sensitive tools in myelin assessment but they
lack iron-detection sensitivity. Indeed, relaxometry assesses
abnormalities of iron and myelin, elements that are at the cross-
roads of the inflammatory and neurodegenerative components in
MS pathophysiology.12

In this review, we summarize the role and the application
of qMRI techniques, here defined as relaxometry (estimating
R1, R2, R2*, and, by extension, proton density [PD]) and
quantitative susceptibility mapping (QSM), to the study of
patients with MS.

In the first section, we briefly describe the physics behind
qMRI, together with its neurobiological correlates. In the second
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section, we summarize brain qMRI findings in MS for both the
normal-appearing parenchyma and lesions in the GM and WM
compartments.

qMRI Theory
Impact of Excitation Pulses and Significance of 3D Sequences.
The R1 and R2 relaxation rates, defined as the inverses of T1 and
T2 relaxation times, measure the efficiency of the kinetics mecha-
nisms restoring the thermal equilibrium of the longitudinal and
transverse components of the spin isochromats. An isochromat
represents the magnetic moment associated with a subset of nuclei
(protons, for our purposes) whose cardinality is large enough to
justify a classic description of its dynamics (in terms of the expec-
tation value of the quantum magnetic moment operator) and
whose spatial extent is small enough to assume a strictly uniform
macroscopic magnetic field throughout the subset. The evolution
of the isochromats in an MR imaging sequence (radiofrequency
[RF] and gradient pulses) is strongly dependent on the flip angles
they experience. This shows why accurate R1 and R2 mapping is
only possible through 3D sequences, which, unlike 2D sequences,
guarantee a roughly uniform RF excitation throughout each voxel.

Estimation of Quantitative Maps. In general, the viable protocols
for R1 and R2 mapping in neuroimaging routine rely on the ac-
quisition of multiple 3D spoiled gradient recalled echo (GRE, for
R1) and balanced steady-state free precession (bSSFP, for the
additional information required to estimate R2) sequences at vari-
able flip angles.16 However, several aspects need to be considered
to obtain accurate relaxation maps. First, nonideal slab profiles
can be accounted for with a dedicated sequence for flip angle
mapping17 or through an iterative approach based on the infor-
mation content of the estimated relaxation maps.18 The bias from
nonideal RF spoiling can be removed according to the specific
phase increment implemented by each vendor.19 Finally, to factor
out the effects of off-resonance phenomena impacting the bSSFP
images in the form of banding artifacts, one needs to adopt a
modified version of the original bSSFP approach,18 based on a
synthetic contrast frommultiple phase-cycled bSSFP.20

The estimation of the free induction decay rate (R2*) is compa-
ratively simpler because it depends only on the ratios of the signals
at different TEs, with no RF pulses in between. It is usually
obtained through a multi-GRE sequence with flip angles close to

the Ernst angle for SNR convenience and, therefore, can be esti-
mated on the basis of the same protocol structure adopted for R1
mapping.21

Once R1 and R2* (which rule the signal equation of the spoiled
GRE sequence) have been obtained, PD is ideally obtained without
further acquisitions. Nevertheless, the spatial sensitivity of the re-
ceiver coil for the brain is substantially inhomogeneous; therefore,
an additional low-resolution acquisition of one of the sequences
with the body coil helps to mitigate the inhomogeneity bias.22

Finally, the phase of the complex images acquired for R2*
mapping permits QSM.23 The raw phase is first unwrapped and
then filtered to remove the background component that is not
associated with the local magnetization induced in the paren-
chyma by the main magnetic field.24 The filtered phase is finally
processed to solve the inverse problem leading to the QSM.5 In
this step, special care must be taken to avoid the occurrence of
streaking artifacts that could impact the clinical value of the
image by mimicking spurious anatomic structures (Fig 1).

Importance of Denoising Schemes. The mathematic problems
associated with the qMRI protocols are typically ill-conditioned,
thus leading to a detrimental noise propagation from the acquired
images to the reconstructed maps. Therefore, besides the custom-
ary optimization of the acquisition protocol to maximize the SNR
of the quantitative maps, a denoising step is warranted upstream
of the qMRI pipeline. In this context, multispectral versions of the
non-local means algorithms have been devised to account for the
power distribution of noise in parallel imaging and to reconstruct
the true signal from the raw statistical moments of the acquired
images.25,26

Pathophysiologic Correlates of qMRI. The pathophysiology of
brain damage in MS is multifaceted, being characterized by a
sequence of demyelination and partial remyelination events asso-
ciated with neurodegeneration.27

Microglia activation within normal-appearing WM (NAWM)
is one of the earliest and most prominent features in MS patho-
physiology.28 Subsequently, a loss of integrity of the blood-brain
barrier, driven by proinflammatory mediators produced by resi-
dent and endothelial cells, as well as indirect leukocyte-dependent
damage,27 leads to focal demyelination. As the disease progresses,
oligodendrocyte depletion occurs,29 as well as oligodendroglial iron
release,30 secondary to the high concentration of proinflammatory

FIG 1. An example of quantitative MR imaging maps. Along with findings of a conventional FLAIR sequence (A) are examples of R1 (B), PD (C), R2*
(D), and QSM (E) maps from a 22 -year-old man with MS.
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cytokines produced by the chronically activated microglia,14 with
these mechanisms ultimately resulting in oxidative stress via Fenton
chemistry and reduced regenerative capacity.30

Because these different microstructural changes influence
multiple MR imaging contrasts contemporarily, multiparameter
qMRI represents the most apt approach to explore pathologic
alterations occurring in the MS brain. The undeniable advantage
of qMRI relies on the possibility of generating spatial maps in
which each voxel corresponds to a numeric value reflecting the
physical properties of the examined tissues, such as free water
proportion (PD, R1, R2), myelination (R1, R2, R2*, QSM), or
iron content (R2* and QSM).31,32

While PD is an established measure of the brain free water
pool,33 with PD increase documented in the presence of vasogenic
edema,34 R1 and R2 vary as a function of free water and myelin
concentration, with a higher degree of myelination causing relaxa-
tion time shortening.35,36

With reference to iron, in normal brain tissue, it is mostly
bound to ferritin in oligodendrocytes,37 and its presence is required
for the activity of enzymes involved in myelin production and pres-
ervation.15 Along with myelin, iron accounts for the larger part of
the MR imaging contrast obtained through R2* and QSM.38

However, whereas both iron and myelin determine an R2* increase,
they play opposite roles in QSM. Given the paramagnetic properties
of iron, an increase in its concentration is unequivocally coupled to
an increase in susceptibility, while myelin, being a diamagnetic
compound, influences susceptibility in the opposite direction.38

WM Lesions
Focal WM lesions represent the most typical expression of tissue
damage in MS.39 According to their activity phase, WM lesions can
be histologically subcategorized as early active, late active, chronic
active (also described as slowly expanding or smoldering lesions),
chronic inactive, and shadow plaques (remyelinated lesions).40

In early active lesions, inflammatory activity blooms from ven-
ules, following blood-brain barrier disruption and immune cell infil-
tration, thus leading to progressive demyelination and axonal loss
with a centrifugal spread.41 From an MR imaging perspective, these
phenomena are mirrored by the pattern of enhancement after gado-
linium administration. Indeed, at this stage, lesions usually enhance
centrifugally, with a more pronounced nodular appearance.42 As
inflammation proceeds, cellular infiltrates grow and, combined with
myelin breaking down and edema, result in decreased R1 and R2
values, coupled to increased PD values within lesions43 and transi-
tional values in periplaque WM44 in comparison with NAWM.
These findings are associated with a similar edema-driven R2*
decrease, with no QSM changes because the loss of diamagnetic
myelin is not detectable at this stage (Fig 2).45

In late active lesions, showing a peripheral or ringlike pattern of
enhancement,42 myelin degradation and removal become progres-
sively more substantial, therefore influencing lesion magnetic sus-
ceptibility as assessed by QSM.45,46 At this stage, R1, R2, and PD
values show the same pattern of changes as the early active lesions
in comparison with NAWM, while in R2*, a further signal decrease
is present, coupled to a QSM increase, especially in the lesion

FIG 2. Conventional and quantitative MR imaging findings of WM lesions at different stages. In the upper row, conventional findings (postgadoli-
nium T1-weighted and precontrast T2-weighted, first and second images from left to right respectively) of a typical pattern of nodular enhance-
ment in an early active lesion (arrows) showing isointense signal in QSM (third image, white box) and mild hypointensity in R2* map (fourth
image). In late active lesions (middle row, arrows), a peripheral pattern of enhancement is present, coupled with an area of increased signal at
QSM and a slightly more pronounced hypointensity on R2* maps compared with the previous stage. As lesion staging further increases, the lesion
eventually enters its chronic inactive stage (lower row, arrows), characterized by absent gadolinium enhancement, a QSM hyperintensity, and a
hypointense R2* signal. Modified with permission from Zhang et al.45
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center, due to additional myelin debris removal45 by anti-inflam-
matory M2 macrophages.14 Although iron begins concentrating in
M1macrophages and activated microglia at a later stage,14 its levels
may acutely increase following rapid oligodendrocyte destruction,
counterbalancing myelin loss in R2* and reinforcing QSM hyper-
intensity in some lesions (Fig 2).47

When blood-brain barrier damage is resolved, MS lesions no
longer show postgadolinium enhancement and are, therefore, cate-
gorized as chronic, further subdivided into active or inactive,
depending on whether some degree of inflammatory activity per-
sists.40 In chronic lesions, the combination of demyelination, hypo-
cellularity, and free water fraction increase leads to R1 and R2
decrease, while PD increases, compared with early and late active
lesions.43 Transition to chronicity is associated with a complex pat-
tern of changes in iron content.38 Indeed, while iron concentration
may decrease due to myelin sheaths and oligodendrocyte deple-
tion,29,37 some degree of iron accumulation occurs, in parallel,
within iron-laden macrophages and microglia at lesions bor-
ders.14,32 In chronic active lesions, this inflammation-related iron
accumulation at the rim of the lesions is emphasized, leading to
increased R2* and QSM values.45,46 With time, lesions eventually
become chronic inactive or shadow plaques,40 with low R2* values
but still high QSM signal, which only ultimately decreases in very
late stages to resemble NAWM signal, due to iron depletion and
partial remyelination (Fig 2).46

NAWM
Despite appearing spared by lesions on conventional MR imaging
sequences, NAWM is characterized by complex microstructural
changes reflecting inflammation, demyelination, gliosis, and axonal
loss.28 The mechanisms underlying NAWM damage are mainly
Wallerian degeneration of fibers transected by focal lesions and dif-
fuse microglial activation.28,48 Axonal swelling and edema49 have
also been observed globally in NAWM and, together with alteration

in iron homeostasis, can be assessed
through relaxation and magnetic suscep-
tibility variations.24,38

The NAWM usually shows lower R1
and R2 and higher PD values, compared
with the WM of healthy controls.50,51

These changes seem to be mostly related
to inflammatory infiltration, with edema
and myelin loss.49 A decrease in iron
concentration has been observed in
patients with MS in comparison with
healthy controls using R2* maps.50 This
reduced relaxation rate might be driven
by iron release from oligodendrocytes
during chronic inflammation.14,29 Most
interesting, the iron level in NAWM,
estimated by QSM, is not stationary but
fluctuates according to the presence of
inflammatory activity.52 Indeed, during
the active phases of the disease, when
iron begins to accumulate in newly
forming lesions, NAWM magnetic sus-
ceptibility values appear to be similar to

those observed in the WM of healthy controls,52 as also confirmed
by ex vivo data.29 On the contrary, mean QSM values of the
NAWM seem to increase in the absence of gadolinium-enhancing
lesions, suggesting that iron might play a role in tissue regeneration
during periods of disease inactivity.15

Main qMRI findings in the WM compartment are reported in
Table 1.

Deep Gray Matter
The major structures of the deep gray matter nuclei can be ana-
tomically and functionally subdivided in the thalamus and basal
ganglia, whose most relevant nuclei are the globus pallidus, puta-
men, and caudate nucleus. Given their relatively different histol-
ogy, the thalamus and basal ganglia will be discussed separately.

Thalamus. Thalamic involvement in MS has been documented by
both ex-53-55 and in vivo53 studies. This region is not only a site of pri-
mary axonal damage, but given its high interconnectivity with other
brain regions, it suffers from secondary degeneration caused by WM
lesions involving thalamic projection fibers.53,54 Recently, a decrease
in both thalamic iron content and concentration56-61 has been docu-
mented in patients with MS in comparison with healthy controls,
with the most evident changes detected within the pulvinar.59,61

Previous studies, however, reported conflicting results,62-66

only partially ascribable to the physiologic nonlinear trajectory fol-
lowed by thalamic iron concentration during the life span.67 Such
conflicting data should be interpreted considering the impact of at-
rophy on iron concentration.57,68 In particular, the concept of R2*
mass (the sum of all the R2* values in a specific region)57 was
recently introduced as an index of iron content independent of at-
rophy. With this approach, the decrease in thalamic iron content
has been confirmed,57 highlighting the importance of distinguish-
ing between (and reporting both) iron concentration and content
(Fig 3).56,57,59,60

Table 1: Major qMRI findings in MS—WM compartment
Site Pathologic Processes and qMRI Correlates

WM lesions
Early active Decreased R1, R2, and R2* values, along with increased PD,

reflecting initial myelin degradation and edema43,45

Late active Decreased R1 and R2 values, coupled with increased PD, with
myelin debris removal that determines further R2* decrease and
QSM increase43,45,51

Chronic active Further R1 and R2 decrease, with PD increase, due to demyelination
progression;43 increased R2* and QSM at the periphery of the
lesions due to iron-laden microglia and macrophages45,46

Chronic inactive Compared with chronic active, R2* decreases with high QSM
values; across time, susceptibility values gradually become similar
to those in NAWM46

NAWM Decreased R1 and R2 values, with increased PD, compared with the
WM of healthy controls,50,51 reflecting edema and myelin loss
secondary to inflammatory infiltration.

During active phases of the disease, iron is released from
oligodendrocytes and begins to accumulate in newly forming
lesions, causing an R2* decrease50 and no relevant modification
of QSM signal52
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Basal Ganglia. The basal ganglia are also the site of both demye-
lination69 and neurodegeneration, with reduced neuronal density,
axonal damage, and oligodendrocytes loss.44,55

Similar to what we described for the thalamus, the progressive
damage of the basal ganglia leads to atrophy.69 Here, studies have
more consistently reported an increase in R2*58,64-66,70,71 or sus-
ceptibility61,64,66,70,72 in patients with MS compared with controls,
suggesting a progressive iron accumulation, beyond the analogous
physiologic process detectable in healthy individuals.73

Nonetheless, these findings should also be interpreted in view
of the effect of atrophy on tissue iron concentration.57 Indeed,
even with stable regional iron content, volume reduction leads to
increased mean iron concentration.57 In particular, a prominent
decline in iron content with time in all basal ganglia has been
demonstrated, coupled with an increased or stable iron concen-
tration compared with controls at the level of putamen, caudate
nucleus, and globus pallidus.60,72 In line with these results, some
recent studies failed to identify any difference between patients
with MS and controls in terms of iron content,59 while others
reported a decrease of this parameter in the putamen and caudate
nucleus of patients with MS (Fig 3).56,57

Cortical Lesions
From a relaxometry perspective, no studies have investigated R1
changes in cortical lesions (CL). However, beyond demyelination,
CL are characterized by a decreased iron load, a feature that allows
differentiating them from a normal-appearing cortex through the
evaluation of R2* maps, as shown in postmortem samples.74,75 In
particular, the progressive destruction of iron-rich myelin sheaths
and oligodendrocytes76 and the subsequent uptake of iron and
myelin debris by activated macrophages and microglia lead to
decreased R2* values in CL.77 On the other hand, QSM has been
used to analyze the heterogeneity of CL in different disease
stages,78 showing a mixed pattern of appearance. While QSM-
hyperintense CL have been more frequently observed in patients
with relapsing-remitting MS, QSM-hypointense CL are mostly
identified in subjects with a secondary-progressive phenotype.78

While the increased susceptibility might be due to iron release
from oligodendrocytes, typical of the inflammatory phase of the
disease, the reduced susceptibility might be linked to iron deple-
tion in chronic lesions.29

Normal-Appearing Cortex
Similar to the NAWM, the cortex, which does not show signal
changes on conventional MR imaging, is subject, from a patho-
logic standpoint, to neuronal and axonal loss occurring regardless
of demyelination.76,79 The assessment of relaxometry and QSM
changes in normal-appearing cortex is confounded by the physio-
logic layer-specific iron content,80 which represents the main
source of cortical R2*81 and susceptibility contrast.36 Nevertheless,
a decrease in both R1 and R2* values has been reported in MS in
normal-appearing cortex, accounting for demyelination and iron
depletion, respectively.50 Consistent with the hypothesis of cortical
demyelination triggered by chemokines produced by lymphocytic
infiltrates in the meningeal compartment,82 a recent study has
reported coherent cortical gradients of R1 and R2*, oriented from
the subpial layer to the WM interface.83 In the same study, QSM
showed a lack of sensitivity in distinguishing the different layers,
probably due to the counteracting effects of diamagnetic myelin
and paramagnetic iron modifications.83

FIG 3. Pattern of iron concentration, iron content, and myelin con-
tent changes in deep gray matter nuclei in MS. Results of voxelwise
analyses comparing patients with MS with healthy controls, showing
the presence of an increased iron concentration at the level of the
basal ganglia (red-yellow), coupled with a decrease in iron and myelin
content mainly affecting the thalami and, in particular, the pulvinar
nuclei (blue-light blue). Modified with permission from Pontillo et
al.59 HC indicates healthy control; 1-r , 1 minus P value.
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The main qMRI findings of the GM compartment are
reported in Table 2.

CONCLUSIONS
In this review, we offered a comprehensive overview of qMRI
applications in MS, while also describing the theory behind map
generation and the most likely histologic correlates of qMRI find-
ings. The multiparameter nature of qMRI has already allowed
researchers to gain additional, valuable insights about the multifac-
eted pathophysiology of brain damage in MS. Given the increasing
accessibility to quantitative sequences on novel MR imaging scan-
ners, in the near future, qMRI will also likely play a fundamental
role in clinical practice as a sensitive tool to quantitatively assess
brain damage in patients with MS, with relevant implications for
prognostic stratification and treatment-response evaluation.

Disclosure forms provided by the authors are available with the full text and
PDF of this article at www.ajnr.org.

REFERENCES
1. Rovira À, Wattjes MP, Tintoré M, et al; MAGNIMS Study Group.

Evidence-based guidelines: MAGNIMS consensus guidelines on the
use of MRI in multiple sclerosis-clinical implementation in the diag-
nostic process. Nat Rev Neurol 2015;11:471–82 CrossRef Medline

2. Wattjes MP, Ciccarelli O, Reich DS, et al; North American Imaging in
Multiple Sclerosis Cooperative MRI Guidelines Working Group.
MAGNIMS-CMSC-NAIMS consensus recommendations on the use
of MRI in patients with multiple sclerosis. Lancet Neurol 2021;20:653–
70 CrossRef Medline

3. Hagiwara A, Otsuka Y, Andica C, et al. Differentiation between
multiple sclerosis and neuromyelitis optica spectrum disorders by
multiparametric quantitative MRI using convolutional neural net-
work. J Clin Neurosci 2021;87:55–58 CrossRef Medline

4. Pudlac A, Burgetova A, Dusek P, et al. Deep gray matter iron con-
tent in neuromyelitis optica and multiple sclerosis. BioMed Res Int
2020;2020:6492786 CrossRef Medline

5. Deistung A, Schweser F, Reichenbach JR.Overview of quantitative sus-
ceptibility mapping.NMR Biomed 2017;30:e3569 CrossRef Medline

6. Seiler A, Nöth U, Hok P, et al. Multiparametric quantitative MRI in
neurological diseases. Front Neurol 2021;12:640239 CrossRef Medline

7. Li J, Lin H, Liu T, et al. Quantitative susceptibility mapping (QSM)
minimizes interference from cellular pathology in R2* estimation

of liver iron concentration. J Magn
Reson Imaging 2018;48:1069–79 CrossRef
Medline

8. Banerjee R, Pavlides M, Tunnicliffe EM,
et al. Multiparametric magnetic reso-
nance for the non-invasive diagnosis
of liver disease. J Hepatol 2014;60:69–77
CrossRef Medline

9. Straub S, Laun FB, Emmerich J, et al.
Potential of quantitative susceptibility
mapping for detection of prostatic cal-
cifications. J Magn Reson Imaging
2017;45:889– 98 CrossRef Medline

10. Jerban S, Lu X, Jang H, et al. Significant
correlations between human cortical
bone mineral density and quantitative
susceptibility mapping (QSM) obtained
with 3D cones ultrashort echo time
magnetic resonance imaging (UTE-
MRI).Magn Reson Imaging 2019;62:104–
10 CrossRef Medline

11. Karur GR, Hanneman K. Cardiac MRI T1, T2, and T2* mapping in
clinical practice. Advances in Clinica Radiology 2019;1:27–41 CrossRef

12. Granziera C, Wuerfel J, Barkhof F, et al; MAGNIMS Study Group.
Quantitative magnetic resonance imaging towards clinical applica-
tion in multiple sclerosis. Brain 2021;144:1296–1311 CrossRef Medline

13. Pontillo G, Cocozza S, Lanzillo R, et al. Determinants of deep gray
matter atrophy in multiple sclerosis: a multimodal MRI study.
AJNR Am J Neuroradiol 2019;40:99–106 CrossRef Medline

14. Mehta V, Pei W, Yang G, et al. Iron is a sensitive biomarker for
inflammation in multiple sclerosis lesions. PLoS One 2013;8:e57573
CrossRef Medline

15. Möller HE, Bossoni L, Connor JR, et al. Iron, myelin, and the brain:
neuroimaging meets neurobiology. Trends Neurosci 2019;42:384–
401 CrossRef Medline

16. Deoni SC, Rutt BK, Peters TM. Rapid combined T1 and T2 map-
ping using gradient recalled acquisition in the steady state. Magn
Reson Med 2003;49:515–26 CrossRef Medline

17. Yarnykh VL. Actual flip-angle imaging in the pulsed steady state: a
method for rapid three-dimensional mapping of the transmitted ra-
diofrequency field.Magn ResonMed 2007;57:192–200 CrossRef Medline

18. Palma G, Tedeschi E, Borrelli P, et al. A novel multiparametric
approach to 3D quantitative MRI of the brain. PLoS One 2015;10:
e0134963 CrossRef Medline

19. Baudrexel S, Nöth U, Schüre JR, et al. T1 mapping with the variable
flip angle technique: a simple correction for insufficient spoiling
of transverse magnetization. Magn Reson Med 2018;79:3082–92
CrossRef Medline

20. Björk M, Ingle RR, Gudmundson E, et al. Parameter estimation
approach to banding artifact reduction in balanced steady-state
free precession.Magn Reson Med 2014;72:880–92 CrossRef Medline

21. Monti S, Borrelli P, Tedeschi E, et al. RESUME: turning an SWI ac-
quisition into a fast qMRI protocol. PLoS One 2017;12:e0189933
CrossRef Medline

22. Monti S, Pontillo G, Russo C, et al. RESUMEN: a flexible class of
multi-parameter qMRI protocols. Phys Med 2021;88:23–36 CrossRef
Medline

23. Li W, Wang N, Yu F, et al. A method for estimating and removing
streaking artifacts in quantitative susceptibility mapping. Neuroimage
2015;108:111–22 CrossRef Medline

24. Li W, Wu B, Liu C. Quantitative susceptibility mapping of human
brain reflects spatial variation in tissue composition. Neuroimage
2011;55:1645–56 CrossRef Medline

25. Aja-Fernández S, Pieciak T, Vegas-Sánchez-Ferrero G. Spatially vari-
ant noise estimation in MRI: a homomorphic approach.Med Image
Anal 2015;20:184–97 CrossRef Medline

Table 2: Major qMRI findings in MS—GM compartment
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increased iron concentrations, with atrophy that might play a
role in causing these changes57,68

Thalamus The more recent findings suggest the presence of reduced iron
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by decreased R1, R2*, and QSM values56-61
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decreased-to-increased values, depending on the level of
inflammatory activity78

Normal-appearing
cortex

Demyelination and iron depletion lead to reduced R1 and R2*
values,50 with a gradient indicating the WM interface83
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RADIOLOGY-PATHOLOGY CORRELATION

Malignant Melanotic Nerve Sheath Tumor
J.C. Benson, M.D. Marais, P.M. Flanigan, M. Bydon, C. Giannini, R.J. Spinner, and A.L. Folpe

ABSTRACT

SUMMARY: Malignant melanotic nerve sheath tumors are uncommon pigmented tumors of Schwann cell origin, most often found
along the spinal nerves. Although well-described in the literature, the tumors are quite rare, making up ,1% of nerve sheath
tumors. Physicians are, therefore, often unfamiliar with both the appearance and the optimal treatment of such tumors.
Morphologically, many imaging features overlap with schwannomas and neurofibromas. Nevertheless, the malignant melanotic
nerve sheath tumors are crucial to identify. They can be extremely aggressive, and the management of these tumors is consider-
ably different from their benign counterparts. In this radiology-pathology review, we will highlight the imaging appearance, histo-
logic features, surgical resection, and subsequent therapeutic strategies in a patient with a lumbar malignant melanotic nerve
sheath tumor.

ABBREVIATION: MMNST ¼ malignant melanotic nerve sheath tumor

The patient is a 39-year-old woman with no notable medical
history who presented with a 5-year history of progressive left,

lower-extremity, radicular symptoms. Her symptoms began as
intermittent pain in her left leg, which evolved into constant pain
and dysesthesias. On physical examination, she demonstrated mild
weakness of left toe extension and trace weakness of left ankle
inversion/eversion. An initial lumbar spine MR imaging per-
formed at an outside institution 4 years prior to presentation was
interpreted as having normal findings. Follow-up imaging, per-
formed 1year before presentation, identified a mass along the L5
nerve root. In retrospect, this had been present on the first exami-
nation and had grown in the interim. The patient presented to our
institution for further management.

Imaging
MR imaging of the lumbar spine demonstrated an elongated well-
circumscribed mass centered in the left L5-S1 foramen with both
intra- and extradural components. The mass extended centrally to
the left lateral recess and peripherally into the extraforaminal space
along the exiting nerve root. There was no remodeling of the adja-
cent bone. Intratumoral signal was homogeneously hyperintense
on T1 and hypointense on T2 (Fig 1). Homogeneous enhancement

was observed on postcontrast images. Comparison with prior
imaging demonstrated progressive growth of the tumor during the
course of the prior MRIs, from 1.0 to 1.6 cm in maximum axial di-
ameter during a 4-year period. Because of its imaging characteris-
tics, the mass was thought most likely to represent a malignant
melanotic nerve sheath tumor. A melanin-containing metastasis
was also considered possible, though less likely given the patient’s
negative medical history. A benign hemorrhagic nerve sheath
tumor was thought to be unlikely, given its homogeneous intrale-
sional signal and consistent appearance across time.

Imaging findings of the brain and cervical and thoracic spine
were normal, without evidence of leptomeningeal metastases.

Operative Report
Given the patient’s steadily worsening radicular symptoms, mild
weakness on examination, and the uncertain malignant potential
of the mass, surgical treatment was recommended. The tumoral
resection required an L5 laminectomy and a complete left L5-S1
facetectomy due to the extensive involvement of the mass along
the nerve (from the nerve root axilla to the extraforaminal seg-
ment of the left L5 nerve, even extending underneath the sacral
ala). Intraoperatively, after the above bony elements had been
removed, the melanotic-appearing spinal nerve was identified
along its course by careful dissection of overlying soft tissues.
Neuromonitoring was used to enhance intraoperative understand-
ing of regional anatomy. Despite appropriate firing of other nerves
in the operative field, a firing response was not able to be elicited,
suggesting the nerve was nonfunctional from a motor standpoint.
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Under the microscope, the multilobular tumor was separated
from the nerve using standard microsurgical dissection techni-
ques. After identifying the most distal aspect of the tumor, a dis-
section plane was made between it and the nerve, proceeding in a
distal-to-proximal direction. At its proximal extent, a small por-
tion of intradural tumor extension was encountered and, conse-
quently, CSF egress occurred from that site. The spinal fluid leak
ultimately was repaired satisfactorily. A substantial majority of
the mass was removed en bloc (Fig 2), and there was no trace of
residual tumor seen grossly. The patient awoke at the neurologic
baseline and had an uneventful postoperative course.

Pathology
Grossly, the tumor appeared as a jet-
black, multinodular, fusiform expansion
of the nerve root, measuring 4.5 cm in
greatest dimension. Microscopically, the
tumor cells were predominantly epithe-
lioid in morphology, with abundant
intracytoplasmic melanin pigment and
variably-sized nuclei with prominent
nucleoli; mitotic activity was ,1/50
high-powered fields; and necrosis was
absent (Fig 2). By immunohistochemis-
try, the neoplastic cells showed diffuse
expression of S-100 protein and Melan-
A with complete loss of PRKAR1A, an
immunophenotype diagnosis of malig-
nant melanotic nerve sheath tumor
(MMNST) in this clinical and morpho-
logic context. Loss of PRKAR1A expres-
sion is commonly seen in MMNST1

and is not a feature of conventional ma-
lignant melanoma or melanoma arising

in a cellular blue nevus,2 melanocytic tumors that share some
morphologic and immunohistochemical features with MMNST.
Although molecular genetic studies were not needed in the pres-
ent case, MMNST also differed genetically from other malignant
melanotic tumors, with MMNST having PRKAR1A mutations;
conventional melanomas showing mutations in BRAF, NRAS or
KRAS; and melanoma arising in a blue nevus containing muta-
tions in theGNA genes.

DISCUSSION
MMNSTs are pigmented tumors often located in the spine and
paraspinal soft tissues.3 Formerly known as melanotic schwan-
nomas, these tumors were reclassified in 2020 to reflect their
aggressive clinical behavior.4,5 MMNSTs are rare, making up,1%
of all nerve sheath tumors.6 The tumors tend to occur in the fourth
decade of life without a sex predilection.7 Although MMNSTs can
occur along cranial nerves, they tend to grow along the dorsal spi-
nal nerve roots, and patients often present with indolent pain,
weakness, or paresthesia along a corresponding dermatome.8,9

Tumors may also be discovered incidentally on spinal imaging.
Although acute presentations have been described in MMNSTs,
these reports are rare.10,11

On imaging, spinal MMNSTs generally appear similar to the
appearance presented in the current case: intradural, extramedul-
lary tumors. In the spine, the tumors typically grow along spinal
nerve roots, sometimes assuming a dumbbell configuration if
they extend through a foramen. Tumors demonstrate enhance-
ment on CT and are FDG-avid on PET.12 Paramagnetic free radi-
cals associated with the intratumoral melanin give the tumors a
distinctive T1-hyperintense and T2-hypointense appearance.
This feature is inconstant; 1 review found that only 65% of
tumors demonstrated T1 hyperintensity, likely reflecting the vari-
able concentrations of intratumoral melanin and cellular den-
sities of tumors.13 Intratumoral T2 hyperintensity, too, is
variable.8 In very rare cases, the tumors may arise from within

FIG 1 Axial T2 (A and B), T1 precontrast (C and D), and postgadolinium T1 (E and F) images of the
lumbar spine. On each image, the tumor is seen transversing the left L5-S1 foramen along the exit-
ing nerve root (arrows). The mass is distinctively hypointense to adjacent muscle on T2 and
hyperintense to muscle on T1. Faint-but-convincing enhancement is noted on postcontrast
images.

FIG 2 A, Gross photograph of a malignant melanotic schwannian tu-
mor, presenting as a jet-black, roughly dumbbell-shaped mass involv-
ing the neural foramen. B, Microscopic view of malignant melanotic
schwannoma, composed of moderately variable epithelioid cells with
abundant intracytoplasmic melanin pigment and variably prominent
nucleoli (H&E, original magnification�200). C, The tumor was strongly
positive for Melan-A. D, Expression of the Carney complex–associ-
ated tumor-suppressor gene PRKAR1A was entirely absent. Loss of
PRKAR1A expression is seen both in syndromic and nonsyndromic
MMNSTs.
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the spinal cord.14-16 No imaging features have been identified to
serve as prognostic markers to predict the aggressiveness of the
tumor.8

The major differential considerations for MMNSTs are those of
other intradural, extramedullary tumors closely related to spinal
nerves. The most likely entities would be benign schwannomas and
neurofibromas, meningiomas, malignant peripheral nerve sheath
tumors, or metastases. On CT, distinguishing these tumors may be
impossible. The “dumbbell” morphology, for instance, is nonspe-
cific; all of these tumors can take this shape if they contain both
intradural and extradural components.17 OnMR imaging, however,
the intrinsic T1 hyperintensity associated with MMNSTs can be
used to distinguish such tumors from their mimics. Schwannomas
and neurofibromas tend to be hypointense on T1 and hyperintense
on T2. Larger schwannomas, in particular, can be markedly T2
hyperintense and even demonstrate ringlike enhancement because
they often undergo cystic degeneration.18 Nevertheless, T1 hyperin-
tensity can also be seen in the setting of meningeal melanotic neo-
plasms and melanoma metastases, both of which could be included
as differential considerations on imaging.19

The management of patients with MMNSTs can be complex.
The tumors are capable of substantial malignant spread, with local
recurrence found in more than one-third of patients, and meta-
static disease, in 44% of cases.1 Lungs are the most common site
of metastases, though many other sites have been reported.20-22

Some tumors can lead to considerable leptomeningeal spread.23

MMNSTs are known to recur or spread after 5 years, even without
sinister histologic markers.9

Furthermore, the tumors are associated with the Carney com-
plex, an autosomal dominant syndrome characterized by cardiac
and extracardiac myxomas, spotty skin pigmentation, endocrine
overactivity, and testicular tumors.24 The precise association
between MMNSTs and Carney complex has been a matter of
debate. Carney25 reported that one-half of patients with MMNSTs
containing psammoma bodies (previously called “psammomatous
melanotic schwannomas”) had Carney complex features. Others,
most notably Torres-Mora et al,1 found no clinicopathologic dif-
ferences between psammomatous and nonpsammomatous mela-
notic tumors, and they have doubted that any distinction exists
between these tumor subtypes and their associations with Carney
complex.

Surgical resection is the mainstay of treatment, with gross total
resection recommended.26 Adjuvant therapy and management of
metastatic or recidivist disease, however, are less well-defined,
given the scarcity of MMNSTs. Some authors suggest adjuvant
radiation therapy following resection that did not accomplish clear
surgical margins, though the evidence for this remains mostly an-
ecdotal in the literature.6,27,28 The patient presented in this case is
expected to have a favorable postoperative course. His most recent
imaging, performed 4months after the operation, showed no evi-
dence of residual or recurrent tumor. He will be assessed by radia-
tion oncology to consider adjuvant treatment and will undergo
surveillance imaging to rule out recidivist disease.

Case Summary
• Although rare, MMNSTs are crucial to identify on imaging
because they are aggressive and prone to metastasizing

• On MRI, MMNSTs demonstrate characteristic T1 hyperin-
tensity and T2 hypointensity related to intratumoral melanin

• Characteristic morphologic features and loss of PRKAR1A
expression help to distinguish MMNSTs from morphologic
mimics, in particular metastatic melanoma and melanoma
arising from a cellular blue nevus

• Surgical resection of the tumor should focus on safe and com-
plete resection and should be en bloc when possible, given the
variable metastatic and malignant potential of the tumor.

Disclosure forms provided by the authors are available with the full text and
PDF of this article at www.ajnr.org.
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ORIGINAL RESEARCH
ADULT BRAIN

Automated Detection of Cerebral Aneurysms on TOF-MRA
Using a Deep Learning Approach: An External Validation

Study
N.C. Lehnen, R. Haase, F.C. Schmeel, H. Vatter, F. Dorn, A. Radbruch, and D. Paech

ABSTRACT

BACKGROUND AND PURPOSE: Cerebral aneurysms yield the risk of rupture, severe disability and death. Thus, early detection of
cerebral aneurysms is crucial to ensure timely treatment, if necessary. AI-based software tools are expected to enhance radiolog-
ists' performance in detecting pathologies like cerebral aneurysms in the future. Our aim was to evaluate the diagnostic perform-
ance of an artificial intelligence–based software designed to detect intracranial aneurysms on TOF-MRA.

MATERIALS AND METHODS: One hundred ninety-one MR imaging data sets were analyzed using the software mdbrain for the
presence of intracranial aneurysms on TOF-MRA obtained using two 3T MR imaging scanners or a 1.5T MR imaging scanner accord-
ing to our clinical standard protocol. The results were compared with the reading of an experienced radiologist as a criterion
standard to measure the sensitivity, specificity, positive and negative predictive values, and accuracy of the software. Additionally,
detection rates depending on size, morphology, and location of the aneurysms were evaluated.

RESULTS: Fifty-four aneurysms were detected by the expert reader. The overall sensitivity of the software for the detection of cere-
bral aneurysms was 72.6%, the specificity was 87.2%, and the accuracy was 82.6%. The positive predictive value was 67.9%, and the
negative predictive value was 88.5%. We observed a sensitivity of 100% for saccular aneurysms of .5mm without signs of thrombosis
and low detection rates for fusiform or thrombosed aneurysms of 33.3% and 16.7%, respectively. Of 8 aneurysms that were not
included in the initial written reports but were detected by the expert reader, retrospectively, 4 were detected by the software.

CONCLUSIONS: Our data suggest that the software can assist radiologists in reporting TOF-MRA. The software was highly reliable
in detecting saccular aneurysms, while for fusiform or thrombosed aneurysms, further improvements are needed. Further studies
are necessary to investigate the impact of the software on detection rates, interrater reliability, and reading times.

ABBREVIATION: AI ¼ artificial intelligence

The prevalence of intracranial aneurysms has been estimated to
be up to 2% of the population. They account for up to 85% of

nontraumatic SAHs, potentially leading to severe disability and
death.1 MR imaging and CT have been shown to be reliable tools
for the detection of intracranial aneurysms with accuracies of up
to 90%.2 Due to the workload of radiologists increasing during the
past years,3 innovative tools are needed to reduce the radiologist’s

workload while maintaining or even improving the quality of
patient care.

There have been early attempts to introduce conventional com-
puter-aided diagnosis for the detection of intracranial aneurysms
with sensitivities of 80% and 95%, respectively, but with the need to
accept high rates of false-positive findings.4 Computer-aided diag-
nosis without the use of modern machine learning algorithms has
also been shown to improve the diagnostic performance of radiol-
ogists in terms of the detection of cerebral aneurysms by TOF-
MRA.5,6 More recently, research has shifted toward more advanced
technologies using deep learning algorithms that showed promising
results in the detection of intracranial aneurysms using both CTA7-9

and TOF-MRA.10-16 In addition, it has been shown that the use of
deep learning software solutions could increase the reader’s per-
formance in terms of the detection of aneurysms by TOF-MRA.17

Mdbrain (mediaire) is a CE-marked, commercially available
software solution that has been designed to assist radiologists when
reporting MR imaging of the brain. The authors of the current
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study had an early version of an add-on to mdbrain designed to
automatically detect intracranial aneurysms on TOF-MRA images
at their disposal and performed an independent, external validation
of its diagnostic performance. We hypothesized that the software
can assist reading radiologists in the detection of intracranial aneur-
ysms. Therefore, we created a diverse study sample with a large
variety of aneurysm sizes, locations, and morphologies acquired on
different clinical MR imaging scanners at 3T and 1.5T to test the
diagnostic performance and the generalizability of the software.

MATERIALS AND METHODS
Institutional review board approval was obtained for this retro-
spective study, and the need for written informed consent was
waived.

The data set consisted of a total of 209 MR imaging studies
with TOF-MRA obtained between March 2018 and January 2022.
Most studies were consecutive cases from our PACS system, but
the data set was enriched with cases with known aneurysms.
Eighteen imaging studies were excluded due to poor image quality
deemed nondiagnostic by the expert reader or due to major com-
peting pathologies, mainly major cerebral hemorrhage suspected
of creating false-positive results.

The MR imaging studies included were retrospectively
reviewed by an experienced radiologist (with 6 years of experi-
ence in interpreting MR imaging of the brain) for the presence,
localization, size, and configuration of intracranial aneurysms
under full consideration of the patients’ clinical records, previous
or subsequent imaging studies including DSA, and the respective
written reports. For aneurysm size, the largest diameter of the
aneurysm was measured using multiplanar reconstructions. This
expert reading served as the diagnostic reference standard.

The images were obtained using either 2 clinical 3TMR imaging
scanners (Achieva, Philips Healthcare; Discovery, GE Healthcare)
or a 1.5T MR imaging scanner (Achieva). The patients were placed
in the supine position. The axial 3D TOF sequences were acquired
according to the routine clinical protocol used at our institution
(TR ¼ 19.33–20.12ms; TE ¼ 3.68–3.80ms; section thickness ¼
1mm; increment = 0.5mm). FOV and matrix size were chosen
according to the patient’s characteristics by the radiology technician.
The studies were anonymized and processed by the artificial intelli-
gence (AI)-based software solution mdbrain, Version 4. Along with
a reconstructed TOF sequence highlighting the detected aneurysms
in color with a bounding box, quantitative reports were sent to the
PACS system. Those reports displayed representative images high-
lighting the largest aneurysm detected and quantitative measures of
the size of each detected aneurysm (volume in microliters and
diameter in millimeters). The sensitivity and specificity of the soft-
ware could not be adjusted by the authors.

The underlying segmentation algorithm is based on a 3D con-
volutional neural network with a U-NET architecture.18 The
model was trained on .100 brain MR imaging data sets of both
healthy subjects and subjects with saccular cerebral aneurysms,
obtained on a variety of Philips scanners, at 1T, 1.5T, and 3T,
respectively. For each subject, the data consisted of a TOF-MRA
scan as well as a corresponding binary mask of the unruptured
aneurysms, as segmented by an expert radiologist. The training
data set contained a total of 93 saccular aneurysms; 4 (4.3%)

showed signs of partial thrombosis. The aneurysms were localized
as follows: anterior communicating artery, 17%; A2 segment of the
anterior cerebral artery, 10%; C6 segment of the ICA, 20%; C7 seg-
ment of the ICA, 22%; M1 or M2 segment of the MCA, 20%; and
basilar artery, 9%. No fusiform aneurysms were included in the
training process. Before training, all data were resampled to a fixed
spacing before the intensity was normalized per image for zero
mean and unit variance. During training of the neural network
(using stochastic gradient descent), the input was provided in
batches of patches, in which it was ensured that some patches con-
tained aneurysm voxels and others did not. Augmentation was per-
formed on the fly during training on the input patches to increase
the generalization ability of the neural network. Mdbrain was pur-
chased by the Department of Neuroradiology, University Hospital
Bonn, at reduced cost. The authors had full control of the data and
the information submitted for publication.

Statistical analyses were performed with R statistical and com-
puting software, Version 4.0.3 (http://www.r-project.org/) and R
Studio, Version 1.2.5033 (http://rstudio.org/download/desktop)
using the caret package.19 The diagnostic performance of the AI
software was compared with the radiologist’s findings using con-
fusion matrices. We calculated the overall sensitivity, specificity,
positive predictive value, negative predictive value, and accuracy
as well as for specific subgroups, like different aneurysm sizes,
aneurysm localization (including extradural versus intradural in
the anterior circulation), saccular and fusiform aneurysms, and
aneurysms that showed signs of thrombosis or inhomogeneous
signal intensity. The Mann-Whitney U test was used to determine
statistical significance. Aneurysms that were detected by the radi-
ologist and also by the software were defined as true-positive;
those that were detected by the software but not by the radiologist
were defined as false-positive. When there were no aneurysms
reported by the software or the radiologist, the case was defined as
true-negative. Each aneurysm that was missed by the software but
detected by the radiologist was counted as a false-negative.

RESULTS
Our study sample consisted of 191 subjects with 54 aneurysms in
total. One hundred nine (57.1%) subjects were women, and 82
patients were men. The mean age was 58.2 years (median,
62 years; range, 18–95 years). One hundred thirty-seven (71.7%)
patients were scanned at 3T, 54 patients were scanned 1.5T.
Forty-seven patients (24.6%) had at least 1 aneurysm by TOF-
MRA, and 11 patients (5.8%) had .1 aneurysm. Twenty-eight
(48.3%) aneurysms detected by the radiologist were angiographi-
cally proved. One aneurysm had a history of rupture with SAH.
Fifty-one (94.4%) were saccular aneurysms, while the remaining
3 were classified as fusiform aneurysms. Six (11.1%) aneurysms
showed signs of partial thrombosis. The mean largest diameter of
the detected aneurysms was 7.3mm (median, 4.1mm; range, 1.2–
45.4mm).
In a subgroup analysis, we also analyzed the diameters of saccular
aneurysms without any sign of thrombosis, with a mean largest
diameter of 4.3mm (median, 3.9mm; range, 1.3–10mm). Thirty-
nine (72.2%) aneurysms were located in the anterior circulation,
while the remaining 15 were located in the posterior circulation.
Forty-six (85.2%) of the 54 aneurysms were correctly reported in
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the initial written report, while the remaining 8 aneurysms were
retrospectively found by the expert reader or were revealed by
DSA and could be seen retrospectively on the initial MR imaging
scan.

The cases finally included in our study could all be processed
by the software. The overall diagnostic performance is summar-
ized in the Online Supplemental Data. Examples of accurately
and inaccurately reported findings are shown in Figs 1–3. The
software detected a total of 56 aneurysms, of which 38 were true-
positive findings; the remaining 18 were false-positive findings
(0.1 false-positive/case). One hundred twenty-three studies were
correctly classified as negative by the software, while 16 aneur-
ysms found by the expert reader were missed by the software and
declared false-negatives. The overall accuracy of the software was
82.6%, with a sensitivity of 70.4%, a specificity of 87.2%, a positive
predictive value of 67.9%, and a negative predictive value of
88.5%. Three aneurysms were declared fusiform aneurysms by
the expert reader, of which 2 (66.7%) were not detected by the
software. In addition, 6 aneurysms showed signs of partial throm-
bosis, of which only 1 (16.7%) was correctly detected by the soft-
ware, while the remaining 5 (83.3%) were not detected by the
software. The remaining 11 aneurysms that were not detected by
the software were saccular aneurysms with no signs of thrombo-
sis. The mean largest diameter of the saccular aneurysms with no
signs of thrombosis missed by the software was 2.2mm (median,
2.3mm; range, 1.3–4.3mm).

There was a statistically significant difference between saccu-
lar aneurysms with no signs of thrombosis detected by the soft-
ware and those that were not detected in terms of largest
diameter (P= .04). Seven of the 11 aneurysms missed by the soft-
ware were located at the C4 or C5 level of the ICA; the remaining
aneurysms missed by the software were located at the anterior
communicating artery (n ¼ 1), posterior communicating artery
(n ¼ 1), basilar artery (basilar tip excluded, n ¼ 1), and the supe-
rior cerebellar artery (n¼ 1). We observed that 50% of the aneur-
ysms located at the ICA, levels C1–C4, were correctly diagnosed
by the software. For supraophthalmic aneurysms in the anterior
circulation, the sensitivity was 77.8%, with an accuracy of 85.7%.
A detailed overview of the different localizations of the aneur-
ysms and the detection rates of the algorithm is shown in the
Table. For saccular aneurysms with diameters of $5mm and no
signs of thrombosis or inhomogeneous signal intensity, the sensi-
tivity, specificity, and accuracy rose up to 100%, 87.2%, and
88.0%, respectively. Four of the 8 aneurysms initially missed in
the original reports were correctly detected by the software.

DISCUSSION
This single-center study compared the diagnostic performance of an
AI-based software trained on TOF-MRI studies to detect cerebral
aneurysms with an expert radiologist’s reading of 191 TOF-MRI
studies.

Our goal was to test the software performance with a data set
covering the variety seen in routine clinical care. In a patient
cohort with a large range of ages, aneurysm sizes, configurations,
and localizations examined with scanners of 2 different vendors at
different field strengths, the software solution showed an overall
accuracy of 82.6%, with a sensitivity and specificity of 70.4% and
87.2%, respectively. Our data suggest that the software can help
the reading radiologist in detecting aneurysms when reporting
TOF-MRI studies. Eight aneurysms found by the expert reader
had not been reported in the initial, written reports. Four of these

FIG 1. Right MCA aneurysm correctly detected by the software,
cross-sectional (A) and MIP images (B). C–E, Axial, sagittal, and coronal
view as reconstructed by the software, with the aneurysm highlighted
in orange and with a surrounding white box.

FIG 2. Right MCA bifurcation mistaken for an MCA aneurysm by the
software. No aneurysm is shown by TOF-MRA, either by the cross-
sectional image (A) or by MIP (B). C–E, Right MCA bifurcation high-
lighted in orange with a surrounding white box.

FIG 3. Large, thrombosed right MCA aneurysm (arrows) missed by
the software and a small left MCA aneurysm (arrowheads) that was
correctly detected by the software but missed in the initial read,
probably due to satisfaction of search. A, Axial cross-sectional image
of TOF-MRA. B, MIP image with the right MCA aneurysm barely visi-
ble and the left MCA aneurysm well visible. C–E, Axial, sagittal, and
coronal reconstructions with the left MCA aneurysm being correctly
highlighted in orange with a surrounding white box and the right
MCA aneurysm not highlighted.
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aneurysms were correctly detected by the software and thus would
not have been missed if the software had been used in the clinical
practice.

Other investigators have already worked on software solu-
tions to automatically detect aneurysms in TOF-MRI studies.
Sichtermann et al13 achieved sensitivities as high as 90% with their
convolutional neural network–based approach, but with 6.1 false-
positives per case. When Sichtermann et al13 shifted toward more
acceptable false-positive rates of 0.8 per case, the sensitivity
decreased to 79%. Ueda et al11 achieved sensitivities of 93% in their
test data set, which was acquired at 4 different institutions, but
they reported no specificity, only that their focus was not to miss
aneurysms because their algorithm was intended to assist radiolog-
ists in not missing cerebral aneurysms. Stember et al12 reported a
sensitivity of 98.8% for the detection of cerebral aneurysms with
only 1 of 86 aneurysms missed by their algorithm. However, they
used only MIP images of TOF-MRA, while the aforementioned
studies all used source images of 3D TOF-MRAs. In addition, they
excluded aneurysms of,3mm. Nakao et al10 reported a sensitivity
of 94.2%, but with a high false-positive rate of 2.9 per case. At a
sensitivity of 70%, they reported 0.26 false-positives per case. Like
Stember et al, they used MIP images of TOF-MRAs for training,
validation, and testing of their algorithm. Terasaki et al14 achieved
a sensitivity of up to 89.1% with a rate of 4.2 false-positives per
case. Chen et al15 reported a sensitivity of 82.1% with a false-posi-
tive rate of 0.86 per case. Claux et al16 reported a sensitivity of 78%
with a rate of 0.5 false-positives per case.

While the sensitivities we report seem relatively lower com-
pared with the aforementioned studies, there are some differences:
First, we performed an external validation, a crucial step in the
validation process of algorithms designed to assist radiologists in
avoiding overfitting to the test data set and to prove the generaliz-
ability of the software solution.20 Our data set was acquired on 3
different clinical scanners at an entirely different institution than
the one where the data set was used to train, validate, and test the

software solution we report. In contrast,
the aforementioned studies all reported
the diagnostic performance of their
algorithms on their test data sets that
were acquired at the same institutions
as the data sets used for training and val-
idation, though Ueda et al11 and
Terasaki et al14 tried to avoid overfitting
by using images from 4 different institu-
tions. To the best of our knowledge,
there have been no studies published on
the diagnostic performance of other
commercially available AI-tools address-
ing the automated detection of brain
aneurysms by TOF-MRA that we could
use to compare our results.

Second, we included not only MR
imaging studies with aneurysms in our
data set but also a high number of stud-
ies with negative findings showing no
aneurysms, trying to get a more realistic
collective to learn how far the algorithm

is able to reliably rule out the presence of aneurysms in studies
that have been read as having normal findings by the expert
reader. However, our data set still does not reflect reality because
we enriched the collective with patients who had aneurysms,
allowing us to further investigate different localizations, sizes, and
configurations of the aneurysms detected. Third, the studies men-
tioned above reported high sensitivities but, in the case of Nakao
et al10 and Sichtermann et al13, also a high rate of false-positive
findings, with the sensitivities decreasing to 79% and 70%, respec-
tively,10,13 when reducing the rate of false-positives, values that are
comparable with our findings because we found a rate of only 0.1
false-positive finding per case. Because AI software solutions like
mdbrain will likely not only be used on high-risk populations but
will also be available for every examination acquired with no
regard for the risk constellation, we regard a low rate of false-posi-
tive findings as highly important, mainly to reduce the risk of
unnecessary follow-up examinations but also to actually reduce
the workload of the radiologists using the software. Fourth, 2 of
the studies used MIP images instead of source images of 3D TOF-
MRA; thus, the comparability with our study is limited.

In a second step, we further evaluated different subgroups of
aneurysms to further investigate the performance of the software.
Most interesting, fusiform aneurysms were detected in only 1 of 3
cases, probably because the software has been trained only on sacc-
ular aneurysms and the current version is not recommended for
use on fusiform aneurysms. Also, aneurysms that showed signs of
thrombosis or inhomogeneous signal intensity by TOF-MRA were
detected in only 1 of 6 cases, a phenomenon that has similarly
been reported by Ueda et al.11 We suspect that the low detection
rate in this subgroup is due to the inhomogeneous signal within
the aneurysms, making it more difficult for the algorithm to cor-
rectly segment the vessel and the aneurysm to their full extent.
Also, the training data set contained only 4 cases of aneurysms
with signs of partial thrombosis. Our findings may motivate fur-
ther optimization of AI-based aneurysm detection for such cases.

Localizations of the aneurysms and the sensitivity of the softwarea

Localization No. (%) Correctly Detected by CNN %
Anterior circulation 39 (72.2%) 27 69.23%
C1–C4 (infraophthalmic) 12 (22.2%) 6 50.0%
Supraophthalmic 27 (50%) 21 77.8%
C5/6 7 (13.0%) 5 71.4%
ICA terminus 1 (1.9%) 1 100.0%
AComA 7 (13.0%) 6 85.7%
MCA 11 (20.4%) 8 72.7%
A1 1 (1.9%) 1 100.0%

Posterior circulation 15 (27.8%) 11 73.3%
Basilar tip 1 (1.9%) 1 100.0%
PComA 8 (14.8%) 7 87.5%
SCA 2 (3.7%) 1 50.0%
AICA 0 (0.0%) 0 NA
PICA 1 (1.9%) 1 100.0%
V4 1 (1.9%) 1 100.0%
Basilar artery 2 (3.7%) 0 0.0%

Note:—AComA indicates anterior communicating artery; PComA, posterior communicating artery; SCA, superior
cerebellar artery; NA, not applicable; CNN, convolutional neural network.
a The specificity of the algorithm was 87.2%. The term “basilar artery” indicates aneurysms of the basilar artery that
do not arise from the basilar tip, the SCA, or the AICA. C5/6 includes ICA aneurysms that are located in the ICA
segments C5 or C6. Aneurysms located at the ICA terminus or the origin of the PComA are listed separately.
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While 5 aneurysms that were missed by the algorithm were
either fusiform, thrombosed, or both, the remaining 11 aneurysms
that were missed by the software were saccular aneurysms with reg-
ular signal intensity. Their mean diameter was 2.2mm, compared
with an overall mean diameter of 7.3mm, with a statistically sig-
nificant difference for aneurysm size in saccular aneurysms with
no signs of thrombosis, so we may conclude that besides fusiform
or thrombosed aneurysms, small aneurysms cannot be reliably
excluded using the software. Here, one must also take into
account that even an experienced reader can misinterpret infun-
dibular artery origins or inhomogeneous flow signal as small
aneurysms when no DSA data are available. In contrast, no saccu-
lar aneurysms with diameters of$5mm with no signs of throm-
bosis were missed by the software, highlighting its potential use
for clinically relevant findings that should not be missed.

As a third step, we investigated the diagnostic performance
depending on the location of the aneurysms. Due to the low num-
ber of cases, we can only describe our findings: For infraophthal-
mic aneurysms in the anterior circulation, we found a sensitivity
of only 50%. We hypothesize that the curvature of the vessel as
well as the inhomogeneous signal intensity that can be observed
in these regions account for this low detection rate. Also, there
were no infraophthalmic ICA aneurysms included in the training
data set, very likely leading to this comparably poor result. For
supraophthalmic aneurysms in the anterior circulation, we found
a higher sensitivity of 77.8% for this clinically more relevant sub-
group because supraophthalmic aneurysms are at risk of causing
SAH, while infraophthalmic aneurysms are not due to their extra-
dural localization.21

Our study had some limitations. First, its retrospective nature,
all MR imaging studies being acquired at the same institution,
both the training data set and most of our MR imaging studies
being acquired on MR imaging scanners of the same vendor, and
our study sample being enriched with known aneurysms limit
the possibility of evaluating the use of the algorithm in the setting
of everyday clinical practice. However, it can serve as an external
validation of the software solution because our data set was not
acquired at the same institution as the data sets used for training,
validation, and testing. Furthermore, our images were acquired
on 3 different scanners by 2 different vendors, at field strengths
of 3T and 1.5T, making them a heterogeneous study sample, rep-
resenting the variety of examinations seen in our daily clinical
routine. However, additional studies may be necessary to investi-
gate how the software performs on images obtained onMR imag-
ing scanners of different vendors.

Second, the number of cases is too small to draw final conclu-
sions on differences depending on aneurysm locations; thus, our
findings are of rather descriptive nature regarding location. Third,
the software was not designed to replace the radiologist but to
support radiologists in detecting aneurysms; our study investi-
gated the diagnostic performance of the software alone against an
experienced human reader. Sohn et al17 reported the improved
diagnostic performance of a neurologist, a neurosurgeon, and a
radiologist for the detection of cerebral aneurysms by TOF-MRA
when supported by an AI software solution compared with their
diagnostic performance without the support of the software.
While we suspect that mdbrain can have a similar effect on the

performance of readers, this was not systematically assessed in our
study, and whether the software can assist radiologists in their
daily work will be a matter of further investigation.

CONCLUSIONS
In our study, we assessed the potential of a commercially avail-
able and CE-marked software solution to automatically detect
intracranial aneurysms on TOF-MRI data. Thus, our findings
are important to radiologists using the software, to understand
its capabilities but also its limitations. We demonstrated that the
software has the potential to increase the detection rates for
intracranial aneurysms while showing an acceptable rate of
false-positive findings. There is need for further investigation to
learn whether the software can assist radiologists in their daily
routine to improve detection rates, interrater reliability, and
reading times.

Disclosure forms provided by the authors are available with the full text and
PDF of this article at www.ajnr.org.
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ORIGINAL RESEARCH
ADULT BRAIN

Effects of Arterial Stiffness on Cerebral WM Integrity in
Older Adults: A Neurite Orientation Dispersion and Density

Imaging and Magnetization Transfer Saturation Imaging
Study

J. Kikuta, K. Kamagata, M. Abe, C. Andica, Y. Saito, K. Takabayashi, W. Uchida, H. Naito, H. Tabata,
A. Wada, Y. Tamura, R. Kawamori, H. Watada, and S. Aoki

ABSTRACT

BACKGROUND AND PURPOSE: Arterial stiffness is reported to be able to cause axonal demyelination or degeneration. The present study
aimed to use advanced MR imaging techniques to examine the effect of arterial stiffness on the WM microstructure among older adults.

MATERIALS AND METHODS: Arterial stiffness was measured using the cardio-ankle vascular elasticity index (CAVI). The high-CAVI
(mean CAVI $ 9 points) and the low-CAVI groups (mean CAVI, 9 points) were created. The neuronal fiber integrity of the WM
was evaluated by neurite orientation dispersion and density imaging and magnetization transfer saturation imaging. Tract-Based
Spatial Statistics and the tracts-of-interest analysis were performed. Specific WM regions (corpus callosum, internal capsule, anterior
thalamic radiation, corona radiata, superior longitudinal fasciculus, forceps minor, and inferior fronto-occipital fasciculus) were
selected in the tracts-of-interest analysis.

RESULTS: In Tract-Based Spatial Statistics, the high-CAVI group showed a significantly lower myelin volume fraction value in the broad
WM and significantly higher radial diffusivity and isotropic volume fraction values in the corpus callosum, forceps minor, inferior
fronto-occipital fasciculus, internal capsule, corona radiata, and anterior thalamic radiation than the low-CAVI group. In tracts-of-inter-
est analysis using multivariate linear regression, significant associations were found between the mean CAVI and radial diffusivity in
the anterior thalamic radiation and the corona radiata; isotropic volume fraction in the anterior thalamic radiation and the corona
radiata; and myelin volume fraction in the superior longitudinal fasciculus (P, .05). Additionally, partial correlation coefficients were
observed for the significant associations of executive function with radial diffusivity and myelin volume fraction (P, .05).

CONCLUSIONS: Arterial stiffness could be associated with demyelination rather than axonal degeneration.

ABBREVIATIONS: ATR ¼ anterior thalamic radiation; CAVI ¼ cardio-ankle vascular elasticity index; CC ¼ corpus callosum; CR ¼ corona radiata; FA ¼ frac-
tional anisotropy; FMi ¼ forceps minor; IC ¼ internal capsule; IFOF ¼ inferior fronto-occipital fasciculus; ISOVF ¼ isotropic volume fraction; NODDI ¼ neurite
orientation dispersion and density imaging; MT ¼ magnetization transfer; MVF ¼ myelin volume fraction; RD ¼ radial diffusivity; SLF ¼ superior longitudinal
fasciculus; TBSS ¼ Tract-Based Spatial Statistics; TMT ¼ Trail-Making Test; TOI ¼ tracts of interest

Arterial stiffness can be measured by several different methods.
The pulse wave velocity has been measured by various methods

as an indirect index of arterial elasticity, but it is blood pressure–
dependent.1 Conversely, the cardio-ankle vascular elasticity index

(CAVI) directly reflects vascular elasticity and is blood pressure–inde-

pendent.2 Reports regarding the association between CAVI-measured

arterial stiffness and WM microstructure have still not been pub-

lished, though some studies reported the association between pulse

wave velocity–measured arterial stiffness and brainWM integrity.
Neurite orientation dispersion and density imaging (NODDI) is

a new, advanced DWI technique that improvesWM characterization

using a multicompartment model to describe different WM func-

tions. By enabling the estimation of neurite structure, NODDI can

provide more specific insight into the underlying WM microstruc-

tural changes.3 Thus, NODDI could be useful in assessing arterial

stiffness–associated WM microstructure, though no study has tested
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this hypothesis. Moreover, myelin-sensitive imaging using MR imag-

ing can evaluate the WM microstructure from a different viewpoint

fromDWI.
Arterial stiffness is indicated to cause axonal demyelination or

degeneration.4,5 Notably, Badji et al6 showed that carotid-femoral
pulse wave velocity is significantly associated with both fractional
anisotropy (FA) and radial diffusivity (RD) but not with the mye-
lin volume fraction (MVF). The results suggested that arterial stiff-
ness is associated with axonal degeneration rather than with
demyelination. However, reports supporting such results are still
limited. We hypothesized that the impact of arterial stiffness on
the brainWMmicrostructure could be better understood by using
the above-mentioned multimodal WM-sensitive MR imaging
techniques. Hence, this study aimed to explore the associations
between CAVI-measured arterial stiffness and WM-sensitive MR
imaging measures of the brain in older adults.

MATERIALS AND METHODS
The institutional review board of Juntendo University Hospital in
Japan approved this study in compliance with the World Medical
Association’s Code of Ethics (Declaration of Helsinki) for experi-
ments involving humans.

Study Participants
The Bunkyo Health Study is a prospective cohort study of 1629
older individuals.7 Of these, 160 participants underwent both
FLAIR imaging and DWI. Exclusion criteria included major psy-
chiatric or neurologic disorders, heart failure, stroke, and/or a his-
tory of alcohol or drug abuse. Ultimately, 110 older participants
were included for the analysis. Arteriosclerosis was estimated by
CAVI determined by using an automatic waveform analyzer
(Vascular Screening System VaSera VS1500; Fukuda Denshi).8

High CAVI ($9.0) implies progression of carotid and coronary ar-
teriosclerosis;9 thus, CAVI 9 was set as the cutoff value. The eligible
participants were divided into the high-CAVI group (those with a
mean [average of left and right values] CAVI of $ 9 points; 37
men and 23 women; mean age, 72.72 [SD, 5.00] years) and the

low-CAVI group (those with a mean CAVIof , 9 points; 29 men
and 21 women; mean age, 72.58 [SD, 4.82] years). Table 1 shows
the demographic characteristics. Deep and subcortical WM hyper-
intensity and periventricular hyperintensity were evaluated using
the Fazekas scale,10 according to axial FLAIR imaging.

Image Acquisition
MR imaging data were acquired using a 3T MR imaging scanner
(Magnetom Prisma; Siemens) with a 64-channel head coil. We
acquired multishell DWI data using a spin-echo echo-planar imag-
ing sequence, which included 2 b-values of 1000 and 2000 s/mm2

along 64 isotropic diffusion gradients uniformly distributed on a
sphere, with a simultaneous multisection echo-planar imaging
sequence in the anterior-posterior phase-encoding direction with
the following parameters: TR ¼ 3300ms; TE ¼ 70ms; FOV ¼ 229
� 229mm; matrix size ¼ 130� 130; section thickness ¼ 1.8mm;
resolution ¼ 1.8� 1.8mm; acquisition time ¼ 7 minutes and 29
seconds. DWI acquisition was completed with a b ¼ 0 image.
Standard and antiphase-encoded blipping images were acquired
without diffusion weighting to compensate for the distortion caused
by the magnetic susceptibility associated with the echo-planar imag-
ing acquisition. The predominant T1-weighted, proton density–
weighted, and magnetization transfer (MT)–weighted images were
obtained using a 3D multiecho high-speed low-angle shot sequence
for calculating the MT saturation index.11 The settings for the MT
saturation sequences were as follows: for MToff andMTon scanning,
TE ¼ 2.53ms, TR ¼ 24ms, flip angle ¼ 5°; for T1WI, TE ¼
2.53ms, TR ¼ 10ms, flip angle ¼ 13°, with parallel imaging using
generalized autocalibrating partially parallel acquisition with a fac-
tor of 2 in the phase-encoding direction, 7/8 partial Fourier
acquisition in the partition direction, bandwidth ¼ 260Hz/pixel,
matrix ¼ 128� 128, acquisition time ¼ 6minutes 25 seconds, sec-
tion thickness¼ 1.8mm, FOV¼ 224� 224mm.

Diffusion MR Imaging Processing
For eliminating artifacts, the eddy (https://fsl.fmrib.ox.ac.uk/fsl/
fslwiki/eddy/UsersGuide) and topup (https://fsl.fmrib.ox.ac.uk/

Table 1: Demographic characteristics of the participantsa

All Participants
(n = 110)

High-CAVI
(n = 60)

Low-CAVI
(n = 50)

High- vs Low-CAVI
(P Value)

Sex (men/female) 66:44 37:23 29:21 .70
Age (yr) 72.65 (SD, 4.90) 72.72 (SD, 5.00) 72.58 (SD, 4.82) .96
Mean CAVI 9.12 (SD, 0.84) 9.71 (SD, 0.57) 8.41 (SD, 0.46) ,.001
Antihypertensive therapy 71 43 28 .09
Education (yr) 14.31 (SD, 2.11) 14.30 (SD, 2.09) 14.32 (SD, 2.15) .96
Body mass index 22.54 (SD, 2.84) 22.79 (SD, 2.54) 22.24 (SD, 3.16) .31
Systolic blood pressure 137.47 (SD, 15.67) 139.60 (SD, 15.21) 134.92 (SD, 16.00) .12
Diastolic blood pressure 86.05 (SD, 9.35) 86.52 (SD, 8.49) 85.48 (SD, 10.34) .56
Heart rate 65.70 (SD, 23.73) 66.16 (SD, 33.88) 65.31 (SD, 9.85) .85
Montreal Cognitive Assessment (Japanese version) 25.19 (SD, 2.87) 25.31 (SD, 2.95) 25.04 (SD, 2.66) .61
Mini-Mental State Examination 27.93 (SD, 1.68) 28.07 (SD, 1.59) 27.76 (SD, 1.78) .34
TMT A 42.51 (SD, 13.90) 43.32 (SD, 14.24) 41.54 (SD, 13.56) .51
TMT B 115.82 (SD, 50.38) 116.78 (SD, 40.22) 114.66 (SD, 60.80) .83
TMT B minus A 73.31 (SD, 44.11) 73.47 (SD, 36.01) 73.12 (SD, 52.60) .97
Periventricular hyperintensity 1.14 (SD, 0.39) 1.17 (SD, 0.42) 1.10 (SD, 0.36) .372
Deep and subcortical WM hyperintensity 1.25 (SD, 0.53) 1.31 (SD, 0.60) 1.18 (SD, 0.48) .135

a Data are means.
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fsl/fslwiki/topup) toolboxes, which are part of the FSL (www.
fmrib.ox.ac.uk/fsl), were used.12 The resulting images were fitted
to the NODDI model3 using the NODDI Matlab Toolbox 5
(http://www.nitrc.org/projects/noddi_toolbox). Table 2 summa-
rizes the parameters of DTI and NODDI. The maps of the orienta-
tion dispersion index, isotropic volume fraction (ISOVF), and
intracellular volume fraction were generated using the Accelerated
Microstructure Imaging via Convex Optimization.13 Furthermore,
the DTIFit tool (https://open.win.ox.ac.uk/pages/fsl/fslpy/fsl.data.
dtifit.html) was used to generate tensor-derived maps according to
the ordinary least-squares method14 using DWI data with b-values
of 0 and 1000 s/mm2.

Myelin-Sensitive Imaging Processing
MT saturation (MTsat) data were analyzed using a Matlab script
(https://www.mathworks.com/help/matlab/ref/run.html).15 First,
the apparent longitudinal relaxation rate (R1app) was calculated as
the following equation:

R1app ¼ 1
2
ST1aT1=TRT1 � SPDaPD=TRPD

SPD=aPD � ST1=aT1
:

Here, ST1 and SPD indicate the signal strength of T1- and pro-
ton-density (PD)-weighted imaging, respectively. TRT1 and TRPD

reflect the TRs of T1- and PD-weighted imaging, respectively.
aT1 and aPD show the excitation flip angles of T1- and PD-
weighted imaging. Second, the apparent signal amplitude (Aapp)
was calculated as the following:

Aapp ¼ SPDST1
TRPDaT1=aPD � TRT1aPD=aT1

ST1 TRaT1 � SPDTRT1aPD
:

Third, the apparent d app was calculated as the following
equation:

dapp ¼ ðAappa MT=SMT � 1ÞR1appTRMT � aMT2=2:

TRMT, SMT, and aMT show the TR, signal intensity, and excita-
tion flip angle of the MT-weighted imaging respectively. The fol-
lowing formula was applied to fix the small residual high-order
dependency of MTsat on the local radiofrequency (RF) transmit
field:16

MTsat ¼ d appð1� 0:4Þ
1� 0:4 RFlocal

:

RFlocal was calculated using the dual-angle method.17 In addition,
we added 2 B1 maps with flip angles of 10° and 20°, respectively,
obtained by echo-planar imaging in about 10 seconds. The first and
second images were obtained after excitation with flip angles a and

2a proportional to sina and sin 2a, respectively. The ratio of the 2
acquisitions was calculated using the following formula:

sina
sin2a

¼ 1
2cosa

:

From there, the local flip angle a was calculated.

Tract-Based Spatial Statistics Analysis
Voxelwise statistical analysis was performed using Tract-Based
Spatial Statistics (TBSS; http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/TBSS)
implemented in FSL.18 The TBSS procedure was as follows: First,
using FMRIB’s Nonlinear Registration Tool (FNIRT; http://fsl.
fmrib.ox.ac.uk/fsl/fslwiki/FNIRT), we aligned the FA maps of all
participants into the Montreal Neurological Institute 152 standard
space with 1� 1 � 1 mm3 voxel size. Second, we created and
thinned a population-based mean FA image to establish the mean
FA skeleton, which shows the centers of all tracts common to the
group. The threshold of the mean FA skeleton was 0.2 to exclude
the peripheral tracts and GM. Third, a binary mask of the FA ske-
letonized image was used as the mask image to make a voxel-by-
voxel statistical comparison between the high- and low-CAVI
groups of the 4D skeleton image file. This comparison was per-
formed using FSL’s Randomise tool (http://fsl.fmrib.ox.ac.uk/fsl/
fslwiki/Randomise/UserGuide), and the number of permutations
was set to 10,000. The data for other WM metrics was analyzed
using the tbss_non_FA script (https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/
TBSS/UserGuide#Using_non-FA_Images_in_TBSS) to generate a
4D skeleton image file for each metric.

Tract-of-Interest Analysis
Tracts of interest (TOI) were analyzed using the ICBM DTI-81
Atlas (http://www.bmap.ucla.edu/portfolio/atlases/ICBM_DTI-81_
Atlas/).19 According to the TBSS results (Figure) and previous stud-
ies showing arterial stiffness–associated WM regions, 6 major WM
tracts, namely, the corpus callosum (CC), internal capsule (IC), co-
rona radiata (CR), inferior fronto-occipital fasciculus (IFOF), for-
ceps minor (FMi), and anterior thalamic radiation (ATR), were
identified as TOI of RD and ISOVF. Additionally, 7 major WM
tracts, namely, the CC, IC, CR, IFOF, FMi, ATR, and superior lon-
gitudinal fasciculus (SLF), were selected as TOI of the MVF. These
WM regions are reportedly vulnerable to increased arterial stiff-
ness.4,5,20,21 Then, the mean value (the average of left and right val-
ues) within each ROI was computed for eachWMmetric.

Statistical Analysis
All statistical data were analyzed using SPSS Statistics, Version 27
(IBM). Demographic and clinical data were analyzed using the

Table 2: Summary of WM metrics
Diffusion MR Imaging Parameter Explanation
DTI FA Overall direction of water diffusion in brain tissue

Mean diffusivity The magnitude of isotropic diffusion in brain tissue
Axial diffusivity The coefficient of diffusion across the long axis of the ellipsoid
RD The coefficient of diffusion perpendicular to the long axis

NODDI Intracellular volume fraction Neurite density based on intracellular diffusion
Orientation dispersion index Dispersion of neurites in the intracellular compartment
ISOVF The measure of extracellular water diffusion
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x 2 or Mann-Whitney U test. A P value (2-tailed) , .05 was con-
sidered statistically significant.

For TBSS, the high- and low-CAVI groups were compared
using the Randomize tool (family-wise error–corrected P, .05,
adjusting for age, sex, antihypertensive therapy use, systolic blood
pressure, and intracranial volume).

In all participants, we applied univariate linear regression analy-
ses for each WM metric as a dependent variable and the mean
CAVI as an independent variable. Subsequently, multivariate linear
regression analyses were conducted using backward linear regression
to identify independent factors associated with the mean CAVI. The
variable P, .2 in the univariate model was included in the back-
removal procedure with P-removal ¼ .1. Age, sex, antihypertensive
therapy, systolic blood pressure, and intracranial volume were con-
sidered confounding covariates to separate from the strength of the
relation between the mean CAVI andWM integrity.

Additionally, the partial correlation analyses between eachWM
metric and the cognitive performance scores were examined sepa-
rately for all participants, the high-CAVI group, and the low-CAVI
group, adjusting for age, sex, and education level. Multiple com-
parisons were corrected using the false discovery rate procedure
for each WM metric and region.22 The false discovery rate–cor-
rected P, .05 was considered significant.

RESULTS
Participant Characteristics
Table 1 shows all participant characteristics. The high-CAVI
group showed a significantly higher mean CAVI than the low-

CAVI group. However, age, sex, education level, body mass index,
heart rate, systolic blood pressure, diastolic blood pressure, and anti-
hypertensive therapy history; the Mini-Mental State Examination;
the Montreal Cognitive Assessment (Japanese version); Trail
Making Test (TMT) A, TMT B, TMT Bminus A; deep and subcort-
ical WM hyperintensity; and periventricular hyperintensity were not
significantly different between the 2 groups.

Whole-Brain Analysis
TBSS results identified a significantly lower MVF in the high-
CAVI group than in the low-CAVI group in the broad WM area
(family-wise error–corrected P, .05; Figure). RD was signifi-
cantly higher in the high-CAVI group in specific WM areas such
as the CC, FMi, bilateral IFOF, bilateral ATR, bilateral CR, and
left IC compared with the low-CAVI group. The ISOVF was sig-
nificantly higher in the high-CAVI group than in the low-CAVI
group in the CC, FMi, right IC, right CR, right ATR, and right
IFOF. Most interesting, RD and ISOVF changes were relatively
overlapped, mainly observed in the anterior area. Whereas FA,
mean diffusivity, axial diffusivity, the orientation dispersion
index, and intracellular volume fraction did not significantly dif-
fer between 2 groups.

Tract-Specific Analysis
The univariate linear regression analysis revealed the significant
associations of the mean CAVI with RD in the FMi; ISOVF in
the CC, CR, and FMi; and MVF in the CR, IC, FMi, IFOF, ATR,
and SLF (false discovery rate–corrected P, .05; Table 3). In the
multivariate linear regression analyses adjusted for age, sex,

FIGURE. Comparison between the high- and low-CAVI groups. For TBSS, the low- and high-CAVI groups were compared (family-wise error–
corrected P, .05, adjusting for age, sex, antihypertensive therapy use, intracranial volume, and systolic blood pressure). Red–yellow voxels
demonstrate significantly higher RD and ISOVF values in the high-CAVI group than in the low-CAVI group. Blue–light blue voxels illustrate a
significantly lower MVF value in the high-CAVI group than in the low-CAVI group.
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antihypertensive therapy, systolic blood pressure, and intracranial
volume, the mean CAVI was significantly associated with RD
and ISOVF in the ATR and CR, and the MVF in the SLF (false
discovery rate–corrected P, .05; Table 3).

In all participants, the partial correla-
tion analyses demonstrated significant
associations of TMT B with RD in the
CR, FMi, and IC, or MVF in all tested
WM regions (false discovery rate–cor-
rected P, .05; Table 4). In the low-
CAVI group, TMT B was significantly
associated with RD in the FMi and MVF
in the CR (false discovery rate–corrected
P , .05; Table 4). Furthermore, the par-
tial correlation coefficients for the signifi-
cant associations of TMT B minus A
with RD in the CR, IC, and FMi and
with MVF in the ATR, CR, and FMi
were noted in all participants (false dis-
covery rate–corrected P , .05; Table 5).
Meanwhile, the low-CAVI group had
partial correlation coefficients for the
significant associations of TMT B minus
A with MVF in the CC, CR, FMi, IC,
IFOF, and SLF (false discovery rate–cor-
rected P , .05; Table 5). However, the
partial correlation coefficients showed no
significant associations among the Mini-
Mental State Examination, the Montreal
Cognitive Assessment (Japanese version),
and TMTA andWMmetrics.

DISCUSSION
The present study evaluated the WM
microstructural changes in older adults
with arterial stiffness. The major find-
ings are as follows: First, whole-brain
voxelwise results identified a signifi-
cantly lower MVF in the high-CAVI
group than in the low-CAVI group in
the broad WM regions. TBSS results
also showed significantly higher RD and
ISOVF in the high-CAVI group than in
the low-CAVI group in the CC, FMi,
IFOF, IC, CR, and ATR. Second, the
multivariate linear analysis noted signifi-
cant associations of the mean CAVI
with RD and ISOVF in the ATR and
CR; and with MVF in the SLF. Finally,
we found partial correlation coefficients
for the significant associations between
the executive function scores and RD
andMVF in specific WM areas.

Whole-brain voxelwise results
revealed that the high-CAVI group had
a significantly lower MVF value than

the low-CAVI group in the broad WM area. Low MVF values
indicate the loss of the myelin sheath insulating the nerves,
implying WM demyelination.23 In this study, the high-CAVI
group also had higher RD and ISOVF values than the low-CAVI

Table 3: Univariate and multivariate linear regression analyses adjusted for age, sex, anti-
hypertensive therapy, systolic blood pressure, and intracranial volume for the associa-
tion of mean CAVI with WM metrics in specific regions

Univariate Linear Regression Multivariate Linear Regression

P b P b

RD
ATR .121 0.149 .015 1.549
CC .075 0.171
CR .079 0.168 .004 �0.737
FMi .01 0.245 .061 0.296
IC .279 0.104
IFOF .163 0.134

ISOVF
ATR .16 0.135 .014 �1.531
CC .036 0.2
CR .031 0.206 .005 0.596
FMi .037 0.2
IC .271 0.106
IFOF .123 0.148

MVF
ATR .005 �0.265
CC .174 �0.13
CR .015 �0.231
FMi .028 �0.21
IC .009 �0.249
IFOF .019 �0.224
SLF .015 �0.231 .036 �0.218

Table 4: Partial correlation coefficients between WM metrics and TMT B, adjusted for
age, sex, and educationa

All Participants High-CAVI Group Low-CAVI Group
Corrected
P Value r

Corrected
P Value r

Corrected
P Value r

RD
ATR .818 0.023 .898 �0.017 .545 0.090
CC .121 0.160 .658 0.078 .291 0.174
CR .046 0.220 .658 0.080 .107 0.307
FMi .016 0.288 .650 0.135 .013 0.436
IC .046 0.221 .650 0.152 .276 0.197
IFOF .050 0.206 .650 0.121 .246 0.228
ISOVF
ATR .866 �0.016 .983 �0.008 .865 0.025
CC .669 0.094 .983 0.003 .437 0.183
CR .464 0.139 .983 0.055 .272 0.250
FMi .464 0.147 .983 0.044 .256 0.297
IC .822 0.059 .983 0.058 .865 0.047
IFOF .861 �0.035 .983 �0.108 .788 0.095
MVF
ATR .042 �0.200 .549 �0.116 .054 �0.283
CC .042 �0.200 .659 �0.060 .051 �0.324
CR .022 �0.275 .549 �0.145 .027 �0.414
FMi .026 �0.235 .614 �0.086 .051 �0.306
IC .033 �0.219 .549 �0.134 .054 �0.283
ISOF .022 �0.250 .549 �0.121 .051 �0.331
SLF .022 �0.250 .549 �0.205 .051 �0.312

a False discovery rate–corrected P value,.05.
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group. High ISOVF values associated with high CAVI suggest
increased extracellular water diffusion and have been shown to
be related to increased inflammatory activation or blood-brain bar-
rier permeability.24 Moreover, elevated RD is also associated with
demyelination.25 From these results, the WM in the high-CAVI
group could involve demyelination more than in the low-CAVI
group. Furthermore, there were no significant differences in the
degree of WM hyperintensities between the high- and low-CAVI
groups in this study. Considering that TBSS showed significant dif-
ferences in RD, ISOVF, and MVF between the two groups, our
results suggest that WM microstructural changes precede WM
hyperintensities and brain atrophy. In support of our findings, prior
studies have indicated that DTI metrics capture ultrastructural
changes in WM before the onset of WM hyperintensities and brain
atrophy.26,27 Therefore, it is thought that there was no correlation
between the degree of WM hyperintensities andWMmetrics.

In the multivariate linear analyses, the mean CAVI was signifi-
cantly associated with RD in the ATR, CR, and FMi; ISOVF in the
ATR and CR; and MVF in the SLF. These findings could reflect ar-
teriosclerosis relating to demyelination. In previous studies, the
WM microstructure has been reported to be vulnerable to circula-
tory alterations and correlates with arterial stiffness.4-6,20 Notably,
Badji et al6 showed that carotid-femoral pulse wave velocity was sig-
nificantly associated with both FA and RD but not with MVF.17

The present study indicated the significant associations between the
mean CAVI and not only DTI and NODDI metrics but also MVF,
possibly reflecting the progression of arteriosclerosis exacerbating
demyelination. The conflicting results regarding MVF between this
study and that of Badji et al might be caused by differences in the
characteristics of the target cohort. For instance, in our study, the
average value of the body mass index (22.54 [SD, 2.84] kg/m2) in all

participants was lower than that in the
study of Badji et al (26.1 ([SD, 4.23] kg/
m2). However, the average value of sys-
tolic blood pressure (137.47 [SD,
15.67]mm Hg) in our study was higher
than that in the study of Badji et al
(125.66 [SD, 11.65] mm Hg). Suzuki et
al24 showed that pathologic processes
related to hypertension are associated
with image differences, suggesting
changes in WM axons. In addition, WM
integrity is particularly vulnerable to
obesity.28 A higher body mass index is
associated with lower FA in the FMi and
CC.29 Therefore, except for the degree
of arterial stiffness, the difference in par-
ticipants’ physical characteristics may
influence WM integrity. However, exact
matching of these clinical findings is dif-
ficult. Additionally, our participants
were all Japanese, whereas the partici-
pants of Badji et al were all Canadian;
thus, racial differences may affect WM
integrity.30

The present study also showed the
existence of the partial correlation coefficients for the significant
associations between the executive function and WM metrics. In
all participants and the low-CAVI group, the MVF in several
WM areas was negatively associated with the executive function.
These findings suggest that executive dysfunction may be associ-
ated with demyelination. However, in the high-CAVI group of
the study, there was no significant connection between WMmet-
rics and TMT scores, which are measures of executive function.
Furthermore, although there was no difference in the TMT scores
between the high- and low-CAVI groups, we found significant
differences in WM metrics between two groups. The findings
imply that WM microstructural changes may have already
occurred before the impairment of executive function.

This study has some limitations. First, it is based on data
obtained from Japanese individuals living in the city; hence, bias in
genetic factors and environmental factors, such as eating habits,
may occur. Second, it was conducted in a single facility. Thus, mul-
ticenter and epidemiologic studies are needed to examine further
these investigations.

CONCLUSIONS
Arterial stiffness could be strongly associated with demyelination
rather than axonal degeneration.

Disclosure forms provided by the authors are available with the full text and
PDF of this article at www.ajnr.org.
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ORIGINAL RESEARCH
ADULT BRAIN

Improved Blood Suppression of Motion-Sensitized Driven
Equilibrium in High-Resolution Whole-Brain Vessel Wall

Imaging: Comparison of Contrast-Enhanced 3D T1-Weighted
FSE with Motion-Sensitized Driven Equilibrium and Delay

Alternating with Nutation for Tailored Excitation
D.J. Kim, H.-J. Lee, J. Baik, M.J. Hwang, M. Miyoshi, and Y. Kang

ABSTRACT

BACKGROUND AND PURPOSE: High-resolution vessel wall MR imaging is prone to slow-flow artifacts, particularly when gadolinium
shortens the T1 relaxation time of blood. This study aimed to determine the optimal preparation pulses for contrast-enhanced
high-resolution vessel wall MR imaging.

MATERIALS AND METHODS: Fifty patients who underwent both motion-sensitized driven equilibrium and delay alternating with
nutation for tailored excitation (DANTE) preparation pulses with contrast-enhanced 3D-T1-FSE were retrospectively included.
Qualitative analysis was performed using a 4-grade visual scoring system for black-blood performance in the small-sized intracranial
vessels, overall image quality, severity of artifacts, and the degree of blood suppression in all cortical veins as well as transverse
sinuses. Quantitative analysis of the M1 segment of the MCA was also performed.

RESULTS: The qualitative analysis revealed that motion-sensitized driven equilibrium demonstrated a significantly higher black-blood
score than DANTE in contrast-enhanced 3D-T1-FSE of the A3 segment (3.90 versus 3.58, P, .001); M3 (3.72 versus 3.26, P = .004); P2
to P3 (3.86 versus 3.64, P = .017); the internal cerebral vein (3.72 versus 2.32, P, .001); and overall cortical veins (3.30 versus 2.74,
P, .001); and transverse sinuses (2.82 versus 2.38, P, .001). SNRlumen, contrast-to noise ratiowall-lumen, and SNRwall in the M1 vessel
were not significantly different between the 2 preparation pulses (all, P. .05).

CONCLUSIONS:Motion-sensitized driven equilibrium demonstrated improved blood suppression on contrast-enhanced 3D-T1-FSE in the
small intracranial arteries and veins compared with DANTE. Motion-sensitized driven equilibrium is a useful preparation pulse for high-re-
solution vessel wall MR imaging to decrease venous contamination and suppress slow-flow artifacts when using contrast enhancement.

ABBREVIATIONS: BB ¼ black-blood; CE ¼ contrast-enhanced; CNR ¼ contrast-to-noise ratio; DANTE ¼ delay alternating with nutation for tailored excita-
tion; HR-VWI ¼ high-resolution vessel wall MR imaging; ICV ¼ internal cerebral vein; MSDE ¼ motion-sensitized driven equilibrium

H igh-resolution vessel wall MR imaging (HR-VWI) is a crucial
technique used to diagnose various pathologic conditions that

involve the vessel walls.1-5 HR-VWI differs from conventional
methods such as CTA, MRA, and DSA in that HR-VWI directly
delineates the vessel walls rather than indirectly illustrating them

by projecting the luminal cavity.6,7 Thus, HR-VWI enables further
characterization of minute changes in the vessel wall.2,5,8-10

In HR-VWI, suppression of signals from the intraluminal
blood and extraluminal CSF is required to precisely portray
the vessel wall.2,11,12 The 3D-T1-FSE sequence is widely used
for HR-VWI due to its inherent black-blood (BB) effect
attained by intravoxel dephasing induced by gradient moments
and stimulated echoes.12,13 However, there are technical chal-
lenges associated with HR-VWI, including slow-flow artifacts
induced by intraluminal blood with slow-flow velocity, which
may mimic vessel wall lesions, particularly when using con-
trast enhancement in which gadolinium shortens the T1
relaxation times of blood. These technical challenges are dif-
ficult to overcome if only the inherent BB effect of 3D-T1-
FSE is used.5
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Management of these technical pitfalls is necessary because the
contrast-enhanced (CE) sequence gives essential clinical informa-
tion on vasculopathy. The plaque enhancement can be used as
a measure of the vulnerability of atherosclerotic plaques.4,5,9

Abnormal vessel wall enhancement indicates inflammatory activ-
ity, and the degree of enhancement may be reduced after steroid
therapy.4,5,9 However, incomplete blood flow suppression may
mimic atherosclerotic plaque enhancement or vessel wall enhance-
ment.5 Hence, additional preparation pulses for HR-VWI such as
motion-sensitized driven equilibrium (MSDE) and delay alternat-
ing with nutation for tailored excitation (DANTE) have been
developed to minimize the degradation of the BB effect and are
currently used in various clinical scenarios.11,14-19

To date, effort has been made to find an optimal method for
increasing the BB effect in HR-VWI.3,13,14,17 Recently, an increased
number of studies reported that DANTE has advantages in intra-
cranial application in terms of the provision of effective CSF sup-
pression over MSDE, which has signal drop owing to inherent T2
decay.20-22 However, regarding CE situations, we speculated that
because MSDE has the characteristics of T2 preparation pulses with
a motion-sensitized gradient, fast T1 recovery of the contrast agent
may not influence the flow suppression of MSDE. Nevertheless,
comparisons between MSDE and DANTE in HR-VWI using CE
3D-T1-FSE have not yet been reported. Therefore, we compared
the BB effect of MSDE and DANTE in CE 3D-T1-FSE, particularly
in small vessels with slow intraluminal blood flow.

MATERIALS AND METHODS
Patient Selection
The institutional review board of Inje University of Haeundae Paik
Hospital approved this study, and the requirement for informed
consent was waived due to its retrospective nature. Seventy-one
consecutive patients who underwent HR-VWI between January
and July 2020 were retrospectively enrolled. Patients who under-
went CE 3D-T1-FSE with only 1 BB technique (n ¼ 19) or those
with poor image quality due to severe motion artifacts (n¼ 2) were
excluded. Finally, 50 patients (mean age, 65.6 years; range, 33–
87 years) were included in the study.

MR Imaging Protocol
All MR images were acquired using a single 3T MR imaging unit
(Signa Architect; GE Healthcare) with a 48-channel head coil.

Examinations were performed 5minutes after intravenous adminis-
tration of gadobutrol (Gadovist; Bayer Schering Pharma) at a dose
of 0.1mmol/kg of body weight.5 We used identical imaging parame-
ters (TR, 800ms; echo-train length, 48; bandwidth, 416Hz/pixel;
matrix, 300� 300 pixels; FOV, 180� 180 mm2; voxel size,
0.6� 0.6� 0.6 mm3; 11.7-cm coverage on the coronal plane; com-
pressed sensing factor, 1.2; Autocalibrating reconstruction for
Cartesian imaging (ARC) acceleration, phase � 2 and section � 1;
acquisition time, 5minutes 8 seconds with fat saturation) for all the
patients. The TE was set to the minimum value; consequently, the
TEs were 28 and 17ms for the MSDE and DANTE scans, respec-
tively. Images of CE 3D-T1-FSE with MSDE (composite-type
MSDE; velocity-suppressed target, 3.0 cm/s) and those with the
DANTE (flip angle, 13°; Gxyz = 18mT/m; echo space, 1500 ms; total
duration of the DANTE pulse, 142ms) were acquired in a random-
ized order. Among the 50 patients finally included, 26 had images of
CE 3D-T1-FSE with DANTE acquired before MSDE, while 24 had
images of CE 3D-T1-FSE with MSDE acquired before DANTE.

Image Analysis
Qualitative and quantitative analyses of the BB effects of MSDE and
DANTE were performed by 2 radiologists (Y.K. and H.-J.L. with 8
and 13 years’ experience in neuroradiology, respectively), blinded to
patient clinical information. Qualitative analysis was performed in
the M1 segment of the MCA and 4 parts of the small intracranial
vessels: the A3 segment of the anterior cerebral artery (A3), M3 seg-
ment of middle cerebral artery (M3), from P2 to P3 segment of pos-
terior cerebral artery (P2 to P3), and internal cerebral vein (ICV).
For the qualitative analysis, a 4-grade visual scoring system was used
and defined as follows: 1) less than one-half of the target lumen
dimension visible with black signal intensity; 2) one-half to three-
quarters of the target lumen dimension visible with black signal in-
tensity; 3) more than three-quarters of the target lumen dimension
visible with black signal intensity (with unsuppressed flow near the
wall); and 4) completely suppressed flow (with the entire target
lumen dimension visible with black signal intensity). Figure 1 shows
the schematic illustration of vessels with different visual grade scores
for BB performances. For quantitative analysis, the SNR and con-
trast-to-noise ratio (CNR) were measured in the same area of the
M1 segment of the MCA and calculated according to an equation
used in a previous work by Xie et al:16 SNRx= 0.695� Sx/s ,
CNRx-to-y=0.695 � (Sx–Sy)/s ; Sx represents the signal intensity
of x anatomy, and the noise level (s ) was defined as the signal SD
within an ROI drawn in the adjacent air space of the image uncon-
taminated by artifacts. The SNRwall, SNRlumen, SNRcsf, CNRwall-lumen,
and CNRwall-csf were calculated. The sizes of each drawn ROI of the
vessel wall and the vessel lumen during quantitative analysis were
also recorded. The Online Supplemental Data show an example of
SNR measurement with a displayed ROI. All analyses were repeated
by another radiologist (J.B., with 7 years’ experience in neuroradiol-
ogy) for the evaluation of interobserver reliability for the BB effect.

Grading of overall image quality, severity of artifacts, and the
degree of blood suppression in all cortical veins and both sides of
the transverse sinuses was rated in each individual CE 3D-T1-FSE
with DANTE or MSDE by 2 reviewers in a blinded manner, and
consensus was reached. Each rater evaluated the overall image qual-
ity using a 4-grade scoring system as follows: 1) nondiagnostic

FIG 1. Schematic illustration of vessels with different visual grade
scores for BB performance: 1) less than one-half of the target lumen
dimension visible with black signal intensity; 2) one-half to three-quar-
ters of the target lumen dimension visible with black signal intensity;
3) more than three-quarters of the target lumen dimension visible
with black signal intensity (with unsuppressed flow near the wall); and
4) completely suppressed flow (with the entire target lumen dimen-
sion visible with black signal intensity).
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image quality; 2) moderately diminished image quality, affecting
general diagnosis; 3) minimally diminished image quality, not
affecting general diagnosis; and 4) optimal image quality. The sever-
ity of artifacts was evaluated using the following 4-grade scoring
system: 1) presence of any artifact that inhibits diagnosis of the tar-
geted vessel anatomy; 2) existence of artifacts that affect the targeted
vessel anatomy, but still interpretable; 3) existence of artifacts that
do not affect the diagnosis of the targeted vessel anatomy; and 4) no
artifacts at all. The overall cortical vein suppression score was
evaluated using the following 4-grade scoring system: 1) severe
nonsuppressed cortical veins that mimic pathology; 2) moderate
nonsuppressed cortical veins that do not mimic pathology; 3) mild
nonsuppressed cortical veins that do not interfere with interpreta-
tion; and 4) complete blood suppression in the cortical veins. The
degree of blood suppression on both sides of the transverse sinuses
was evaluated using the following 4-grade scoring system: 1) severe
nonsuppressed transverse sinuses that mimic pathology; 2) moder-
ate nonsuppressed transverse sinuses with central nonsuppressed
blood signals; 3) mild nonsuppressed transverse sinuses with only
peripheral nonsuppressed blood signals; and 4) complete blood
suppression in the transverse sinuses.

Statistical Analysis
All statistical analyses were performed
using R software for Windows (Version
3.3.3; http://www.r-project.org/). The nor-
mality test for each variable was per-
formed using the Kolmogorov-Smirnov
test. Either a paired t test or Wilcoxon
signed-rank test was performed for
comparison. The weighted k and intra-
class correlation coefficients were used
to evaluate the interobserver agree-
ment. Statistical significance was set at
P, .05. The strength of the interob-
server agreement was categorized as
follows: k values and intraclass correla-
tion coefficients ,0.20, poor agree-
ment; 0.21–0.40, fair agreement; 0.41–
0.60, moderate agreement; 0.61–0.80,
good agreement; and 0.81–1.00, excel-
lent agreement.23

RESULTS
Qualitative Analysis
CE 3D-T1-FSE withMSDE had a signifi-
cantly higher visual score than 3D-T1-
FSE with DANTE in the small-sized ves-
sels: A3 (3.90 versus 3.58, P, .001); M3
(3.72 versus 3.26, P ¼ .004); P2 to P3
(3.86 versus 3.64, P¼ .017); and the ICV
(3.72 versus 2.32, P , .001) (Table 1).
In the M1, the qualitative analysis of
CE 3D-T1-FSE with MSDE and with
DANTE showed no significant differ-
ence between the two (3.66 versus 3.60,
P ¼ .497). Figures 2 and 3 and the

Online Supplemental Data illustrate representative cases in which
the BB effect of CE 3D-T1-FSE with MSDE surpassed that with
DANTE. Subgroup analysis results of the BB effect according to the
scan order are provided in the Online Supplemental Data.

Quantitative Analysis
There were no significant differences in SNRlumen, CNRwall-lumen,
and SNRwall between CE 3D-T1-FSE with MSDE and with
DANTE in the M1 (all, P. .05) (Table 2). However, CNRwall-csf

was higher on 3D-T1-FSE with DANTE than with MSDE (1.785
versus 1.047; P ¼ .013). The mean sizes of the drawn ROI of the
vessel wall and the vessel lumen were approximately 0.0037 cm2

and 0.0437 cm2, respectively.

Interobserver Reliability
The interobserver reliability evaluation indicated good agreement
in both qualitative (0.78; 95% CI, 0.69–0.86) and quantitative
(0.71; 95% CI, 0.63–0.77) analyses (Online Supplemental Data).

Image-Quality Assessment
CE 3D-T1-FSE with DANTE was rated slightly higher than
with MSDE for overall image quality (3.54 versus 3.42, P ¼

Table 1: Visual scoring evaluation of the BB effect in the small-sized intracranial arteries,
ICV, and the M1 segment of the MCA
Locations 3D-T1-FSE with MSDE 3D-T1-FSE with DANTE P Value
A3 3.90 3.58 ,.001
M3 3.72 3.26 .004
P2 to P3 3.86 3.64 .017
ICV 3.72 2.32 .001
M1 3.66 3.60 .497

FIG 2. A 78-year-old man who underwent HR-VWI. CE 3D-T1-FSE with DANTE (A), CE 3D-T1-FSE
with MSDE (B), a proton-density-weighted sequence (C), and a T1-weighted sequence (D). There
are nonsuppressed peripheral flows at the ICV (arrows), cortical vein (dotted line), and left M3
(solid line) on CE 3D-T1-FSE with DANTE (A). However, CE 3D-T1-FSE with MSDE (B) shows com-
plete blood suppression at the aforementioned structures.

AJNR Am J Neuroradiol 43:1713–18 Dec 2022 www.ajnr.org 1715

http://www.r-project.org/


.013). On the other hand, CE 3D-T1-FSE with MSDE had bet-
ter blood-suppression ratings than with DANTE for the corti-
cal veins (3.30 versus 2.74, P, .001) and transverse sinuses
(2.82 versus 2.38, P, .001) (Table 3). The severity of artifacts
in CE 3D-T1-FSE with MSDE and in CE 3D-T1-FSE with
DANTE was rated 3 in all patients, indicating identical
results.

DISCUSSION
In this study, we compared the BB
effect of CE 3D-T1-FSE with MSDE
and with DANTE. In the qualitative
analysis, CE 3D-T1-FSE with MSDE
had a significantly greater BB effect
than CE 3D-T1-FSE with DANTE in
the small intracranial arteries and even
in the cerebral veins, cortical veins, in-
ternal cerebral veins, and transverse
sinus. Both qualitative and quantitative
analyses of the BB effect in the M1 of
the MCA did not show significant dif-
ferences between CE 3D-T1-FSE with
MSDE and with DANTE. Thus, CE 3D-
T1-FSE with MSDE may improve lesion
conspicuity for pathologic enhancement
of the vessel wall and intraluminal
enhancing lesions in small vessels by
decreasing venous contamination and
suppressing signals from slow-flowing
blood.

DANTE suppresses signals from both
the blood and CSF using an alternative
arrangement of low flip angle nonselec-
tive radiofrequency pulses with gradient
pulses, causing static spin systems to fall
into steady states.2,12,16 Signal suppres-
sion of the blood and CSF results from
the failure of flowing spins to establish this
steady state due to the spoiling effect.2,16

Previous studies that compared HR-VWI
with or without DANTE reported that
DANTE demonstrated an improved BB
effect.3,16 Several previous studies compar-
ing the BB effects of DANTE with those
of MSDE reported the superiority of
DANTE over MSDE;3,14,15,24,25 however,
these were based on evaluations of the
carotid artery,14,24 a phantommodel of an
aneurysm,3 or vessels of the neck or lower
extremities.25

Our study evaluated small-sized intra-
cranial vessels using contrast enhance-
ment because the CE sequence gives
essential clinical information on vascul-
opathy. An adequate BB effect is crucial
in avoiding incomplete blood flow sup-
pression, which may mimic atheroscler-

otic plaque enhancement or vessel wall enhancement. In contrast to
previous phantom results,3 we found that DANTE demonstrated a
lesser BB effect in the small intracranial vessels than MSDE.
Cornelissen et al3 indicated that the use of preparation pulses when
conducting HR-VWI improved the BB effect in an aneurysmal
phantom, especially when using 3D-T1-turbo spin-echo (TSE) with
DANTE compared with 3D-T1-TSE with MSDE. However, blood-

FIG 3. The detailed view of CE 3D-T1-FSE with DANTE (A) and with MSDE (B). The peripherally
unsuppressed flow of the ICV (a, arrows), cortical vein in the right temporal sulci (b, dotted line),
and the left M3 (c, solid line) on the CE 3D-T1-FSE with DANTE. However, superior blood suppres-
sion of the same point in each vessel was noted on CE 3D-T1-FSE with MSDE (d, arrows; e, dotted
line; f, solid line).

Table 2: Comparison of SNR and CNR in the M1 segment of the MCA
Locations 3D-T1-FSE with MSDE 3D-T1-FSE with DANTE P Value

SNRwall 15.556 16.426 .099
SNRlumen 7.880 8.356 .089
SNRcsf 16.950 16.728 .674
CNRwall-lumen 10.082 9.408 .183
CNRwall-csf 1.047 1.785 .013

Table 3: Comparison of image quality between 3D-T1-FSE with MSDE and DANTE
3D-T1-FSE with

MSDE
3D-T1-FSE with

DANTE P Value
Overall image quality 3.42 3.54 .013
Artifacts 3 3 NA
Blood suppression in cortical veins 3.30 2.74 ,.001
Blood suppression in transverse
sinuses

2.82 2.38 ,.001

Note:—NA indicates not available.
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signal suppression is a delicate task that is affected not only by
preparation pulses but also by the complex interactions of certain
imaging parameters, such as voxel size, TR, TE, receiver band-
width, and flow rate.26,27 Pravdivtseva et al27 demonstrated the
complicated relationships among flow rate, spatial resolution,
and preparation pulses regarding blood-signal suppression in
3D-T1-TSE. In a scenario with a slow blood flow rate, a larger
voxel size was efficient in suppressing the blood signals, more
from the dominant intravoxel dephasing effect than the flow
effect of the blood from the imaging section. However, when we
used MSDE, the BB effect was similar between voxel sizes of 0.5
and 0.9mm.3,27 Because the highest clinically feasible resolution
is recommended in HR-VWI to minimize the partial volume
effect,9 using preparation pulses with a high-spatial-resolution
setting may help achieve a greater BB effect in a scenario with
slow blood flow.

MSDE consists of block-shaped radiofrequency pulses with
90°–180°–90° flip angles and motion-sensitizing gradients, which
dephase all moving blood spins before imaging, thus, suppressing
signals from the blood.17,18 Previous studies have discussed the ef-
ficacy of MSDE in suppressing signals from the blood and CSF,
with results indicating MSDE as an effective tool to delineate ves-
sel walls.11,18,28,29 Because there is a substantial intraluminal signal
increase after gadolinium injection, Lindenholz et al5 emphasized
careful interpretation of slow-flow artifacts mostly induced by
venous flow near the artery, which may cause misinterpretation of
arterial wall enhancement. In our study, the visual scores of the
BB effect, in the cortical veins as well as the ICV, were noticeably
higher in CE 3D-T1-FSE with MSDE than in CE 3D-T1-FSE with
DANTE (3.30 versus 2.74, P, .001; 3.72 versus 2.32, P, .001).
We speculated that the basic difference in the composition of the
2 preparation pulse diagrams may account for our result, which is
the CE situation.

DANTE is a low flip angle gradient-recalled acquisition in
steady state sequence, which has T1-weighted contrast. Turbulence
flow breaks the steady state, and its signal is suppressed. However,
if the flow is slow or laminar, signal suppression becomes less.
When the contrast agent is used, the blood-signal suppression
effect may become less because of fast T1 recovery. On the other
hand, the MSDE preparation consists of a 90° excitation pulse, two
180° refocusing pulses with each pulse sandwiched by bipolar
motion-sensitizing gradients, and a�90° flip back pulse;29 in other
words, it has the characteristics of a spin-echo sequence with a
motion-sensitized gradient like the diffusion-weighted spin-echo
sequence. The fast T1 recovery of the contrast agent may have a
low impact on the flow suppression of MSDE because MSDE has
spin-echo-based T2-weighted contrast. Moreover, the gradient size
is much larger than that of DANTE, and the large motion-sensi-
tized gradient can suppress slow laminar flow.

In the qualitative analysis, although the overall image quality
of MSDE was notable, CE 3D-T1-FSE with DANTE received a
significantly higher score than CE 3D-T1-FSE with MSDE (3.54
versus 3.42, P ¼ .013). Li et al14 speculated that compared with
DANTE, MSDE reduces SNR due to T2 decay; however, our
quantitative analysis revealed no significant differences in the
SNRwall and SNRcsf between CE 3D-T1-FSE with DANTE and
with MSDE. There is a concern that the vessel wall SNR would be

decreased when using preparation pulses for 3D-T1-FSE.20 Cho
et al13 reported that preparation pulses may not be a requisite for
MR imaging sequences with a long echo-train length and an
appropriate TR (below 1160ms; which enhances the differentia-
tion of vessel walls from CSF and brain simultaneously clinically
feasible acquisition time) in vessel wall imaging. However, we
believe that preparation pulses, especially those of MSDE, need to
be applied in the CE 3D-T1-FSE sequence because the intracra-
nial blood flow is often slow, stagnant, or turbulent; thus, artifacts
may pose problems in the interpretation of possible vessel wall
pathologies,5,30 particularly when gadolinium shortens the T1
relaxation times of blood.

This study had several limitations. First, this was a retrospec-
tive study that included patients who underwent HR-VWI at a
single center during a short time period. Therefore, we included
only a limited number of patients. However, we used precisely
controlled MR imaging settings for all patients with a randomized
order of image acquisition to minimize potential bias, which
could be magnified in a limited sample size. Nevertheless, the
optimal sample size requires further validation. Second, we did
not conduct quantitative analysis in the smaller vessels, A3, M3,
P2 to P3, and the ICV, unlike in the M1 segment of the MCA.
Due to the excessively thin walls of these vessels, the signal inten-
sity acquired by measuring the ROI was easily altered by partial
volume artifacts. As a substitute, we performed a qualitative anal-
ysis of the small-sized vessels using a 4-grade visual scoring sys-
tem. Third, although image analysis of the lesion-free portion of
the vessels was performed, the patients included in our study
were those who satisfied the clinical indications of the HR-VWI
examination, rather than healthy volunteers. In actual clinical set-
tings, most individuals examined with HR-VWI are patients with
pathologies. Hence, our cohort study might serve as a representa-
tive sample. Future studies including both healthy volunteers and
patients with pathologies may clarify the optimal preparation
pulse that could be widely used for HR-VWI.

CONCLUSIONS
MSDE demonstrated a preferable BB effect compared with DANTE
on CE 3D-T1-FSE in the small intracranial arteries and even in the
cerebral veins. Therefore, we suggest that CE 3D-T1-FSE with
MSDE is a useful sequence for decreasing venous contamination
and suppressing slow-flow artifacts, possibly leading to increased
lesion conspicuity for pathologic enhancement of the vessel walls
and intraluminal enhancing lesions.

Disclosure forms provided by the authors are available with the full text and
PDF of this article at www.ajnr.org.
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BRIEF/TECHNICAL REPORT
ADULT BRAIN

Intracranial Vessel Segmentation in 3D High-Resolution T1
Black-Blood MRI

S. Elsheikh, H. Urbach, and M. Reisert

ABSTRACT

SUMMARY: We demonstrate the feasibility of intracranial vascular segmentation based on the hypointense signal in non-contrast-
enhanced black-blood MR imaging using convolutional neural networks. We selected 37 cases. Qualitatively, we observed no degra-
dation due to stent artifacts, a comparable recognition of an aneurysm recurrence with TOF-MRA, and consistent success in the
differentiation of intracranial arteries and veins. False-positive and false-negative results were observed. Quantitatively, our model
achieved a promising Dice similarity coefficient of 0.72.

ABBREVIATIONS: BBMRI ¼ black-blood compressed-sensing MRI; CNN ¼ convolutional neural networks; DSC ¼ Dice similarity coefficient

Automated segmentation techniques of the cerebral vascula-
ture are an area of interest, with numerous previous publica-

tions.1 Currently, convolutional neural networks (CNN) are the
criterion standard for medical image segmentation.2 Publications
applying CNN segmentation of the cerebral vessels were largely
based on TOF-MRA.3

Recently, a black-blood compressed-sensing MRI (BBMRI)
sequence was introduced. It allows isotropic voxels of 0.5 mm3,
suppression of signal within the vessels, and covering a large vol-
ume. These advantages are useful in diverse clinical applications.4

We aimed to test the feasibility of intracranial vascular segmenta-
tion based on the hypointense signal in BBMRI using CNN.

Technical Report
After obtaining institutional review board approval, we retrospec-
tively searched our PACS for examinations including BBMRI. We
selected 37 (training, 26; testing, 11 randomly assigned [repeat
examinations of the same patients were manually assigned to the
training data set]) cases. The imaging indication was post-coiling ex-
amination in 34 cases, vasculitis in 2 cases, and dissection in 1 case.

All images were scanned on a 3T MR imaging (Magnetom
Prisma; Siemens).4 The image matrix was 384� 384� 256; voxel
size, 0.55� 0.55� 0.6 mm3.

We limited the volume of interest to cover the proximal
course of the intracranial vessels and to extend beyond the
circle of Willis (Online Supplemental Data). A binary mask
was manually created in the Montreal Neurological Institute
space (Online Supplemental Data) and then transformed to
the individual patient space; this was used to define the
cropped volume. Ground truth annotation was performed by a
neuroradiologist (S.E.) with 15 years of experience in neuro-
vascular imaging.

We used a hierarchic, multiscale, 3D CNN motivated by Yu
et al.5 Four scales of nested patches with a matrix size of 323

voxels were used. Scale sizes ranged from 105.6 � 105.6 � 76.8
mm3 to 17.6 � 17.6 � 19.2 mm3. The 2 intermediate scales
were exponentially interpolated. The scales were randomly
selected but with a 50% probability that the scale center lay
within the target label. In each scale, a UNET-type architecture
similar to that in Ronneberger et al2 was used. The feature
dimensions were 8, 16, 16, 32, 64. Max pooling in the encoding
layers and transposed convolutions in the decoding layers
were used. The input to the network was the BBMRI contrast
normalized by the global signal mean. The output channels of
each scale were forwarded as the input to the next scale
(Online Supplemental Data). We trained the network using
the Adam optimizer,6 with a rate of 0.001 and binary cross-
entropy. The network application used a random patching
scheme, in which in each layer, only the highest probability
(50%) daughter patches were further processed (https://
bitbucket.org/reisert/patchwork/).

For evaluation of our test results, we measured the overlap
and spatial distance metrics7,8 using the Deepmind library
(https://github.com/deepmind/surface-distance).
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Illustrative Findings in Testing Data Set
Segmentation of the vessel lumen following stent-assisted coiling
of a ruptured dissecting aneurysm of the right vertebral artery was
possible. The corresponding contrast-enhanced MRA showed sig-
nal degradation in the corresponding segment (Fig 1A–C). In
another example, a small recurrence following coiling of a ruptured
right posterior communicating artery aneurysm was successfully
segmented. The segmentation was comparable with that in the
TOF-MRA and the contrast-enhanced MRA (Fig 1D–F; overview,
Fig 2). We observed a consistent true-positive and true-negative
segmentation of intracranial arterial and venous structures in the
volume of interest (Online Supplemental Data).

False-negative results were encountered in small-diameter
vessels and in the distal vertebral arteries. They were rarely

encountered in larger-diameter vessels.
False-positive results were seen in areas
showing low signal intensity in close
proximity to the vessels, eg, metal arti-
facts following aneurysm clipping and
in nearby bony structures (Online
Supplemental Data).

Our model achieved Dice similarity
coefficients (DSCs) of 0.77 and 0.72 in
the training and testing data sets, respec-
tively. The average evaluation metrics
and corresponding plot are available in
the Online Supplemental Data.

DISCUSSION
In this preliminary work, we demon-
strate the feasibility of automated seg-
mentation of the cerebral vasculature
based on the negative contrast of the
vessels in the non-contrast-enhanced
BBMRI sequence. To our knowledge,
this has not been previously attempted.

Qualitatively, vascular evaluation in
the BBMRI is feasible. Differentiation
between arterial and venous structures
as well as recognition of morphologic
changes (eg, aneurysm recurrence)
were possible. Signal degradation fol-
lowing intracranial stent placement
was not encountered (Fig 1 and Online
Supplemental Data). The segmentation
of smaller vessels and the distal vertebral
arteries as well as the differentiation
between vessels and nearby structures of
low signal intensity (bony structures and
aneurysm clips) were less accurate
(Online Supplemental Data).

Quantitatively, our model achieved
promising DSCs of 0.77 and of 0.72 in
the training and testing data sets, respec-
tively, indicating negligible overfitting.
Our results are comparable with those
of other TOF-based published works

using CNN or thresholding techniques (DSC, 0.73–0.78). A more
complex segmentation pipeline achieved a better DSC, reaching
0.93.3,9,10

A morphologic, flow-independent visualization of the cerebral
vessels in the BBMRI has potential advantages. It avoids the flow-
related artifacts and the stent-related signal degradation in TOF-
MRA.11,12 The large FOV and the high resolution4 could allow
segmentation of a large volume of interest. Furthermore, no
application of contrast medium is required. Future prospects
include further optimization of the machine learning parameters
using a larger and more diverse data set, expanding the volume of
interest, and testing performance in various intracranial
pathologies.

FIG 1. Sample images of advantageous findings. Identification of the vessel lumen following stent
placement during treatment of a ruptured, dissecting aneurysm of the right vertebral artery in a
test subject. A, 3D-rendering of rotational DSA in a lateral oblique projection following stent-
assisted coiling (arrow, distal stent markers). B, Volume-rendering of the BBMRI model prediction
(arrow, vessel lumen within the stent). C, Contrast-enhanced MRA shows partial signal degradation
within the stent (arrows). D–F, Correct identification of a small recurrence (arrows) 6months fol-
lowing coiling of a ruptured right posterior communicating artery aneurysm in a test subject.
Volume-rendering in a coronal, oblique view of the BBMRI model prediction (D), of the TOF-MRA
(E), and of the contrast medium–enhanced MRA (F).

FIG 2. Anterior-posterior 3D-rendering of the intracranial vessel tree. A, BBMRI model prediction.
B, TOF-MRA. C, Contrast-enhanced MRA.

1720 Elsheikh Dec 2022 www.ajnr.org



CONCLUSIONS
CNN segmentation of the arteries of the circle of Willis and its
branches in non-contrast-enhanced BBMRI with accuracy com-
parable with that of TOF-based segmentation techniques is fea-
sible and promising.

Disclosure forms provided by the authors are available with the full text and
PDF of this article at www.ajnr.org.
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ORIGINAL RESEARCH
ADULT BRAIN

Association between Dural AVFs and Cerebral Venous
Thrombosis

L. Kuiper, M. Sánchez van Kammen, B.A. Coert, D. Verbaan, B.J. Emmer, J.M. Coutinho, and R. van den Berg

ABSTRACT

BACKGROUND AND PURPOSE: Recent reports suggest an association between dural AVFs and cerebral venous thrombosis. We
aimed to investigate the specific temporal and anatomic association between the 2 conditions.

MATERIALS AND METHODS: A consecutive cohort of adult patients with dural AVFs was seen at Amsterdam University Medical
Centers (2007–2020). An experienced neuroradiologist re-evaluated the presence and imaging characteristics of dural AVFs and cer-
ebral venous thrombosis on all available imaging. The temporal (previous/concurrent/subsequent) and anatomic (same/adjacent/
unrelated venous sinus or vein) association between dural AVFs and cerebral venous thrombosis was determined.

RESULTS: Among 178 patients with dural AVFs, the mean age was 58.3 (SD, 13.2) years and 85 (48%) were women. Of 55 patients
(31%) with cerebral venous thrombosis, 34 (62%) were women. Four patients (7%) had cerebral venous thrombosis before the devel-
opment of a dural AVF, 33 (60%) had cerebral venous thrombosis at the time of dural AVF diagnosis (concurrent), and 18 (33%)
developed cerebral venous thrombosis during follow-up after conservative treatment. The incidence rate of cerebral venous
thrombosis after a dural AVF was 79 per 1000 person-years (95% CI, 50–124). In 45 (82%) patients with dural AVFs and cerebral ve-
nous thrombosis, the thrombosis was located in the same venous sinus as the dural AVF, whereas in 8 (15%) patients, thrombosis
occurred in a venous sinus adjacent to the dural AVF.

CONCLUSIONS: One-third of patients with a dural AVF in this study were diagnosed with cerebral venous thrombosis. In almost
two-thirds of patients, cerebral venous thrombosis was diagnosed prior to or concurrent with the dural AVF. In 97% of patients,
there was an anatomic association between the dural AVF and cerebral venous thrombosis. These data support the hypothesis of
a bidirectional association between the 2 diseases.

ABBREVIATIONS: CVT ¼ cerebral venous thrombosis; dAVF ¼ dural AVF; IQR ¼ interquartile range

Dural AVFs (dAVFs) account for only 10%–15% of intracra-
nial vascular malformations,1 with an estimated incidence

rate of 0.15–0.29 cases per 100,000 person-years.2,3 In dAVFs,
multiple arteriovenous shunts exist between the meningeal
arteries and the intracranial venous system. The most common
locations of dAVFs are the sigmoid, transverse, and cavernous
sinuses. They may cause relatively benign symptoms such as tinni-
tus, headache, and dizziness, but in the presence of retrograde

flow to the cortical venous system, dAVFs can also cause venous
hypertension and/or intracranial hemorrhage, leading to a variety
of neurologic symptoms.4

Cerebral venous thrombosis (CVT) is a rare neurologic condi-
tion with an incidence rate of approximately 1.32 per 100,000
person-years (95% CI, 1.06–1.61).5 CVT is most frequently seen
in adults younger than 50 years of age, and women are affected 3
times more often than men.6,7 Although the clinical presentation
is variable, common symptoms include headache, seizures, focal
neurologic deficits, and decreased consciousness.8

It is believed that CVT and dAVF have a bidirectional associa-
tion: CVT can initiate the development of a dAVF, but a dAVF
can also cause CVT.1,9 It has been suggested from animal model
studies that venous hypertension, through increased levels of vas-
cular endothelial growth factor, plays a key role in the develop-
ment of dAVFs.10,11 Recent clinical studies and case reports have
investigated the association between dAVF and CVT.12-14 In a
cohort study of 69 patients with dAVF, 27 (39%) patients were
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diagnosed with CVT. Among patients with dAVF and CVT in
this study, most of the dural sinuses affected by the CVT were
directly connected to the dAVFs, indicating a possible spatial
association between the 2 diseases.15 The temporal association
between dAVF and CVT was not reported in this study. In con-
trast, another cohort study systematically screened 112 patients 6
months after acute CVT using MRA. The authors did not find
any new dAVFs and, therefore, concluded that routine screening
for dAVF 6months after CVT is not recommended.16

The aim of this study was to assess the proportion of patients
with dAVFs who had previous or concurrent CVT and to deter-
mine the incidence of a new CVT during follow-up in a large, con-
secutive cohort of patients with dAVF, regardless of treatment
strategy. Additionally, we studied the anatomic association between
CVT and dAVF in patients with both diagnoses.

MATERIALS AND METHODS
Data will be shared with academic researchers on reasonable
request to the corresponding author.

Study Population and Study Design
We conducted a retrospective cohort study on all consecutive adult
patients with a radiologically confirmed diagnosis of dAVF seen at
the Amsterdam University Medical Centers (location AMC)
between January 2007 and October 2020. Patients younger than
18 years of age with direct carotid-cavernous fistulas in whom
baseline vascular imaging at the time of CVT or dAVF diagnosis
was not available were excluded.

Ethics Approval
For this observational study, the Ethical Committee of the
Amsterdam University Medical Centers waived the necessity for
formal approval. In accordance with the General Data Protection

Regulation, all eligible patients received an information letter
about the study with the option of refusing the use of their pseu-
donymized care data.

Data Collection
Data on demographics, clinical signs and symptoms at the time
of dAVF diagnosis, CVT risk factors, and functional outcome
were obtained from the electronic medical records. Functional
outcome at the last follow-up visit was retrospectively assessed
using the mRS.17

An experienced interventional neuroradiologist (R.v.d.B.) re-
evaluated all available brain imaging including CTA, MRA, and
DSA until the last follow-up for the hemorrhage, CVT, dAVF loca-
tion, Cognard classification,18 date of dAVF diagnosis, and type of
dAVF treatment. With respect to dAVF diagnosis and classifica-
tion and CVT diagnosis, the findings after re-evaluation were com-
pared with the original radiology report. Treatment of the dAVF
was categorized into conservative treatment, endovascular treat-
ment (transarterial or transvenous), neurosurgical treatment, ste-
reotactic radiosurgery, or a combination of therapies. If a patient
had multiple dAVFs, each dAVF was assessed separately. In addi-
tion, all available neuroimaging was re-evaluated for the presence
of previous, concurrent, or subsequent CVT, regardless of the pres-
ence of symptoms suspicious for CVT. CVT was defined as acute
or subacute when a filling defect was visible in the venous sinus,
cortical or superior ophthalmic vein, or as chronic when the
appearance of the sinus on vascular imaging showed no flow or
was irregular with residual defects in the lumen of the venous sinus
or the presence of vascular channels (Fig 1).19

Evaluation of Temporal and Anatomic Relation
For patients who were diagnosed with CVT, the location of the
thrombosis and the temporal and anatomic association between

FIG 1. A 44-year-old woman presenting with pulsatile tinnitus due to a Cognard type I dAVF. Selective injection of the external carotid artery
(A) shows supply from the middle meningeal artery to the dAVF. The sigmoid sinus shows irregularities due to postthrombotic changes with
reopened vascular channels. The venous drainage of the brain (B) is unrestricted through the contralateral side.
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CVT and dAVF were assessed. The time of the CVT diagnosis
relative to the dAVF diagnosis was classified into 1 of 3 main
categories: 1) imaging-proved CVT diagnosis before the dAVF
diagnosis, 2) CVT diagnosis concurrent with the dAVF diagno-
sis without prior imaging to assess the sequence of events, and
3) CVT diagnosis after the dAVF diagnosis. The third category
was further subdivided into following dAVF treatment and fol-
lowing conservative management of the dAVF.

The spatial anatomic association between the CVT and the
dAVF was categorized as having a probable, possible, or unlikely
association. These associations are defined as follows: 1) probable, if
the dAVF and CVT were located in the same venous sinus or vein,
2) possible, if CVT occurred directly up- or downstream in the
adjacent venous sinus or vein in spatial association with the dAVF,
or 3) unlikely, if there was no anatomic association. If thrombosis
was present in multiple sinuses or veins or if multiple dAVFs were
present, an anatomic association was considered probable or possi-
ble if at least one of the thrombosed sinuses or veins met the appli-
cable criteria.

Statistical Analysis
Categoric data are shown as frequencies
and proportions, and non-normally
distributed continuous data (defined as
the Shapiro-Wilk statistic of ,0.9),
as medians with interquartile ranges
(IQRs). The Fisher exact test was used
to compare categoric variables for
patients with dAVFs with and without
CVT. A P value of , .05 was consid-
ered statistically significant. We calcu-
lated the incidence rate (with 95% CI)
of CVT after a dAVF diagnosis per
1000 person-years. For this calculation,
we included only patients with dAVFs
who did not have a previous diagnosis
of CVT or a concurrent CVT at the
time of the dAVF diagnosis.

RESULTS
Patient Selection
Of 191 eligible patients, a total of 178
patients were included in the study. Four
patients declined participation, and 2
patients were excluded because they
were younger than 18years of age at the
time of the dAVF diagnosis. Four
patients were excluded because they had
a direct carotid-cavernous fistula, and 3
referred patients were excluded because
the initial cross-sectional imaging at the
time of the dAVF diagnosis was not
available for re-evaluation (Fig 2).

Table 1 provides an overview of the
baseline patient characteristics at the
time of the dAVF diagnosis. There was
a female predominance in the dAVF

and CVT group compared with the dAVF-only group (62% ver-
sus 42%, P¼ .010). The mean age was similar in both groups.

Imaging Findings
Of the 178 included patients, 55 patients (31%) showed signs of
CVT. In 11 of these 55 patients (20%), the diagnosis of CVT was
made after re-evaluation of the imaging. In all 11 patients, CVT-
related abnormalities were only visible on DSA.

In 33 (60%) patients with dAVF and CVT, signs of recent or
past CVT (with or without partial recanalization) were visible as
concurrent findings when the diagnosis of dAVF was made on
imaging. Subacute or acute CVT was seen in 4 patients; all CVTs
were localized to the superior ophthalmic vein in cavernous sinus
dAVF locations. In addition, 29 patients showed signs of chronic
thrombosis, in which the sinus was either completely occluded or
partially occluded with reopened vascular channels. Only 4
patients (7%) had a confirmed history of CVT before the dAVF
diagnosis (Fig 3). Finally, CVT developed secondary to the dAVF
in an additional 18 patients (33%) during a median follow-up of

FIG 2. Flow chart showing patient cohort.
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9months (IQR ¼ 5–24 months). In 11 of 18 patients, CVT
occurred after dAVF treatment in the affected sinus or vein. In
the other 7 patients (13%), spontaneous occlusion of the dAVF
was seen during conservative management. Of these 7 dAVFs, 6
were located at the cavernous sinus region with drainage into the
superior ophthalmic vein. Of the treated patients with develop-
ment of thrombosis, 3 patients (3%) presented with a headache.
None of these treated patients with de novo thrombosis had a his-
tory of CVT. The incidence rate of CVT after dAVF diagnosis
was 79 per 1000 person-years (95% CI, 50–124).

Patients with CVT more often presented with seizures at the
time of dAVF diagnosis (13% versus 3%, P ¼ .014). There was no
difference in the presence of thrombotic risk factors between the
2 groups. No significant difference in the hemorrhage rate was
seen between the dAVF-only group compared with dAVF and
CVT groups (18/123 patients versus 4/55 patients, P¼ .084).

No changes in the diagnosis or grading of the dAVF were
recorded between the original report and findings after re-evalua-
tion. A total of 17 (10%) patients presented with multiple dAVFs
(Online Supplemental Data). The most common dAVF locations
in the dAVF and CVT group were the lateral sinus (64%) and the
cavernous sinus (22%, Online Supplemental Data). In the dAVF-
only group, the dAVF was most frequently located in the cortical
veins (30%) and the lateral sinus (22%).

Cognard classifications and treatment of the dAVFs are out-
lined in Table 2. Overall, 178 patients had a total of 201 dAVFs,
including 86 (48%) benign (Cognard I and IIa) and 115 (65%)
aggressive (Cognard IIb and more) dAVFs. The most frequent
dAVF location was the sigmoid and transverse (lateral) sinuses.
Among the 59 patients with CVT, a total 73 dAVFs were seen, 37
(51%) classified as Cognard I/IIa, and 11 (15%), as Cognard.III.

Among the 119 patients with dAVF-only (no CVT), a total of 128
dAVF were seen, 49 (38%) classified as Cognard I/IIa and 64
(50%) as Cognard.III. Four of 40 patients (10%) with a Cognard
IIb or IIa–b classification presented with a hemorrhage; all had
CVT. Three of 4 patients had a parenchymal hematoma; all 3 had
concurrent CVT. The other patient presented with an SAH due to
a ruptured ectatic venous pouch (Cognard IV) and developed pro-
gressive thrombosis of the draining vein after treatment. Eighteen
of 75 patients (24%) with a Cognard III or more classification pre-
sented with a hemorrhage; only 1 of these 18 patients had concur-
rent CVT. In both groups, endovascular embolization was the
most frequent treatment, followed by conservative treatment.
Spontaneous occlusion of the dAVF occurred in 23 of 61 (38%)
conservatively treated patients. In 7 of these patients, thrombosis
of the anatomically linked draining vein or sinus was seen. A
higher rate of spontaneous dAVF thrombosis was found among
patients with a dAVF in the cavernous sinus (40%) compared
with a dAVF in all other locations (9%).

Among the 55 patients with a dAVF and CVT, thrombosis
was most frequently seen in the sigmoid (51%) and transverse
sinuses (47%; Online Supplemental Data). Most patients with
multiple CVT locations had thrombosis in both the sigmoid and
transverse sinuses. Table 3 outlines the anatomic and temporal
association between dAVF and CVT. Thrombosis in the venous
system after treatment (Table 3) was seen after complete occlu-
sion in 4 of 11 patients and after partial occlusion in 7 patients. In
45 (82%) patients, CVT occurred in the same venous sinus as the
dAVF (probable anatomic relation). In only 2 (4%) patients was
no anatomic association found. The Online Supplemental Data
show the clinical presentation in patients who developed CVT
during follow-up (after intervention or conservative treatment of

Table 1: Baseline characteristics at time of dAVF diagnosis
All Patients
(n = 178)

dAVF and CVT
(n = 55)

dAVF Only
(n = 123)

Clinical features
Women (n/N) (%) 85/178 (48) 34/55 (62) 51/123 (42)
Median age (IQR) (yr) 59.0 (49–67) 58.5 (49–68) 60.0 (49–67)
Asymptomatic 8/178 (4) 0/55 8/123 (7)
Tinnitus 90/176 (51) 30/54 (56) 60/122 (49)
Headache 87/177 (49) 27/55 (49) 60/122 (49)
Ocular symptoms 60/177 (34) 19/55 (35) 41/121 (34)
Focal neurologic deficit 42/177 (24) 14/55 (13) 28/122 (23)
Dizziness 28/176 (16) 7/55 (13) 21/121 (17)
Gait disturbances 16/176 (9) 2/55 (4) 14/121 (12)
Seizures 10/176 (6) 7/55 (13) 3/121 (3)
Cranial nerve deficit 14/177 (8) 2/55 (4) 12/122 (10)
Hearing loss 9/176 (5) 3/54 (6) 6/122 (5)
Thrombotic risk factors (n/N) (%)
Traumatic head injury 29/176 (16) 10/54 (19) 19/122 (16)
Head or neck infection 13/177 (7) 2/54 (4) 11/123 (9)
Active cancer (treatment ,6months or distant
metastases)

5/174 (3) 1/53 (2) 4/121 (3)

Previous thromboembolism 6/99 (6) 2/29 (7) 4/70 (6)
OAC use (at time of diagnosis)a 4/81 (5) 3/31 (10) 1/50 (2)
Hormone replacement therapy (at time of diagnosis)a 4/81 (5) 1/31 (3) 3/50 (6)
Pregnancy or postpartum (,12 weeks)a 2/83 (2) 1/33 (3) 1/50 (2)
Obesity (BMI .30 kg/m2) 19/123 (15) 5/41 (12) 14/82 (17)
Immobility ($4 days) 1/173 (1) 0/52 1/121 (1)

Note:—OAC indicates oral contraceptive; BMI, body mass index.
a Proportions of female patients.
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the dAVF). Five of 11 patients (46%) who developed CVT follow-
ing dAVF treatment were asymptomatic. Headache and ocular
symptoms were the most common presenting symptoms of sub-
sequent CVT in conservatively treated patients, the latter mostly
related to cavernous sinus locations.

Clinical Outcome
The median time from dAVF diagnosis until the last available fol-
low-up was 9months in both the dAVF and CVT (IQR ¼ 5–24
months) and dAVF-only (IQR ¼ 5–23 months) groups. None of
the included patients had died at last follow-up, and most patients
(44 [80%] versus 91 [74%] in the dAVF and CVT and dAVF-only
groups, respectively) were functionally independent (mRS 0–2).
Figure 4 outlines the mRS scores at last follow-up for patients
with a dAVF with and without CVT with benign and aggressive
dAVFs, respectively. Functional independence (mRS 0–2) was
seen in 89% of the patients with a benign dAVF, compared with
69% of the patients with an aggressive dAVF. Of 22 patients with
an aggressive dAVF presenting with a hemorrhage, 14 (64%) had
a favorable outcome and 8 had an unfavorable outcome.

DISCUSSION
In this cohort study of 178 consecutive patients with dAVFs,
approximately 1 in 3 patients had a previous, concurrent, or subse-
quent diagnosis of CVT. We found both an anatomic and tempo-
ral association between dAVF and CVT. In most patients, CVT

was located in the same sinus as the dAVF, and in more than half
of patients, CVT and dAVF were diagnosed concurrently.

Several studies have proposed potential mechanisms to explain
the association between dAVF and CVT. First, CVT may cause a
dAVF due to the angiogenetic activity induced by decreased cere-
bral perfusion secondary to venous hypertension or by enlarging
pre-existing arteriovenous shunts due to elevated venous pres-
sure.9,10 This mechanism has been demonstrated in several animal
model studies.10,11,20,21 It can be postulated that the extent of the
thrombosis determines the behavior of the dAVF: A more severe
thrombosis increases the risk of corticovenous reflux when sinus
outflow is no longer available. On the other hand, a dAVF may
also precede CVT, especially when the dAVF shows spontaneous
occlusion. This sequence of events was confirmed in this study in
conservatively managed patients. The proposed mechanism is that
venous hypertension and venous stasis caused by dAVFs may
cause secondary thrombosis.1 A second possible mechanism is
that during the development of a dAVF, the sinus wall thickens,
possibly causing stenosis and eventually inducing CVT.22

Previous studies have found venous thrombotic risk factors to
be associated with dAVF development.23-26 This finding is incon-
sistent with our finding that there were no major differences in the
occurrence of risk factors for the development of thrombosis in the
dAVF-only group compared with the dAVF and CVT group. Our
findings are limited because we did not routinely test for inherited
or acquired thrombophilia such as Factor V Leiden or elevated ho-
mocysteine levels, but these are well-known risk factors.23

FIG 3. A 19-year-old man with a history of alpha-thalassemia type 2, a carrier of sickle cell disease and ulcerative colitis, underwent imaging
because of relapsing headaches. Noncontrast CT shows hyperdensity in the left transverse sinus (A). Sinus thrombosis is confirmed on CT venog-
raphy (B). One week later, phase-contrast MR venography shows absent flow in the left transverse and sigmoid sinuses without signs of arteriali-
zation of the sinuses (C). Persistent thrombosis of the sinus is depicted on SWI (D). Six months later, the patient presented with a pulsatile
tinnitus; repeat MR imaging shows partial reopening of the sigmoid sinus (E) but also reveals a dAVF at the left sigmoid sinus (F). One year later,
dynamic contrast-enhanced MRA (G) shows restoration of sinus flow and spontaneous obliteration of the dAVF (H).
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In our study, 21% of all patients with dAVFs had previous or
concurrent CVT. The incidence rate of CVT during follow-up was
7900 per 100,000 person-years (95% CI, 5000–12,400) in our study
versus 1.32 per 100,000 person-years (95% CI, 1.06–1.61) in the gen-
eral population.5 With a low incidence of dAVF in the population
of 0.15–0.29 cases per 100,000 person-years,2,3 besides management
of the dAVF, patient care should also focus on CVT risk factors.
Thus, the association between dAVF and CVT is more pronounced
in patients primarily presenting with a dAVF than in patients pre-
senting initially with CVT. The finding that CVT both precedes and
is seen during follow-up of dAVF supports the hypothesis of a bidir-
ectional association between the 2 diseases, and clinicians should be
vigilant for CVT among patients with dAVFs. This advice is espe-
cially important when the dAVF-affected sinus is occluded for treat-
ment purposes because future contralateral sinus thrombosis can
then be a clinically devastating event. Moreover, our data show that
the diagnosis of CVT is easily missed on CT and/or MR imaging.
Especially in this population at risk for CVT, it is important to look
for changes in the venous system on DSA that might indicate previ-
ous thrombosis. A clinical clue to CVT in patients with a dAVF is
when they present with or have a history of seizures.27

Our finding that CVT was most of-
ten located in the same or adjacent ve-
nous sinus as the dAVF is in line with a
previous cohort study of 69 patients
with dAVFs.15 The proportion of
patients with dAVFs who had CVT was
also similar in our cohort compared
with previous cohort studies.15,28 In con-
trast, the proportion of patients with
CVT who had a previous or concurrent
dAVF is reported to be only around
1.6%–2.4%.14,29 On the contrary, from
another prospective study, no patients
with CVT developed a dAVF during fol-
low-up when screened after 6months.16

We propose that the temporal associa-
tion between dAVF and CVT might at least be partially location-
dependent with a preference for the sigmoid and transverse sinuses
and also the cavernous sinus. Progressive occlusion of a dAVF
with thrombosis of the venous outlet was more often seen in
patients with dAVFs in the cavernous sinus region compared with
dAVFs in other locations in our study. This finding might be
related to the anatomic disposition of the superior ophthalmic
vein, which serves as a major drainage route in most of these
dAVFs and has to pass the orbital septum. Because of narrowing
of the vein at the orbital septal junction, it can be hypothesized that
the focal venous outflow restriction promotes the thrombotic
process.

At the last follow-up assessment, most patients in our study had
an mRS score of 0–2. In a previous study of 40 patients with dAVFs
(including 13 patients with carotid-cavernous fistulas), an mRS
score of 0–2 was found in 91% of patients after a mean follow-up of
6.2 years (range, 0.7–14.8 years, with 20% lost to follow-up).30

Although the reason for this difference in functional outcome
between our study and the previous study is not entirely clear, our
results seem to indicate the important burden of residual symptoms
among patients with dAVFs. Further research to better identify

Table 3: CVT characteristics among patients with dAVF and CVT diagnoses
dAVF and CVT

(n = 55)
Anatomic association of dAVF and CVT (n/N) (%)
Probablea 45/55 (82)
Possibleb 8/55 (15)
Unlikelyc 2/55 (4)

Time correlation of dAVF and CVT (n/N) (%)
Previous CVT 4/55 (7)
Concurrent CVT 33/55 (60)
Subsequent CVT 18/55 (33)
Following dAVF treatment 11/55 (20)
Following conservative dAVF treatment 7/55 (13)

a dAVF and CVT located at the same venous sinus.
b CVT located up- or downstream of the dAVF, but not in the same venous sinus.
c No anatomic association.

Table 2: dAVF characteristics
All Patients
(n = 178)

dAVF and CVT
(n = 55)a

dAVF Only
(n = 123)b

Cognard dAVF classification (n/N) (%)
Benign
I 58/178 (33) 23/55 (42) 35/123 (28)
IIa 28/178 (16) 12/55 (22) 16/123 (13)
Aggressive
IIb 25/178 (14) 16/55 (29) 9/123 (7)
IIa1b 15/178 (8) 8/55 (15) 7/123 (6)
III 33/178 (19) 6/55 (11) 27/123 (22)
IV 40/178 (22) 4/55 (7) 36/123 (29)
V 2/178 (1) 0/55 2/123 (2)

dAVF treatment type (n/N) (%)
Conservative 61/178 (34) 42/55 (39) 38/123 (31)
Endovascular only 113/178 (63) 36/55 (65) 77/123 (63)
Surgical resection only 8/178 (4) 2/55 (4) 6/123 (5)
Endovascular 1 surgical resection 14/178 (8) 5/55 (9) 9/123 (7)
Endovascular 1 surgical resection 1 stereotactic radiation therapy 2/178 (1) 2/55 (4) 0/123

a Eight patients had 2 dAVFs, 1 patient had 3 dAVFs, and 1 patient had 5 dAVFs.
b Six patients had 2 dAVFs, and 1 patient had 4 dAVFs.
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optimal treatment strategies for individual patients with dAVF is
thus warranted.

To our knowledge, this is the first study to investigate both the
anatomic and temporal association between dAVF and CVT in a
large cohort of consecutive patients with dAVFs. In all patients,
brain imaging was re-evaluated by an experienced interventional
neuroradiologist for this study to increase the reliability and va-
lidity of image interpretation. Several limitations warrant com-
ment, however. First, due to the retrospective study design, data
on several CVT risk factors (such as oral contraceptive use)
were missing in a considerable proportion of patients. Second,
patients with a benign dAVF and relatively benign symptoms
(eg, tinnitus) who did not require treatment were usually dis-
charged from follow-up. This limited follow-up time for some
patients may have both biased our estimate of the incidence rate
of CVT during follow-up and limited our functional-outcome
assessment. Third, most patients with dAVFs underwent rou-
tine follow-up imaging, which increased the chance of inciden-
tally finding asymptomatic CVT. This is supported by our
finding that nearly half (44%) of the patients who developed
CVT during follow-up had asymptomatic CVT.

CONCLUSIONS
CVT occurred in 31% of patients with dAVFs either initially or
during follow-up. In 82% of cases, there was an anatomic relation
between the dAVF and CVT. These data support the hypothesis
of a bidirectional association between the 2 diseases.

Disclosure forms provided by the authors are available with the full text and
PDF of this article at www.ajnr.org.
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Mechanical Thrombectomy for the Treatment of Anterior
Cerebral Artery Occlusion: A Systematic Review of the

Literature
N. Dabhi, P. Mastorakos, J. Sokolowski, R.T. Kellogg, and M.S. Park

ABSTRACT

BACKGROUND: The overall safety and efficacy of mechanical thrombectomy for anterior cerebral artery strokes remain unclear.

PURPOSE: Our aim was to summarize procedural and clinical outcomes in patients who underwent mechanical thrombectomy for
treatment of anterior cerebral artery ischemic stroke.

DATA SOURCES: A systematic literature review was performed using PubMed, Ovid MEDLINE, and the Web of Science from incep-
tion until March 4, 2022.

STUDY SELECTION: We identified 9 studies with a total of 168 patients with mechanical thrombectomy–treated anterior cerebral
artery occlusions.

DATA ANALYSIS: Recanalization, procedural data, and clinical outcome at last follow-up were collected and summarized. Categoric
variables were reported as proportions. The x 2 test of independence or the Kruskal-Wallis test was performed to assess the rela-
tionship between selected variables and the anterior cerebral artery embolus type (ie, primary isolated anterior cerebral artery, pri-
mary combined anterior cerebral artery, and secondary anterior cerebral artery occlusion) or the mechanical thrombectomy
technique.

DATA SYNTHESIS: For mechanical thrombectomy–treated anterior cerebral artery occlusions, recanalization modified TICI 2b/3 was
achieved in 80%, postprocedural complications occurred in 17% of patients, and the 90-day mortality rate was 19%. The rate of
symptomatic intracranial hemorrhage varied depending on the anterior cerebral artery embolus type (x 2 ¼ 8.45, P ¼ .01).

LIMITATIONS: This analysis did not consider factors such as small-study effects that affect reliability and limit interpretation.

CONCLUSIONS:Mechanical thrombectomy for the treatment of anterior cerebral artery occlusions is safe and efficacious, offering
a favorable rate of recanalization and procedural complications. Mechanical thrombectomy–treated anterior cerebral artery occlu-
sions appear to have lower rates of short-term good functional outcomes and an increased risk of symptomatic intracerebral hem-
orrhage compared with mechanical thrombectomy–treated MCA/ICA occlusions. Single and multicenter studies are needed to
further examine the safety and efficacy of mechanical thrombectomy–treated anterior cerebral artery occlusions.

ABBREVIATIONS: ACA ¼ anterior cerebral artery; ICH ¼ intracerebral hemorrhage; MT ¼ mechanical thrombectomy; mTICI ¼ modified TICI

Strokes of the anterior cerebral artery (ACA) and its branches
account for up to 4.4% of ischemic strokes.1 Although patients

presenting with acute occlusion of the ACA can have varied pre-
sentations, in up to 90% of patients, motor deficits typically

involving the lower extremity contralateral to infarct location are
present.1,2 ACA strokes have been associated with disability after
discharge due to the resultant motor, cognitive, and behavioral
impairments.1,3 In-hospital mortality from isolated ACA territory
infarct has been reported to be 8%.1,2 Additionally, emboli in the
ACA territory may occur secondary to endovascular treatment
involving other territories, leading to increased risk of hemorrhagic
complications and mortality, despite successful reperfusion.1,2

While mechanical thrombectomy (MT) has been established as
safe and highly effective in the treatment of thromboembolic
occlusion of the MCA, ICA, and basilar artery, the safety and effi-
ciency of MT for the treatment of acute ACA occlusions have not
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been clearly delineated to date.4 Recent single and multicenter
studies have provided additional data to examine the complication
profile and outcomes related to MT for ACA occlusion.5-13 This
systemic review aimed to summarize procedural and clinical out-
comes in patients who underwent MT for the treatment of ACA
occlusion.

MATERIALS AND METHODS
Electronic Literature Search
A systematic review of the literature was performed and presented
in accordance with the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) guidelines. A PRISMA
checklist is provided (Online Supplemental Data). The electronic
databases PubMed, Web of Science, and Ovid MEDLINE were
searched from inception to March 4, 2022. A keyword search
using the Boolean operators OR & AND with terms including
“anterior cerebral artery” and “thrombectomy” was conducted
(Online Supplemental Data). Duplicates of search results from dif-
ferent databases were identified and removed. A PRISMA 2020
flow diagram is presented in the Figure. The protocol used for this
review is provided in the Online Supplemental Data. This protocol
was not prospectively registered.

Literature Review
Inclusion and exclusion criteria were determined a priori. Studies
that included patients with primary or secondary acute ACA
occlusions treated with aspiration or stent-retriever–mediated

MT with data related to clinical outcomes were considered. We
excluded the following studies: 1) those that were in the form of
abstracts, case reports, and editorials; 2) did not include clinical
or procedural outcomes related to MT for acute ACA occlusion;
or 3) had no English version. Articles that grouped acute ACA
occlusions with other territory occlusions in their analysis (ie, did
not detail individual characteristics or outcome data of patients
with ACA strokes) were also not considered.

All articles were initially screened on the basis of their titles
and abstracts. Two authors evaluated full-text articles independ-
ently and selected those that fit the inclusion criteria. Reference
lists of the selected articles were reviewed to identify articles
potentially missed by the electronic literature search.

Data Extraction
One author extracted data from each selected study, which was
then verified by an additional author for accuracy. We collected
the following baseline data from each included study: age, sex,
NIHSS score at admission, ASPECTS, clinical presentation of
stroke, stroke etiology (ie, atherosclerotic, cardiogenic), and
ACA stroke location (ie, A1–A5). Proximal callosomarginal
artery occlusions were grouped with the A4 segment, and distal
downstream occlusions of the ACA branches were grouped
with A5.

Primary isolated ACA stroke was defined as an acute, isolated
ACA occlusion that did not occur due to thrombectomy or
thrombolytic therapy. Primary combined ACA occlusion was

FIGURE. Flow chart showing the study-selection process.
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defined as an ACA occlusion in conjunction with other vessels of
the anterior circulation, not resulting from thrombectomy or
thrombolytic therapy. Secondary ACA stroke included occlusions
of the ACA territory that occurred as a result of the thrombec-
tomy procedure or thrombolytic therapy.

Procedural data collected included the number of patients hav-
ing undergone thrombolytic therapy, the type of MT technique
(ie, stent retriever, aspiration), incidents of procedural failure, time
from symptom onset to recanalization, procedural time, number
of passes, the modified TICI (mTICI) score, and postprocedural
complications. The mTICI score referred to the recanalization
score for ACA occlusion. Postprocedural complications were
defined as complications that occurred after and could be attribut-
able to the procedure, with or without clinical sequelae. These
complications would include hemorrhage and formation of a
new embolus. Procedural failure was defined as an inability of de-
vice deployment, specifically concerning stent retrievers, due to
placement of a guidewire or microcatheter (see the Online
Supplemental Data for full definitions). Clinical outcome data
collected included the number of patients with intracerebral hem-
orrhage (ICH), average clinical follow-up time, number of
patients available for clinical follow-up, mortality rates (3months
and overall), and the mRS score (3months and overall).

Primary outcomes were the rate of successful recanalization
(mTICI 2b/3) and the rate of good clinical outcome (mRS 0–2)
at last clinical follow-up. Secondary outcome measures included
rates of postprocedural complications and mortality. The data
were further substratified on the basis of primary isolated,
primary combined, and secondary ACA occlusion (Online
Supplemental Data) and on the type of MT technique (ie, stent,
aspiration, hybrid) (Online Supplemental Data). Patients were
included in each grouping only if mTICI, intraprocedural com-
plications, ICH, mortality, procedural time, or the mRS score
was provided.

Data Synthesis and Quality Assessment
For each included article, continuous variables such as age,
ASPECTS, time to recanalization, procedural time, and number
of passes were reported as medians with ranges or means (SDs).
The crude estimate for each continuous variable was computed
as the mean (ie, times) or median (ie, for age, ASPECTS) of all
included studies. Categoric variables, such as stroke location (ie,
A1–A5), MT technique (ie, stent retriever, aspiration), and post-
procedural complications, were reported as proportions for each
article. The crude estimate for each variable was the total propor-
tion of all included studies. The x 2 test of independence was per-
formed to assess the relationship between selected variables (ie,
mTICI, postprocedural complications, ICH, mortality, mRS) and
ACA embolus type or MT technique (Online Supplemental
Data). The Kruskal-Wallis test was used to determine significant
differences in ASPECTS and NIHSS scores among ACA occlu-
sion types and MT technique (Online Supplemental Data).
Statistical analysis was performed using R statistical and comput-
ing software, Version 4.2.1 (http://www.r-project.org/). The qual-
ity of each study was assessed using the Newcastle-Ottowa Scale
(Online Supplemental Data).

RESULTS
A total of 9 studies were included in this review.5-13 The Figure
demonstrates the PRISMA flow chart for the selection of studies.
The relevant studies differed as far as their scope, which included
outcomes of MT for ACA occlusion, outcomes of MT for distal
ACA occlusion, comparison of MT and thrombolysis outcomes
for ACA occlusion, ACA embolism during MCA thrombectomy,
and distal endovascular thrombectomy. Studies varied in the com-
plete clinical, procedural, and outcome data they presented and
the degree of statistical analysis. This variation, in addition to the
small sample sizes, provides the risk for selection and information
bias. The Newcastle-Ottawa Assessment Scale score ranged from
3 to 6 with a median of 6 (Online Supplemental Data).

Patient and ACA Territory Ischemic Stroke
Characteristics
Baseline patient and stroke characteristics, procedural details and
complications, and clinical outcomes of each individual study are
summarized in the Online Supplemental Data. The Online
Supplemental Data detail patient demographics and baseline stroke
characteristics. Among the 9 studies, there were 168 patients with
acute ACA occlusion treated with MT. The median patient age was
74 years (range, 64–80 years) and 47% (77/163) were women.
Regarding occlusion type, 43% (72/168), 24% (40/168), and 33%
(56/168) had primary isolated ACA occlusion, primary combined
ACA occlusion, and secondary ACA occlusion, respectively. Stroke
etiology was atherosclerotic in 23% (20/87), cardiogenic in 41%
(36/87), and other in 36% (31/87). The location of occlusion along
the ACA included the A1 in 13% (18/134), A2 in 43% (57/134), A3
in 22% (29/134), A4 in 21% (28/134), and A5 in 1% (2/134).

The median NIHSS score at admission of all patients was 17.5
(range, 10–24). The median ASPECTS was 8 (range, 7–8.5).
Among 18 patients with data regarding clinical presentation, 78%
(14/18) and 94% (17/18) presented with speech disturbance and
hemiparesis, respectively. Among primary isolated, primary com-
bined, and secondary ACA occlusions, the median NIHSS scores at
admission were 18 (range, 10–21), 23 (range, 18–28), and 19 (range,
14–24), respectively (x 2 ¼ 1.13, P ¼ .57) (Online Supplemental
Data). The median ASPECTS was ten, 8.5 (range, 8–9), and 8 for
primary isolated, primary combined, and secondary ACA occlu-
sion, respectively (x 2¼ 2.25, P¼ .33) (Online Supplemental Data).

Thrombectomy Procedural Characteristics
The Online Supplemental Data summarize procedural character-
istics during MT. Thrombolytic therapy was performed in 41%
(62/151) of patients. Stent-retriever MT was performed in 65%
(85/131) of patients, aspiration was performed in 23% (30/131) of
patients, and stent retriever with aspiration was performed in
12% (16/131) of patients.

Procedural failure occurred in 3% (5/168) of patients. The
mean time from onset to recanalization was 219 (SD, 50) minutes,
and the mean procedural time was 58 (SD, 13) minutes. The
median number of passes was 1. mTICI 2b/3 was achieved in 80%
(134/168) of all patients included in the study. Among patients
with primary isolated ACA occlusion, 74% (37/50) achieved
mTICI 2b/3, while 88% (14/16) of primary combined ACA occlu-
sion and 89% (8/9) of secondary ACA occlusion had this result
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(x 2 ¼ 1.95, P ¼ .38) (Online Supplemental Data). Among ACA
occlusions treated with stent retrievers or aspiration alone, mTICI
2b/3 was reached in 82% (42/51) and 94% (17/18), respectively
(Online Supplemental Data). When a stent retriever with aspira-
tion was used, mTICI 2b/3 was achieved in 100% (12/12) (x2 ¼
3.78, P¼ .15) (Online Supplemental Data).

Complications and Clinical Follow-up Outcomes
The Online Supplemental Data describe postprocedural complica-
tions and clinical follow-up data. Postprocedural complications
occurred in 17% (29/168) of patients, with a symptomatic postpro-
cedural complication rate of 11% (19/168). Symptomatic complica-
tions included ICH (8.3% [14/168]), cerebral edema (2% [4/168]),
and ACA dissection (0.5% [1/168]) (Online Supplemental Data).
Symptomatic postprocedural complications occurred in 2% (1/49),
25% (3/12), and 20% (1/5) of patients with primary isolated ACA
occlusion, primary combined ACA occlusion, and secondary ACA
occlusion, respectively (x 2 ¼ 8.45, P ¼ .01) (Online Supplemental
Data). Symptomatic postprocedural complications occurred in 7%
(3/44), 56% (9/16), and 25% (3/12) of patients in whom a stent
retriever, aspiration, or combination MT technique was used (x 2 ¼
17.5, P, .01) (Online Supplemental Data). ICH occurred in 13%
(22/168) of patients, symptomatic ICH occurred in 8.3% (14/168),
SAH occurred in 6% (10/168), and symptomatic SAH occurred in
1.2% (2/168) (Online Supplemental Data). Symptomatic ICH was
located in the MCA territory (2.4% [4/168]), ACA territory (0.6%
[1/168]), and unspecified location (5.3% [9/168]) (Online
Supplemental Data). Among patients with primary isolated ACA
occlusion, primary combined ACA occlusion, and secondary ACA
occlusion, symptomatic ICH occurred in 2% (1/49), 25% (3/12),
and 20% (1/5), respectively (x 2 ¼ 8.45, P ¼ .01) (Online
Supplemental Data).

The mean clinical follow-up time was 3 (SD, 0) months. At the
3-month follow-up, 32% (48/148) and 68% (100/148) of all
patients had good and poor clinical outcomes, respectively.
Overall, 31% (51/163) of patients had a good outcome, and 69%
(112/163) had a poor outcome. When we further substratified the
results, good clinical outcome was achieved in 48% (24/50), 25%
(4/16), and 0% (0/4) of patients with primary isolated ACA occlu-
sion, primary combined ACA occlusion, and secondary ACA
occlusion, respectively (x 2 ¼ 5.5, P ¼ .06) (Online Supplemental
Data). Additionally, poor clinical outcome occurred in 52% (26/
50), 75% (12/16), and 100% (4/4) of patients with primary isolated
ACA occlusion, primary combined ACA occlusion, and second-
ary ACA occlusion, respectively (x 2 ¼ 5.5, P ¼ .06) (Online
Supplemental Data). The mortality rate at 3months was 19% (22/
118), and the overall mortality rate was 22% (30/138). Among
patients with primary isolated ACA occlusion, primary combined
ACA occlusion, and secondary ACA occlusion with specified out-
comes, the mortality rates were 47% (8/17), 13% (2/16), and 44%
(4/9), respectively (x 2 ¼ 5.07, P ¼ .08) (Online Supplemental
Data).

DISCUSSION
An increasing number of ACA occlusions are targeted for endo-
vascular treatment. However, the safety and efficiency of MT for
the treatment of acute ACA occlusions have not been clearly

defined.4 Here, we identified the literature outlining the outcome
data related to ACA occlusions treated with MT. In our review,
recanalization was achieved in 80% of patients and postproce-
dural complications occurred in 17% of patients. At the last clini-
cal follow-up of 3months, the mortality rate was 19% and the
rate of good functional outcome was 32%.

Rigorous clinical trial data support MT in patients with intra-
cranial and extracranial occlusions of the ICA, including tandem
or isolated occlusions of the M1 and M2 segments of the
MCA.4,14,15 Highly Effective Reperfusion evaluated in Multiple
Endovascular Stroke (HERMES), a meta-analysis using individ-
ual patient data from 5 of these randomized controlled trials (MR
CLEAN, ESCAPE, REVASCAT, SWIFT PRIME, and EXTENDI
IA), found that patients with ICA and proximal MCA occlusions
who underwent thrombectomy had similar rates of symptomatic
ICH (4.4%) and 90-day mortality (15.3%), with higher rates of
functional independence at 90 days (46%) compared with con-
trols (26.5%).16 MT in patients with ACA occlusions may also
share similar benefits, specifically improving morbidity outcomes
poststroke.17,18 However, because the natural history of these
strokes is overall more favorable compared with ICA or MCA
occlusions, the risks of MT may outweigh the potential benefits.18

The risk of vessel perforation and vasospasm in MT-treated ACA
occlusions may be increased, given the distal location, smaller diam-
eter, and thinner walls of the ACA.17-19 In our review, the overall
recanalization rate for MT-treated primary and secondary ACA
occlusions was found to be 80% (94% for aspiration, 82% for stent
retriever), similar to that of large-vessel occlusions (81.9% for aspi-
ration, 88%–91% for stent retriever).4,20 Procedural time for pri-
mary and secondary ACA occlusions treated with MT (58minutes)
was similar to that of MT-treated thrombectomies of the MCA
(54–70minutes).4,17,21 Our data demonstrate that recanalization
rates and procedural times in thrombectomy-treated ACA and
MCA/ICA strokes are comparable.

Symptomatic complications for MT-treated ACA strokes
were ICH (8.3%) and cerebral edema (0.6%). Although the over-
all rate of symptomatic procedural complications in MT-treated
primary and secondary ACA occlusions (11%) is comparable
with that of MT-treated MCA/ICA occlusions (range, 7%–16%),
in our review, the rate of symptomatic ICH for ACA occlusions
treated with MT was found to be greater (8.3%, compared with
4.4% for MT-treated MCA/ICA occlusions).16 This finding may
be attributed to more distal and smaller vessel targets that may be
injured during ACA MT.7,17 However, among the few studies
that reported the location of ICH, the most common location
was the MCA territory (2.4% [4/168]). The postprocedural com-
plication rate differed significantly, depending on the type of
ACA occlusion. Specifically, primary isolated ACA occlusions
were found to be associated with fewer postprocedural complica-
tions compared with primary combined and secondary ACA
occlusions (x 2 ¼ 8.45, P ¼ .01). The rate of symptomatic ICH
also was significantly different among these 3 occlusion types,
with primary isolated ACA occlusions associated with the lowest
ICH incidence (x2 ¼ 8.45, P ¼ .01). The symptomatic complica-
tion rate for MT-treated ACA occlusions also differed on the ba-
sis of the MT technique used, with stent-retriever and hybrid
techniques being associated with fewer complications (x 2 ¼ 17.5,
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P, .01), though in MT-treated MCA/ICA occlusions, the safety
profiles of stent and aspiration techniques were similar.4,22

The 90-day mortality rate for MT-treated ACA occlusions
(19% [22/118]) was also found to be comparable with that for
MT-treated ICA/MCA occlusions in the HERMES meta-analysis
(15.3%).7,16 However, relatively fewer patients in our review
achieved a good 90-day outcome (32% [48/148]) compared with
those with MT-treated ICA/MCA strokes (46% in HERMES).16

We found that patients with primary, isolated ACA occlusions
had a relatively greater rate of good outcomes at 90 days (48%
[24/50]) compared with those with primary combined (25%
[4/16]) or secondary (0% [0/4]) ACA occlusions, though the dif-
ferences were not statistically significant. Moreover, the rate of
good functional outcome at 90 days may be lower in patients with
MT-treated ACA strokes compared with the numbers reported
for non-MT-treated ACA strokes.1-3 Specifically, patients with
non-MT-treated primary isolated ACA occlusions have achieved
a 90-day rate of good functional outcome of 85% compared with
48% for MT-treated primary isolated ACA occlusions found in
our review.23 In controlled trials comparing MT- and non-MT-
treated ICA/MCA occlusions, there were significant differences in
good functional outcome that favored MT treatment of selected
strokes (46% in MT-treated, 26.5% in controls).16 While there
have been no controlled studies to directly compare MT- and
non-MT-treated ACA strokes on the basis of initial severity, our
findings warrant further investigation to determine the ideal char-
acteristics of ACA occlusions and the patient population that
would benefit fromMT regarding mortality and morbidity.

Our systematic review of the literature suggests that MT can
be used to treat primary or secondary ACA occlusions with recan-
alization rates, procedural complications, and 90-day mortality
comparable with those of MT-treated MCA/ICA occlusions.
However, ACA thrombectomy is associated with higher rates of
ICH compared with those reported for ICA/MCA thrombectomy,
and outcomes of primary ACA occlusion following thrombec-
tomy do not appear to differ from the reported natural history of
primary ACA occlusion. Of note, the outcomes are dependent on
the type of ACA occlusion (primary, primary combined, or sec-
ondary) and type of MT technique used (stent, aspiration, hybrid).
Currently, the safety and efficacy of MT in medium-sized cerebral
vessels, including the ACA, are being evaluated in the DISTAL
multicenter, randomized clinical trial that ends in 2026.24 Until
the initial results are known, it is important to understand that the
initial baseline functional status of the patient as well as degree of
severity of ACA stroke are complex factors to consider when
deciding to use MT for the treatment of ACA occlusion

Limitations
We acknowledge several limitations of this review. The relevant
studies identified differed as far as their scope and varied in the
complete clinical, procedural, and outcome data they presented.
Many studies did not report the location, type, or severity of ICH,
which may overestimate ACA thrombectomy complications and
provide a barrier for decision-making. While many articles
screened for full-text review included MT-treated ACA occlu-
sions in their data, they did not specify individual results for this
group and could not be included in the analysis. Individual

patient data and further subgroup analysis were not possible. As
a result, we were unable to completely substratify complications
and outcomes on the basis of baseline functional outcomes (ie,
baseline mRS score), MT technique used, the use of concurrent
thrombolytic therapy, and the type of ACA occlusion (ie, pri-
mary, secondary).

We could not directly compare the outcomes of MT-treated
ACA occlusions with those of either non-MT-treated ACA occlu-
sions or MT-treated ICA/MCA occlusions because no study to
date has produced a comparison. Several studies had small sam-
ple sizes, increasing the risk of selection and information bias.
The included studies varied as to the degree of statistical analysis
because only 2 studies performed a complete multivariable analy-
sis, leading to an increased risk of confounding bias for the
remaining studies.

To minimize bias associated with data collection, 2 authors
were involved in data extraction; one author (N.D.) conducted the
data extraction and rated the certainty of evidence, while the sec-
ond (P.M.) checked the accuracy of the data. Both authors contrib-
uted to data analysis.

CONCLUSIONS
MT for the treatment of ACA occlusions offers a favorable overall
safety and efficacy profile associated with rates of recanalization,
procedural complications, and mortality comparable with that of
MT in larger vessels. However, the rate of short-term good func-
tional outcome appears to be decreased, while the rate of sympto-
matic ICH seems to be increased compared with MT-treated
MCA/ICA occlusions, necessitating the establishment of criteria
to determine the appropriate ACA occlusions amendable by MT
treatment. More single and multicenter studies are needed to fur-
ther examine the safety and efficacy of MT in ACA occlusions.
Increased operator experience and more direct comparisons with
alternative approaches are necessary to establish the optimal
treatment for ACA occlusions.

Disclosure forms provided by the authors are available with the full text and
PDF of this article at www.ajnr.org.
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ORIGINAL RESEARCH
INTERVENTIONAL

Thrombectomy Using the EmboTrap Clot-Retrieving Device
for the Treatment of Acute Ischemic Stroke: A Glimpse of

Clinical Evidence
X. Bai, Z. Fu, Z. Sun, R. Xu, X. Guo, Q. Tian, A.A. Dmytriw, H. Zhao, W. Wang, X. Wang, A.B. Patel, B. Yang,

and L. Jiao

ABSTRACT

BACKGROUND: The EmboTrap Recanalization Device is a novel stent retriever for thrombectomy in the setting of acute ischemic
stroke due to large-vessel occlusion.

PURPOSE: Our aim was to summarize the safety and efficacy of the EmboTrap Recanalization Device in acute ischemic stroke–
large-vessel occlusion through a systematic review and meta-analysis.

DATA SOURCES:Medline, EMBASE, the Cochrane Library, Web of Science, and Google Scholar were searched up to April 2022.

STUDY SELECTION: Nine observational studies using the EmboTrap Recanalization Device were selected.

DATA ANALYSIS:We adapted effect size with 95% CIs for dichotomous data. P value ,.05 was statistically significant.

DATA SYNTHESIS: The estimated rate of successful recanalization (modified TICI 2b–3) was 90% (95% CI, 86%–95%; I2 ¼ 82.4%); 90-day
favorable outcome (mRS 0–2), 53% (95% CI, 42%–63%; I2 ¼ 88.6%); modified first-pass effect, 43% (95% CI, 35%–51%; I2 ¼ 63.7%); and first-
pass effect, 36% (95% CI, 29%–46%; I2 ¼ 10.7%). The rate of any intracerebral hemorrhage was 19% (95% CI, 16%–22%; I2 ¼ 0.0%); sympto-
matic intracerebral hemorrhage, 5% (95% CI, 1%–8%; I2 ¼ 84.6%); and 90-day mortality, 14% (95% CI, 9%–19%; I2 ¼ 79.3%). Subgroup analysis
showed higher rates of complete recanalization for EmboTrap II than for the EmboTrap System.

LIMITATIONS: The included studies are single-arm without direct comparison with other stent retrievers. Some of the studies
recruited had a small sample size and were limited by the retrospective study design. In addition, the uncertain heterogeneity among
studies was high.

CONCLUSIONS: The EmboTrap Recanalization Device is safe and efficient in treating acute ischemic stroke due to large-vessel
occlusion.

ABBREVIATIONS: AIS ¼ acute ischemic stroke; FPE ¼ first-pass effect; ICH ¼ intracerebral hemorrhage; LVO ¼ large-vessel occlusion; mFPE ¼ modified
first-pass effect; MT ¼ mechanical thrombectomy; mTICI ¼ modified TICI; sICH ¼ symptomatic intracerebral hemorrhage

Acute ischemic stroke (AIS) is a major cause of morbidity and
mortality, and effective reperfusion of the affected tissue is

the most important defining factor for favorable outcomes.1

Several trials have demonstrated the clinical benefit and superior
reperfusion efficacy of mechanical thrombectomy (MT) using
stent-retriever thrombectomy devices after AIS.2-4 Current guide-
lines recommended MT as the first-line therapy for AIS due to
large-vessel occlusion (LVO).1,2,5 Currently, there are several types
of stent-retriever thrombectomy devices studied that were used in
clinical trials and nonclinical studies. Although the overall func-
tion of MT devices is similar, many aspects, such as distinct mech-
anisms of action, differing 3D structures, and the interaction
between the stent retriever and vessel wall, may lead to different
results and clinical consequences.6-8

The EmboTrap Revascularization Device is an innovative stent
retriever used to retrieve clots and restore blood flow.8-12 It offers
a 2-layer structure designed with articulating petals and a distal
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capture zone for successful trapping, retention, and removal of
diverse clot types to restore blood flow in AIS-LVO. The inner
layer is a closed-cell stent, which aims to restore blood flow imme-
diately. The external layer units include open inlet ports for catch-
ing clots during device retraction and articulating petals that
promote clot entrapment and retention. High rates of substantial
perfusion and functional independence have been demonstrated in
patients with AIS-LVO from the single-arm trial, Analysis of
Revascularization in Ischemic Stroke With EmboTrap (ARISE II).8

Thereafter, several studies tried to explore the safety and efficacy of
the EmboTrap device in treating AIS-LVO based real-world
data.11,12 In this study, we performed a systematic review and
meta-analysis to evaluate the clinical benefit of the EmboTrap
Revascularization Device.

MATERIALS AND METHODS
This study was conducted according to the statement of Preferred
Reporting Items for Systematic Reviews and Meta-Analyses13 and
Assessing the Methodological Quality of Systematic Reviews14 guide-
lines. The project has been registered in PROSPERO (https://www.
crd.york.ac.uk/prospero/display_record.php?ID=CRD42022327897).

Search Strategy
Five databases, MEDLINE, EMBASE, the Cochrane Library, Web
of Science, and Google Scholar were searched up to April 2022 by
2 independent reviewers for relevant studies. Publicly available
clinical trials registers, for example, ClinicalTrials.gov, were also
searched. All relevant publications since these databases were
created were included in this analysis. The search strategy is pro-
vided in the Online Supplemental Data.

Study Eligibility
The criteria for the study design were specified according to The
Population, Intervention, Comparison, Outcome model.

Patient-Selection Criteria. Inclusion criteria were adult patients
(18 years of age or older) with AIS due to LVO, including anterior
or posterior circulation occlusions, who underwent MT using the
EmboTrap device. Arterial occlusion was confirmed by either
CTA, MRA, or DSA. The patients had complete recanalization
(defined as a modified TICI [mTICI] score of 2c–3) or successful
recanalization (defined as an mTICI score of 2b–3) after MT,
which was determined by postinterventional DSA. The scores of
mTICI 2c–3 were combined into the complete recanalization
group because patients who achieved mTICI 2c–3 scores are
known to have similar clinical outcomes.15

Exclusion criteria were patients with baseline prestroke mRS
scores of $3; patients with intracerebral hemorrhage (ICH), sig-
nificant cerebellar mass effect, and acute hydrocephalus on CT or
MR imaging before the thrombectomy procedure; or patients
with studies that did not report the above outcomes or in which
the exact number of complications was not available.

Intervention.MT was performed in patients with AS due to LVO
with the EmboTrap Revascularization Device.

Outcomes. At least one of the following items was reported.

Primary Efficacy Outcomes

1) Favorable outcome defined as mRS of 0–2 or equal to the
prestroke score at 3 months

2) Successful recanalization (mTICI 2b–3) determined by post-
interventional DSA.

Secondary Efficacy Outcomes

1) Modified first-pass effect (mFPE) defined as achieving a suc-
cessful recanalization (mTICI 2b–3) with a single thrombec-
tomy device pass without rescue therapy16

2) The first-pass effect (FPE) defined as achieving a complete recan-
alization (mTICI 2c–3) with a single thrombectomy device pass
without rescue therapy16

3) Complete recanalization (mTICI 2c–3) determined by postin-
terventional DSA

4) Rescue rate defined as using additional recanalization devices
besides the EmboTrap, including intra-arterial thrombolysis,
other thrombectomy devices, and pump aspiration.

Safety Outcomes. Safety outcomes were the following:

1) Mortality at 90-day follow-up
2) ICH
3) Symptomatic intracerebral hemorrhage (sICH) defined as intra-

cerebral hemorrhage on imaging with a minimum increase of 4
points on the NIHSS within 24 hours postintervention by the
second European Australasian Acute Stroke Study classification
(ECASS II)17

4) Procedural complications, such as dissection or vessel perforation.

Studies.We included randomized controlled trials and observatio-
nal studies including cohort studies, case-control studies, and case
series with the minimum number $20 cases. The inclusion of
observational studies allowed sufficient data for outcome assess-
ment andminimization of type II errors arising from low statistical
power.18 Studies not reporting the above outcomes or from which
data for complications could not be extracted were excluded.

Selection of Studies and Data Extraction
Two reviewers independently searched the main databases for eli-
gible studies. In the initial stage of screening, titles, keywords, and
abstracts were reviewed, and irrelevant studies were excluded.
Subsequently, full articles of all the remaining studies were
obtained and carefully checked to assess eligibility, and reasons
for inclusion or exclusion of studies were documented in detail.
Conflicts in study selection between the 2 reviewers were resolved
by a third reviewer.

Extraction of data from included studies was also performed
by 2 independent reviewers following a standardized data-extrac-
tion form. The extracted information of included studies was as
follows: 1) characteristics of the study, such as publication time,
country, number of patients; 2) characteristics of the included
patients, such as age, sex, medical history, site of occlusion by
angiography, admission NIHSS score, and baseline ASPECTS;
and 3) aforementioned outcomes such as any ICH, sICH, proce-
dural complications, and favorable outcome. The resolution of
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disagreement regarding data extraction was achieved through the
assistance of a third reviewer. For missing or ambiguous data in
the included studies, clarification of data through direct contact
with the corresponding authors by e-mail was attempted.

Assessment of Risk Bias and Heterogeneity
Two reviewers independently assessed the risk of bias for each
included study. The Cochrane Collaboration criteria were applied
in the process of the selection of randomized controlled trials. The
Methodological Index for Non-Randomized Studies scale was
used for nonrandomized and single-arm studies. The heterogene-
ity of pooled outcomes was evaluated by the I2 statistic. When the
I2 statistic was .50%, it represented substantial heterogeneity; if
the I2 statistic was,50%, it represented mild or moderate hetero-
geneity; and the DerSimonian and Laird method for random
effects estimation was used for pooling outcomes. The Mantel-
Haenszel method for fixed-effects estimation was used if heteroge-
neity was mild or moderate. For substantial heterogeneity of out-
comes, we conducted sensitivity analysis to explore the potential
source of heterogeneity.

Measures of Treatment Effect
Ameta-analysis on a specific result was performed only when there
were at least 2 suitable studies for analysis. If there were insufficient
suitable studies for meta-analysis, results were described with nar-
rative statistics. We adapted effect size with 95% CIs for dichoto-
mous data and the mean differences with 95% CIs for continuous
data. A P value , .05 was statistically significant. In addition to
the meta-analyses of primary and secondary outcomes of the
EmboTrap device, we also made a subgroup analysis of the
EmboTrap II Recanalization Device. The STATA statistical soft-
ware (Version 15.0; Stata Corp) was used for data analysis and
heterogeneity assessment. The 2 independent-samples t tests by

SPSS software (Version 24.0; IBM)
were used for the comparison of the
EmboTrap System (the first generation
of EmboTrap Recanalization Device)
and EmboTrap II devices. Publication
bias was assessed by visualization of
funnel plots provided that the number
of included studies was.10.

RESULTS
Study Selection and Study
Characteristics
We found 438 references, abstracts,
and related clinical trials from the 5
main electronic databases and clinical
trials registers in the first step. Among
the results, 25 full-text articles were
retrieved after initial checks, and 9 stud-
ies were finally eligible for inclusion in
the qualitative and quantitative analyses.
The process of study selection and rea-
sons for exclusion are summarized in
Fig 1, and the Online Supplemental Data
show the characteristics of included

studies and patients. A total of 1230 patients were eligible for inclu-
sion criteria.8-12,19-22 Among the pooled studies, 6 studies and 1070
individuals used the EmboTrap II device only, and the remaining
3 studies and 160 individuals used the EmboTrap System only.
The inclusion and exclusion criteria of patients in included studies
are summarized in the Online Supplemental Data. The inclusion
criteria consisted of the time window and baseline neurologic and
imaging evaluations. The number of patients in each included
study ranged from 29 to 318, and the proportion of men was
49.4% (588/1190). The site of occlusion as determined by angiog-
raphy was mostly located in anterior circulation, involving the
ICA andM1 segment of the MCA.

Meta-analysis of Primary and Secondary Outcomes of
the EmboTrap Device
According to our analysis, the rate of favorable outcome of the 90-
day mRS 0–2 was 53% (95% CI, 42%–63%; I2 ¼ 88.6%) (Fig 2).
The estimated rate of successful recanalization of mTICI 2b–3 was
90% (95% CI, 86%–95%; I2 ¼ 82.4%) (Fig 3). The rate of mFPE
(mTICI score$ 2b with a single device pass without rescue) was
43% (95% CI, 35%–51%; I2 ¼ 63.7%) (Fig 4). The above results
and the outcomes of FPE (mTICI score$ 2c with a single device
pass without rescue), complete recanalization (mTICI 2c–3), res-
cue rate, 90-day mortality, ICH, sICH, and procedure-related com-
plications are summarized in the Table. The forest plots are
presented in the Online Supplemental Data.

Subgroup Analyses of the EmboTrap System and EmboTrap
II Devices
We also conducted subgroup analyses of outcomes in 1070 patients
treated with the EmboTrap II Recanalization Device and 160
patients treated with the EmboTrap System (Online Supplemental
Data). The 2 independent-samples t tests between the EmboTrap

FIG 1. Flow diagram of literature for meta-analysis.
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System and EmboTrap II Recanalization Devices showed a signifi-
cantly higher rate of complete recanalization of EmboTrap II than
of EmboTrap System (0.60 versus 0.48, P ¼ .043), while other
results did not show a significant difference between the 2 devices.
The results of EmboTrap II and the EmboTrap System are shown
in the Online Supplemental Data. The subgroup analysis outcome
of FPE for EmboTrap II was not listed because it pooled the same
studies as the above results. Subgroup analysis of FPE, mFPE, and
90-day mortality for the EmboTrap System was not performed
due to limited data.

Risk of Bias
The Methodological Index for Non-Randomized Studies criteria
were used to assess the bias risk of nonrandomized and single-
arm studies, with most included studies being at low risk for bias
(Online Supplemental Data). Sensitivity analyses were conducted
to explore potential heterogeneity, and the results did not suggest
any possible source of high heterogeneity, which may be due to
the intrinsic nature of single-arm studies. Because only 8 studies
were pooled, funnel plots were not used.

DISCUSSION
This is the first systematic review and meta-analysis to explore
the safety and efficacy of the EmboTrap Revascularization Device

in patients with AIS and LVO. The results of our analysis were
similar to those in previous reports from the ARISE II study.8

Several trials have demonstrated the clinical benefit and supe-

rior reperfusion efficacy of MT using stent-retriever thrombectomy

devices over standard medical therapy in treating AIS-LVO.4-10 In

the guidelines from American Heart Association/American Stroke

Association, MT using stent retrievers has been recommended.5

The EmboTrap Thrombectomy Device was originally designed for

more effectively trapping, retaining, and removing clots through

its unique design of dual-layer and a distal capture zone. A novel

stent retriever with a unique 2-layer nitinol structure and an inner

1.25-mm closed cell stent, this device theoretically creates a flow

channel through the occlusion. The outer structure leaflets are

designed to maintain apposition with the vessel wall to retain the

captured clot during retraction, particularly through tortuous ves-

sels. In addition, the distal-closed structure aims at reducing the

risk of distal embolization. Thus, in this study, the pooled data sug-

gesting a high successful recanalization rate (90%) and acceptable

safety outcomes (ICH, 19%; sICH, 5%; and procedural-related

complications, 6%) of the EmboTrap Revascularization Device

support its use in the real-world setting.
Most of the recruited studies were single-arm without direct

comparison with other types of stent retrievers, and 87% of pooled
patients underwent EmboTrap II thrombectomy, suggesting that

FIG 2. Forest plots of meta-analyses of favorable outcome at 90days. ES indicates effect size.
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the data are more generalizable with that device. The second gen-
eration of stent retrievers, principally Solitaire (Medtronic) and
Trevo (Stryker), have been widely adopted with their high effi-
cacy in achieving reperfusion rates and clinical outcomes in AIS-
LVO compared with medical therapy in early clinical trials.7,23,24

Compared with pooled results from randomized controlled trials
using Solitaire and Trevo stents (ie, Highly Effective Reperfusion
evaluated in Multiple Endovascular Stroke [HERMES]),25 the
EmboTrap device appears to have a greater chance of achieving
successful recanalization (88% versus 71%) without increasing the
safety events (sICH, 5% versus 4.4%). The procedural-related com-
plication risk was also acceptable (6% in both the total population
and subgroup analysis of EmboTrap II). Additionally, in the
ARISE I study, the authors compared their EmboTrap arm with a
meta-analysis of 8 randomized controlled trials, which yielded sim-
ilar revascularization rates and good clinical outcomes.20 Thus, fur-
ther trials with direct comparison between the EmboTrap device
and other devices may be warranted to better clarify the superiority
of the EmboTrap device.

FPE (mTICI score$ 2c with a single device pass without res-
cue) is a new metric to evaluate the efficacy of thrombectomy devi-
ces.16 Previous meta-analyses reported better clinical outcomes of
FPE or mFPE (mTICI score$ 2b with a single device pass without
rescue) compared with a multiple-pass effect in patients with AIS

and LVO.26 In our study, the rate of mFPE in EmboTrap II sub-
group analysis was 43%, which was higher than that in other stent
retrievers reported.27 The higher rate of mFPE of EmboTrap II
may be due to several reasons: As a new generation device, it has
a new structure with a double proximal marker, which could
hypothetically facilitate correct positioning and optimal device
capture. The addition of 2 more structural units may further
improve its capturing capability.12 The unique design of an inner
blood channel theoretically ensures temporary-but-rapid reperfu-
sion of ischemic brain tissue. This may be validated by the higher
favorable outcome of EmboTrap II observed in this study than of
Solitaire and Trevo in the study of HERMES collaborators (51%
versus 46%).25

This study has certain limitations. Some of the studies recruited
had a relatively small sample size and were limited by the retrospec-
tive study design. In addition, the heterogeneity among studies was
high. Most studies were single-arm without direct comparison with
other stent retrievers. We included studies that did not control the
use of balloon-guide catheters, occlusion location, and onset-to-
puncture time, among numerous other variables that may function
as variables in outcomes and likely contribute to the high degree of
interstudy heterogeneity. Furthermore, patients with occlusion of
both the anterior or posterior circulation were recruited, potentially
leading to the heterogeneity of the study population. Because the

FIG 3. Forest plots of meta-analyses of successful recanalization. ES indicates effect size.
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recruited studies were conducted in European countries and the
United States, racial generalizability could be limited. Also, trials
with direct comparison between EmboTrap and other devices may
be required to further validate the results of this systematic review
and meta-analysis.

CONCLUSIONS
For patients with AIS due to LVO, MT with the EmboTrap
Recanalization Device is at least as safe and effective as the current
generation of stent retrievers. This new device may also be associ-
ated with a higher FPE without an associated increase in safety
events.

Disclosure forms provided by the authors are
available with the full text and PDF of this
article at www.ajnr.org.
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Predictors of Endovascular Treatment Procedural
Complications in Acute Ischemic Stroke: A Single-Center

Cohort Study
E. Maslias, F. Puccinelli, S. Nannoni, S.D. Hajdu, B. Bartolini, F. Ricciardi, V. Dunet, P. Maeder, D. Strambo,

G. Saliou, and P. Michel

ABSTRACT

BACKGROUND AND PURPOSE: Procedural complications occur in 4%–29% of endovascular treatments in acute ischemic stroke.
However, little is known about their predictors and clinical impact in the real world. We aimed to investigate the frequency and
clinical impact of procedural complications of endovascular treatment and identify associated risk factors.

MATERIALS AND METHODS: From 2015–2019, we retrospectively reviewed all patients with acute ischemic stroke receiving endo-
vascular treatment within 24 hours included in the Acute STroke Registry and Analysis of Lausanne. We identified patients having
an endovascular treatment procedural complication (local access complication, arterial perforation, dissection or vasospasm, and
embolization in a previously nonischemic territory) and performed logistic regression analyses to identify associated predictors. We
also correlated procedural complications with long-term clinical outcome.

RESULTS: Of the 684 consecutive patients receiving endovascular treatment, 113 (16.5%) had at least 1 procedural complication. The
most powerful predictors were groin puncture off-hours (OR ¼ 2.24), treatment of 2 arterial sites (OR ¼ 2.71), and active smoking
(OR ¼ 1.93). Patients with a complication had a significantly less favorable short-term clinical outcome (D-NIHSS score of �2.2 versus
�4.33, P-value adjusted , .001), but a similar long-term clinical outcome (mRS at 3months ¼ 3 versus 2, P-value adjusted ¼ .272).

CONCLUSIONS: Procedural complications are quite common in endovascular treatment and lead to a less favorable short-term
but similar long-term outcome. Their association with treatment off-hours and at 2 arterial sites requires particular attention in
these situations to optimize the overall benefit of endovascular treatment.

ABBREVIATIONS: AIS ¼ acute ischemic stroke; EVT ¼ endovascular treatment

Endovascular treatment (EVT) with stent retrievers or the direct
aspiration first-pass technique is considered the criterion

standard procedure for eligible patients with acute ischemic stroke
(AIS) with proximal intracranial large-vessel occlusion.1-3 Even
though complication rates of 4%–29% have been reported,4-10

they do not eliminate its global beneficial effect.

Procedural complications during EVT include local-access
complications (ie, hemorrhage or arterial lesion at the access site)
and cerebrovascular complications (ie, arterial dissection, emboli-
zation in a previously nonischemic territory, arterial perforation,
or vasospasm). The occurrence of procedural complications car-
ries the risk of additional diagnostic and therapeutic procedures,
longer hospital stays, and increased illness, mortality, and costs.

Awareness of the frequency and clinical impact of EVT proce-

dural complications and of the independently associated risk factors

could guide stroke teams in patient selection and complication’s

prevention during the procedure. In addition, the presence of such

risk factors should intensify intraprocedural monitoring, which may

permit a more proactive management of complications. Although

the timing of AIS and EVT cannot be chosen by patients or the

medical system, recent reports described longer door-to-reperfusion

delays at night and on weekends11 and poorer outcomes in patients

treated in the afternoon.12

Given the paucity of clinical data,13 we aimed to investigate
the frequency and clinical impact of the overall EVT procedural
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complications and identify associated risk factors in a consecutive
real-world AIS population in the modern EVT era.

MATERIALS AND METHODS
Study Design and Cohort Selection
We retrospectively reviewed all patients with AIS receiving
EVT from January 2015 to December 2019 in the prospectively
constructed Acute STroke Registry and Analysis of Lausanne
(ASTRAL), which collects all adults with AIS admitted to the
stroke unit and/or intensive care unit of Lausanne University
Hospital (CHUV).14

For this analysis, we selected all patients receiving EVT within
24hours, with or without preceding IV thrombolysis, including
patients for whom the target occlusion was not reached for techni-
cal reasons or in whom the target occlusion on DSA was already
re-canalized at the time of the EVT attempt. We excluded patients
receiving rescue endovascular procedures, ie, EVT after secondary
worsening and/or.24 hours after stroke onset.

Acute Neuroimaging, EVT Eligibility, and Procedure
Acute brain imaging on admission was based mainly on CT until
April 2018 using a 64–detector row CT scanner and mainly on
MR imaging from May 2018 with 3T MR imaging scanners. We
obtained at least 1 arterial study of the cervical and cerebral
arteries before EVT, mostly CTA, alternatively MRA, followed by
DSA with the intention to perform EVT. A senior vascular neu-
rologist and senior neuroradiologist assessed all noninvasive neu-
roimaging, and an interventional neuroradiologist, all DSAs to
identify procedure-related cerebrovascular complications in a
nonblinded manner. A tandem lesion was defined as the simulta-
neous presence of an arterial occlusion or stenosis ($70% extrac-
ranially, $50% intracranially) in both the extra- and intracranial
circulation in the same vascular axis.

Since October 2014, we have offered EVT in our center within
6hours for a disabling deficit and an ASPECTSof $5, similar to
the Multicenter Randomized Clinical trial of Endovascular treat-
ment for Acute Ischemic stroke in the Netherlands (MR CLEAN)7

and initial European criteria.2 Since May 2017, patients were
treated up to 8hours using the same criteria.15 After 8 hours, treat-
ment was given following the modified Clinical Mismatch in the
Triage of Wake Up and Late Presenting Strokes Undergoing
Neurointervention with Trevo (DAWN) criteria, ie, in the pres-
ence of an NIHSS score of $10 and an ASPECTSof $7 or, if the
stroke was disabling, an NIHSS score of 1–10 and an ASPECTS
of $8.4,16 Since January 2018, late treatment was alternatively
based on any NIHSS, a core ,70mL and a mismatch ratio
[(penumbra 1 core)/core] of . 1.8, according to the Endo-
vascular Therapy Following Imaging Evaluation for Acute
Ischemic Stroke 3 (DEFUSE-3) criteria, in accordance with the
updated Swiss,17 European,1 and American recommendations.3

We treated basilar artery occlusions until April 2017 with
EVT up to 6 hours in the absence of extensive brainstem infarct
on imaging. FromMay 2017, the treatment window was extended
to 8 hours if the posterior circulation ASPECTS was $7, and to
24 hours if no transverse irreversible brainstem ischemia was
present on MR imaging or if the posterior circulation ASPECTS
was$8 on plain CT.

We performed femoral access under sonographic guidance.
The type of sedation was recorded (local versus general anesthe-
sia), with the latter being the preferred method in our center. We
routinely add 2mg of nimodipine in the flushing line of the guid-
ing catheter to prevent vasospasm during the intervention. The
degree of recanalization at the end of the procedure was recorded
according to the modified TICI grading scale.18

During working hours, there is a board-certified neurologist
on-site and available any time, whereas during off-hours, there
is a neurology resident-in-training on site who is supervised by
phone by a board-certified neurologist. During working hours,
there are always 3–4 board-certified interventional neuroradiol-
ogists in-house; during off-hours, the on-call board-certified
interventional neuroradiologist arrives within 20minutes at the
hospital when called for an EVT. Finally, there are 2 interven-
tional technicians available in-house during working hours, and
only 1 after hours. Emergency department staffing by the physi-
cian residents and nurses is identical at all times, but during
working hours, there are twice as many board-certified intern-
ists present.

EVT Procedural Complications
We defined procedural complications related to EVT in accord-
ance with the current literature.19,20

Access Complications

1) Hemorrhage in the arterial puncture area: any important exter-
nal bleeding or internal hematoma (ie, femoral, retroperitoneal)

2) Arterial access damage: symptomatic or radiologic pseudoan-
eurysm, arterial dissection, occlusion or embolization in a
peripheral territory, and floating thrombus at the punctured
artery.

Procedural Cerebrovascular Complications

1) Embolization in the nonischemic cerebral territory: any emboli-
zation in a previously not occluded artery (with the exclusion of
clot fragmentation and embolization in a distal segment of the
already affected artery)

2) Iatrogenic dissections of cervical or intracranial arteries or vas-
ospasms requiring therapeutic interventions by intra-arterial
vasodilator drugs

3) Intracranial arterial perforation or postprocedural SAH: con-
trast extravasation observed during the procedure or SAH in
the territory of the treated artery on any control neuroimag-
ing within 24 hours.

We did not consider the occurrence of parenchymatous hemor-
rhage and cerebral edema as procedural complications because
their proportion was not increased in large, randomized, controlled
trials of EVT21,22 and most of these occur in the postprocedural
phase. Therefore, they were not included in the current analysis.

Post-EVT monitoring in our stroke unit is described in the
Online Supplemental Data.

Primary End Points
As primary outcomes, we evaluated the frequency and predictors
of EVT procedure-related complications.
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Secondary End Points
In patients with procedural complications, we assessed the short-
term outcome using the 24-hour D-NIHSS, defined as the differ-
ence between the NIHSS score at 24 hours and the NIHSS score
at admission. We decided to analyze the NIHSS as an ordinal
variable, to increase the power of the study to identify independ-
ent associations with dependent variables. The D-NIHSS was pre-
ferred over early neurologic deterioration, which lacks a uniform
definition in the literature.

In these patients, we used the mRS for evaluation of the long-
term outcome at 3months.

For patients with-versus-without complications, we compared
the length of hospitalization, the disposition after acute hospitali-
zation, early ischemic stroke or TIA recurrence up to 7 days, and
mortality at 7 days and 3 and 12months using univariate analysis.

Statistical Analysis and Ethics Considerations
Differences between patients with and without EVT procedural
complications were explored using appropriate statistical testing
such as the Mann-Whitney U, x 2, or Fisher Exact tests.

To identify factors independently associated with the occur-
rence of any procedural complication, we used logistic regression
models. We initially performed unadjusted univariate analyses,
fitting models with the complications/no complications indicator
as the only explanatory variable. Variables that were significant in
the univariate approach (using a threshold P value of .20) were
then used for the multivariate analysis, in which a stepwise
variable-selection method based on the Akaike information crite-
rion was performed to obtain the final multivariate logit model.
The following variables were entered into the final model: active
smoking, hypertension, diabetes mellitus, groin puncture dur-
ing regular working hours (8:00 AM–5:59 PM) versus off-hours
(6:00 PM–7:59 AM), and 2 arterial sites treated.

For short-term outcome (24-hour D-NIHSS), a multivariate
linear model was used and well-known factors associated with
clinical outcome such as covariates, ie, age, admission NIHSS,

admission level of consciousness, pre-
stroke modified Rankin Scale (mRS)
score, acute ASPECTS (CT or DWI-MR
imaging), pretreatment with intrave-
nous thrombolysis, acute blood glucose,
and stroke mechanism (grouped into
cardioembolic, atheromatous, and other
categories).

For the 3-month outcome (mRS as
an ordinal variable, 0–6), a multivariate
ordinal logistic model was used. Factors
included in this outcome analysis were
age, admission NIHSS, admission level
of consciousness, prestroke mRS score,

acute ASPECTS (CT or DWI), proximal-versus-distal site of large-
vessel occlusion, and peripheral artery disease.

A P value, .05 was considered significant for all analyses.
ASTRAL follows the institutional regulations on clinical

and research registries. Before analysis, the data were anonymized
following the principles of the Swiss Human Research Ordinance
from 2013 (HRO, Art.25). Given that only anonymized data were
used, there was no need for local ethics committee approval or
patient consent according to the Swiss Federal Act on Research
involving Human Beings from 2011 (HRA, Art.3) and the applica-
ble data protection legislation. Patients were informed in writing
about the potential scientific use of their routinely collected data in
anonymized form and their right to refuse scientific use of personal
data for research purposes; any such refusal was honored before
data extraction.

The anonymized data of this study are available from the
authors on reasonable request.

For reporting, we used the Strengthening the Reporting of
Observational Studies in Epidemiology checklist.23

RESULTS
During the study period, 684 consecutive patients with EVT were
included, with a median age of 72 years. The median NIHSS score
was 14, and women were nonsignificantly underrepresented
(47.3%). In total, 113 (16.5%) patients experienced an EVT proce-
dure-related complication. The baseline characteristics of these
patients are summarized in the Online Supplemental Data, and
the frequency of EVT procedural complications, in Table 1.

Predictors for Procedural Complications during EVT
In the univariate analysis (Table 1), patients with a procedural
complication during EVT had higher admission NIHSS scores
and more cerebrovascular risk factors such as smoking; and more
often had a tandem lesion, thus 2 arterial sites were treated. The
number of device passages in the recanalization attempt of the
occluded artery seemed to also be associated with EVT proce-
dural complications in the univariate analysis.

In the multivariate analysis, we identified 3 independent asso-
ciations of EVT with any procedural complication: groin punc-
ture off-hours, treatment of 2 arterial sites, and active smoking
(Table 2).

Table 1: Frequency of EVT procedural complications
EVT Procedural Complications Frequency (No.) (%)

Significant at access site, 7 days 13 (1.9%)
External bleeding 6 (46.2%)
Internal hematoma 7 (53.8%)

Any local arterial damage at access site ,7 days 9 (1.3%)
Cerebral arterial complications, ie, dissection (n ¼ 27)
and treated vasospasm (n ¼ 1)

28 (4.1%)

Embolization in previously normal territory 21 (3.1%)
Arterial intracranial perforation during EVT (observed
acutely, SAH on subacute imaging)

42 (6.1%)

Total EVT procedure complications 113 (16.5%)

Table 2: Multivariate analysis of significant factors associated
with EVT procedural complications

Predictors of EVT Procedural
Complications OR 95% CI P Value

Two sites treated 2.71 1.49–4.86 ,.001
Groin puncture off-hours 2.24 1.37–3.69 ,.001
Smoking 1.93 1.10–3.33 .02
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Secondary Outcomes
Patients with procedural complications had a significantly less
favorable short-term clinical outcome in the adjusted analysis
than patients without a procedural complication (24-hour
D-NIHSS of �2.2 versus �4.33, P, .001). However, this differ-
ence did not persist when evaluating the adjusted long-term
clinical outcome (mRS at 3months ¼ 3 versus 2, P-value
adjusted ¼ .272) (Table 3).

Concerning secondary outcomes, the unadjusted analysis
between patients with or without a procedural complication
(early stroke recurrence within 7 days of stroke onset, duration
of hospitalization, discharge orientation, mortality at 7 days and
3 and 12months and mRS score at 12months) found no statisti-
cally significant differences (Online Supplemental Data).

DISCUSSION
Of 684 consecutive patients receiving EVT in the modern
thrombectomy era in our hospital, 16.5% had a procedural com-
plication. The most powerful predictors were EVT performed
off-hours, treatment of 2 arterial sites, and a history of smoking.
While short-term clinical outcome was significantly worse in
patients with a procedural complication, it did not affect long-
term outcome.

Our frequency of 16.5% for EVT procedural complications is
in line with the literature, reporting a wide range of complications
in randomized controlled trials (4%–29%). Lack of a uniform def-
inition hampers comparability, however. In our study, we used a
more liberal definition for some complications, in particular by
considering any postprocedural SAH on neuroimaging as a com-
plication. However, in some cases, the SAH may not be related to
the procedural perforation but to arterial lacerating when pulling
back the endovascular device or thrombolysis-facilitated rupture
of an ischemic superficial artery.

Groin puncture off-hours was strongly associated with proce-
dural complications. This could potentially be explained by the
operator’s fatigue due to sleep deprivation leading to impairment
of motor, cognitive, and attention skills. Another explanation
could be less staff, which is particularly prevalent after hours.
Hajdu et al12 demonstrated that EVT for AIS performed in the
morning hours leads to a more favorable outcome at 3months
than EVT at the end of the workday, highlighting the potential
influence of stroke unit staff fatigue. Another important factor
could perhaps be that during off-hours, less experienced emer-
gency and neurology physicians perform the pre-EVT manage-
ment of patients with stroke.

Another powerful predictor of occurrence of EVT procedural
complications was the treatment of 2 arterial sites. Such treatment

may be challenging, requiring particular neurointerventional
skills. It also demands a higher number of EVT device passages,
increasing the risk of dissection or perforation of the cervicocere-
bral arteries as well as the risk of embolization in a previously
nonischemic territory. This variable seems to be more powerful
in predicting complications than the number of device passes,
which was associated with procedural complications in our uni-
variate but not multivariate analysis.

Among patient characteristics, we identified active smoking as
contributing to a higher procedural complication risk. Smoking
has been demonstrated to increase the total calcification index of
the carotid arteries and arterial stiffness and endothelial dysfunc-
tion and is associated with poorer control of other cerebrovascu-
lar risk factors, again potentially contributing to such arterial
problems.24

Most interesting, age, diabetes mellitus, stroke mechanism
(Trial of Org 10172 in Acute Stroke Treatment [TOAST]),25 and
the type of anesthesia were not significantly associated with an
increased occurrence of procedural complications. A higher stroke
severity (admission NIHSS score) was associated with complica-
tions in the univariate but not multivariate analysis.

The fact that the 24-hour neurologic status was worse in
patients with procedural complications highlights the need for
close monitoring and proactive management of the complica-
tions. This initial disadvantage of problematic EVT did not trans-
late into a statistical difference of the functional status at
3months in the adjusted analysis. Similarly, other large series of
patients with EVT, which did not analyze the rate of complica-
tions, showed no association of the time of treatment with clinical
outcome.26,27 This reassuring observation is a further argument
in favor of the relative safety of EVT.

Additional important findings of our study were the absence
of statistically significant differences in the length of hospitaliza-
tion, posthospital disposition, early ischemic event recurrence,
and early or late mortality rates between patients with and with-
out EVT procedure-related complications.

The main clinical implication of our study is the identification
of predictors of EVT procedural complications. Given that the
treating physicians cannot influence the 3 identified variables,
they can at least inform patients and their next of kin of the addi-
tional risk. Furthermore, the interventional neuroradiologist may
use special care or techniques in the recognized patients to avoid
procedural complications to maximize the benefit of EVT. Third,
awareness of these complication predictors may allow a closer
monitoring during and after the EVT procedure for their early
detection and treatment.

The main strength of our study is the enrollment of consecutive
real-world patients, which makes our results more generalizable.

Table 3: Adjusted primary outcomes for patients with AIS with versus patients without EVT procedural complications

Clinical Outcome

AIS with Procedural
Complications

(n = 113)

AIS without Procedural
Complications

(n = 571)
Adjusted OR or b
Coefficient (95% CI)

Adjusted P
Value

Short-term clinical consequences
(24-hour D-NIHSS)

–2.21 (10.06) –4.33 (7.89) 2.73 (1.09–4.37) ,.001a

Long-term functional outcome at
3months (mRS) (median) (IQR)

3 (2–5) 2 (1–4) 1.32 (0.81–2.16) .272

a Significant.
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Furthermore, prespecified and liberal definitions of EVT complica-
tions by noninterventional neurologists decrease the risk of under-
reporting. Third, we considered only procedures from the modern
EVT era (2015–2019) using mainly stent retrievers and the direct
aspiration first-pass technique, which are the currently preferred
revascularization methods.

The main limitations are, first, the retrospective, observatio-
nal, nonrandomized, and single-center character of our study.
Second, our results need to be confirmed in other populations
because ASTRAL contains a predominantly elderly, white popu-
lation. Third, the definitions of some of the procedural complica-
tions are debatable, given the lack of complete consensus.19

Similarly, the causal association of a “complication” and the EVT
is not always certain, for example in the case of SAH, which can
also occur spontaneously or due to IV thrombolysis. Finally, we
did not include postprocedural parenchymal hemorrhage and
cerebral edema in this analysis because we do not consider these
procedure-related.10,22

CONCLUSIONS
Procedural complications are quite common in endovascular
treatment and lead to a less favorable short-term but similar long-
term outcome. The most powerful predictors of procedural com-
plications are EVT performed off-hours, treatment of two arterial
sites, and a history of smoking. These situations require particular
attention in order to optimize the overall benefit of endovascular
treatment.

Disclosure forms provided by the authors are available with the full text and
PDF of this article at www.ajnr.org.
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Material-Specific Roadmap Modes Can Improve the Visibility
of Liquid Embolic Agents for Endovascular Embolization: A

Systematic In Vitro Study
N. Schmitt, L. Wucherpfennig, S. Hohenstatt, K. Karimian-Jazi, M.O. Breckwoldt, H.-U. Kauczor, M. Bendszus,

M.A. Möhlenbruch, and D.F. Vollherbst

ABSTRACT

BACKGROUND AND PURPOSE: Endovascular embolization using liquid embolic agents is a safe and effective treatment option for
AVMs and fistulas. Because reliable visibility of these liquid embolic agents is essential for intraprocedural visual control to prevent
complications, novel angiographic systems are equipped with material-specific roadmap modes. The aim of this study was the sys-
tematic in vitro comparison of conventional and material-specific roadmap modes regarding the visibility of the most used liquid
embolic agents.

MATERIALS AND METHODS: A recently introduced in vitro model, resembling cerebral vessels, was embolized with Onyx 18, Squid
18, PHIL 25%, and n-BCA mixed with iodized oil (n ¼ 4 for each liquid embolic agent), as well as with contrast medium and saline,
both serving as a reference. Imaging was performed in conventional and material-specific roadmap modes. The visibility of the liq-
uid embolic agents in both modes was compared quantitatively and qualitatively.

RESULTS: Significant differences between conventional and material-specific roadmap modes regarding the visibility of the liquid
embolic agents were observed for all study groups. All liquid embolic agents were better visible in the material-specific roadmap
modes compared with the conventional mode in qualitative and quantitative analyses (eg, Onyx in conventional-versus-material-
specific modes along the 1.0-mm sector: mean contrast-to-noise ratio, 5.69 [SD, 0.85] versus 47.18 [SD, 5.72]; P, .001, respectively).

CONCLUSIONS: In this in vitro study, we demonstrated a better visibility of all investigated liquid embolic agents by using mate-
rial-specific roadmap modes compared with the conventional roadmap technique. Especially in complex anatomic situations, these
novel roadmap modes could improve the visual control and thus the safety and efficacy of embolization procedures in clinical
practice.

ABBREVIATIONS: CNR ¼ contrast-to-noise ratio; DU ¼ density units; LEA ¼ liquid embolic agent

Endovascular embolization using liquid embolic agents (LEAs)
is an effective treatment mode for therapy of cerebral and spi-

nal vascular disorders, such as AVMs or dural AVFs.1-6 In recent
years, the range of available LEAs, each with different properties,
has increased steadily. Onyx (Medtronic), Squid (Balt), and the
precipitating hydrophobic injectable liquid (PHIL; MicroVention)
represent the most commonly used copolymer-based, nonadhe-
sive LEAs on the market. The embolic agents Onyx and Squid
consist of ethylene-vinyl alcohol copolymer, dimethyl-sulfoxide,

and radiopaque tantalum powder, while PHIL consists of 2 specific

copolymers (poly[lactide-co-glycolide] and polyhydroxyethylme-

thacrylate) and covalently bound triiodophenol for intrinsic radio-

pacity. Regarding both ethylene-vinyl alcohol copolymer–based

LEAs, Squid features a smaller (“micronized”) grain size of the

admixed tantalum powder, aiming for a more homogeneous radio-

pacity and thus better visibility during longer injection procedures.
Before the introduction of these nonadhesive embolic agents,

liquid embolization was primarily performed with cyanoacry-

lates. With their most frequently used active component being

n-BCA, cyanoacrylates are still applied frequently, for example,

for the therapy of lesions that cannot be reached with dimethyl-

sulfoxide–compatible catheters or for embolization of high-flow

shunts in AVMs or dural AVFs. n-BCA and its derivates are nor-

mally mixed with iodized oil (ratio 1:1; Lipiodol Ultra Fluid;

Guerbet) to enable sufficient visibility.7 During embolization pro-

cedures, a reliable visibility of the embolic material is essential for
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visual control and to prevent possible complications, for example
embolization of AVM-related draining veins or inadvertent emboli-
zation of vessels supplying healthy brain tissue. Therefore, the novel
angiographic system Artis icono (Siemens Healthineers) is equipped
with material-specific roadmap modes aimed at improving the
visualization of LEAs. As described recently, the technical principle
of these modes is based on a contrast-to-noise ratio (CNR)-driven
exposure control, which adjusts the imaging setting of the angiogra-
phy suite automatically and thereby optimizes image quality, while
reducing the radiation dose at the same time.8,9

To date, there is only 1 experimental study available investi-
gating and comparing the visibility of different LEAs, while the
potential of material-specific roadmap modes has not been inves-
tigated so far.10 The aim of the present study was the systematic
in vitro comparison of conventional and material-specific road-
map techniques regarding the visibility of the most used LEAs.

MATERIALS AND METHODS
Sample Preparation
A recently introduced in vitro model was used for the present study,
consisting of connected sectors with different diameters, ranging
from 2.0 to 0.5mm, and manufactured using a 3D printer, consist-
ing of the biocompatible synthetic material VisiJet.10 Each in vitro
model (n¼ 4 per LEA, contrast medium, and saline) was embolized
by a manual pulsatile LEA injection using a standard embolization
microcatheter (SONIC 1.2F, 35-mm detachable tip length; Balt) as
well as 1-mL, dimethyl-sulfoxide–compatible syringes. Moreover,
during the embolization procedure, there was a continuous flush of
saline (NaCl 0.9%) with a flow of 60mL per hour. All LEAs were
prepared in accordance with the manufacturer’s instructions and as
recommended for clinical use. Embolization of the in vitro models
was performed for the following LEAs: Onyx 18, Squid 18, PHIL
25%, n-BCA mixed with iodized oil as well as contrast medium
(iopamidol, Imeron 300; Bracco) and NaCl 0.9%.

An exemplary image of an in vitro model embolized with
Onyx is provided in Fig 1.

Imaging
Roadmap imaging was performed using the Artis icono angiogra-
phy suite (Siemens Healthineers). A pulsed imaging mode with a
pulse rate of 7.5 p/s was used, and images were acquired with
standard settings according to clinical routine in a conventional
(for all investigated LEAs, contrast medium, and saline) as well
as a material-specific roadmap mode (tantalum-specific mode
for Onyx and Squid; iodine-specific mode for PHIL and n-BCA
mixed with iodized oil and contrast medium). The FOV of the
receptor was 25 cm. Further acquisition settings, such as the
tube parameters, collimations settings, and source-image dis-
tance, were adjusted automatically by the image-quality system
OPTIQ (Siemens Healthineers).

Quantitative Analysis
Quantitative image analysis comparing the visibility of LEAs in a
conventional and material-specific roadmap mode was performed
on a PACS workstation. Five similar rectangular ROIs with a
length of 4mm and widths similar to the diameter of the cylindric
cavity (2.0, 1.5, 1.5, and 0.5mm, respectively) were drawnmanually

along each sector of the in vitro models. Because the sector of the
smallest cavity (0.5mm) features a length of 30mm, the ROIs were
drawn along its proximal part. For each ROI, the mean density
units (DU) were calculated. Simultaneously, 5 square ROIs (side
length: 4mm) were drawn in proximity on a similar level on the
noncavity part of each in vitro model. For the ROIs on the noncav-
ity part, the mean background DU and their corresponding SDs
were calculated. Each ROI drawing was performed in consensus
with a neuroradiology resident and a neuroradiology attending
physician (6 and 9 years’ experience in diagnostic imaging) and
was for the conventional as well as the material-specific roadmap
images. Afterward, the CNR was calculated for each level of the in
vitro models using the following formula:11

CNR ¼ jMean DULEA � Mean DUbackgroundj
SDbackground

:

Qualitative Image Analysis
Qualitative image analysis of the conventional and material-specific
roadmap images was performed by 2 different readers (both with
6 years’ experience in diagnostic imaging) on a PACS workstation.
A second read was performed after 12 weeks to improve the quality
of the qualitative analysis. Both readers were blinded to the type of
roadmap mode as well as to the type of LEA, contrast medium, and
saline. All window settings were left as predetermined by the angi-
ography suite with a window width of 4095 DU and a level of
2047 DU, while a manual adjustment of the window settings was
not allowed. The visibility of each LEA, contrast medium, and
saline along each sector (diameters of 2.0, 1.5, 1.0, and 0.5mm,
respectively) was graded by a 5-point scale: 1) no visibility, 2) poor
visibility, 3) acceptable visibility, 4) good visibility, and 5) excellent
visibility. The grading was performed for both the conventional
and material-specific roadmap modes, except saline for which
images were only acquired and analyzed in conventional mode.

Statistics
GraphPad Prism (Version 9.3.1; GraphPad Software) was used for
statistical analysis. The interreader and intrareader agreement were
assessed with the Cohen k coefficient. The k values were inter-
preted as follows:�0.20, poor agreement; 0.21–0.40, fair agreement;
0.41–0.60, moderate agreement; 0.61–0.80, good agreement; and
0.81–1.00, very good agreement.12,13 To evaluate statistical differen-
ces between the conventional and the material-specific roadmap
modes regarding the visibility of the different LEAs, we performed
the Mann-Whitney U test. There was no statistical testing for the
control groups (contrast medium and saline) because they only
served as a reference. The results of the quantitative analysis are
presented as mean CNR (SD), and of the qualitative analysis as the
mean score. The level of statistical significance was defined as
P, .05.

RESULTS
Illustrations of the roadmap images in conventional and mate-
rial-specific modes are demonstrated in Fig 1. The results of the
quantitative and qualitative image analyses are summarized in
Fig 2.
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Along all sectors of the in vitro model (2.0, 1.5, 1.0, and
0.5mm), quantitative results demonstrated a significant difference
(P, .001, respectively) among the CNRs of the investigated LEAs
and thus a better visibility in the material-specific roadmap mode
compared with the conventional roadmap mode (for example,
Onyx 18 in conventional-versus-material-specific roadmap mode
along all investigated diameters [mean CNR], 2.0 mm: 11.53 [SD,
0.57] versus 77.09 [SD, 3.23]; 1.5mm: 10.17 [SD, 0.44] versus
66.06 [SD, 5.97]; 1.0mm: 5.69 [SD, 0.85] versus 47.18 [SD, 5.72];
and 0.5mm: 2.36 [SD, 0.83] versus 30.27 [SD, 6.78]; P, .001,
respectively). Detailed information on the CNR values of the

investigated LEAs as well as the control groups (contrast medium
and saline) are provided in Table 1.

The interreader reliability (k ¼ 0.821; range, 0.774–0.868) as
well as the intrareader reliability (k ¼ 0.862; range, 0.820–0.904)
both demonstrated very good agreement for the qualitative analy-
sis of the roadmap images by both readers.

Compared with the quantitative results, the qualitative scores
demonstrated similar findings. There was a higher score and thus
better visibility of all investigated LEAs along each sector of the in
vitro model (P, .02, respectively; for example, PHIL 25% in con-
ventional-versus-material-specific roadmap mode [mean score],

FIG 1. Representative images of the in vitro models embolized with different LEAs as well as contrast medium and saline, both serving as a refer-
ence. The images in the conventional and material-specific roadmap techniques are illustrated next to each other (left: conventional roadmap
mode; right: material-specific roadmap mode) for each investigated LEA. The window width was set at 4095 DU, and the window level at 2047
DU. An exemplary image of an Onyx-embolized in vitro model is provided in the lower row as well. Please note the radiopaque embolic material
at the upper end of most embolized models, which is of artificial character and had no influence on the present results. RM indicates roadmap
mode.
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FIG 2. Results of the quantitative (A and B) and qualitative (C and D) analyses of the conventional and the material-specific roadmap images regard-
ing the visibility of the different LEAs, contrast medium and saline, both serving as a reference. Material-specific roadmap images demonstrate an
improved visibility of the different LEAs compared with the conventional roadmap technique along all sectors of the in vitro model (2.0, 1.5, 1.0, and
0.5mm; P, .05, respectively). Roadmap images of saline were acquired only in conventional roadmap mode because there is no material-specific
mode available.
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2.0mm: 2.81 [SD, 0.40] versus 4.44 [SD,
0.51]; 1.5mm: 2.88 [SD, 0.34] versus
4.13 [SD, 0.50]; 1.0mm: 2.25 [SD, 0.45]
versus 3.75 [SD, 0.45]; and 0.5mm:
2.00 [SD, 0.00] versus 2.94 [SD, 0.25]).
Further details on the qualitative scores
are provided in Table 2.

The automatically adjusted imag-
ing parameters of the angiography
suite were set as 40 kV(peak) for con-
ventional as well as tantalum-specific
roadmap modes, respectively, and 48
kV(p) for the iodine-specific roadmap
mode. The automatically set tube cur-
rent varied between 51 and 58mA for
the conventional and between 117 and
123mA for the material-specific road-
map modes (tantalum-specific mode:
range, 117–123mA; iodine-specific
mode: range, 118–123 mA).

DISCUSSION
In this in vitro study investigating the
most commonly used LEAs for endo-
vascular embolization, material-specific
roadmap modes improved the visibility
of these agents, both in quantitative
and qualitative analyses.

During endovascular embolization
procedures, adequate visibility of the em-
bolic agent being used is of great impor-
tance. For example, unseen inadvertent
embolization of healthy blood vessels
can lead to ischemic stroke, and prema-
ture embolization of the draining veins
of a cerebral AVM has the risk of peri-
procedural hemorrhage.14 Especially in
complex anatomic situations, potentially
aggravated by overlying embolic agents
or bony structures and when embolizing
very small vessels, the visibility can be
impeded despite modern angiography
systems. Each LEA that is used in clinical
practice uses an admixed or an intrinsic
material that causes radiopacity and
thus enables the visibility of the embolic
agent.7 To our knowledge, the Artis
icono angiography suite is the only
commercially available system that is
equipped with material-specific road-
map modes to provide an improved
visualization of the embolic material
during embolization procedures. The
potential of these novel roadmap modes
has not been the focus of research until
now. Therefore, the present study aimed
to compare these material-specific road-

Table 1: Summary of the results of the quantitative analysisa

LEA Conventional Roadmap Material-Specific Roadmap P Value
2.0 mm
Onyx 18 11.53 (SD, 0.57) 77.09 (SD, 3.23) P, .001
Squid 18 6.43 (SD, 0.40) 46.97 (SD, 1.42) P, .001
PHIL 25% 4.91 (SD, 0.47) 20.69 (SD, 1.51) P, .001
n-BCA/iodized oil 9.50 (SD, 0.42) 33.46 (SD, 1.66) P, .001
Contrast medium 8.39 (SD, 0.96) 42.72 (SD, 2.76) NA
Saline 0.08 (SD, 0.06) NA
1.5mm
Onyx 18 10.17 (SD, 0.44) 66.06 (SD, 5.97) P, .001
Squid 18 5.77 (SD, 0.50) 41.52 (SD, 4.00) P, .001
PHIL 25% 3.41 (SD, 0.52) 15.54 (SD, 1.63) P, .001
n-BCA/iodized oil 6.96 (SD, 0.46) 25.44 (SD, 1.06) P, .001
Contrast medium 7.75 (SD, 1.17) 34.01 (SD, 3.21) NA
Saline 0.06 (SD, 0.03) NA
1.0mm
Onyx 18 5.69 (SD, 0.85) 47.18 (SD, 5.72) P, .001
Squid 18 3.20 (SD, 0.53) 30.92 (SD, 3.00) P, .001
PHIL 25% 1.97 (SD, 0.39) 10.47 (SD, 0.62) P, .001
n-BCA/iodized oil 2.86 (SD, 0.52) 15.77 (SD, 0.94) P, .001
Contrast medium 4.12 (SD, 0.89) 20.88 (SD, 2.64) NA
Saline 0.10 (SD, 0.07) NA
0.5mm
Onyx 18 2.36 (SD, 0.83) 30.27 (SD, 6.78) P, .001
Squid 18 1.91 (SD, 0.42) 17.40 (SD, 3.89) P, .001
PHIL 25% 0.733 (SD, 0.19) 3.61 (SD, 0.67) P, .001
n-BCA/iodized oil 0.97 (SD, 0.28) 5.16 (SD, 1.01) P, .001
Contrast medium 1.34 (SD, 0.28) 6.35 (SD, 1.27) NA
Saline 0.14 (SD, 0.06) NA

Note:—NA indicates that no P value is available because the contrast medium and saline only served as a refer-
ence with no material-specific roadmap mode available for saline.
a Results are mean CNR.

Table 2: Summary of the results of the qualitative analysisa

LEA Conventional Roadmap Material-Specific Roadmap P Value
2.0 mm
Onyx 18 4.13 (SD, 0.34) 5.00 (SD, 0.00) P, .001
Squid 18 4.13 (SD, 0.34) 4.94 (SD, 0.25) P, .001
PHIL 25% 2.81 (SD, 0.40) 4.44 (SD, 0.51) P, .001
n-BCA/iodized oil 4.63 (SD, 0.50) 5.00 (SD, 0.00) P ¼ .018
Contrast medium 4.81 (SD, 0.40) 5.00 (SD, 0.00) NA
Saline 1.00 (SD, 0.00) NA
1.5mm
Onyx 18 3.94 (SD, 0.25) 5.00 (SD, 0.00) P, .001
Squid 18 3.88 (SD, 0.34) 5.00 (SD, 0.00) P, .001
PHIL 25% 2.88 (SD, 0.34) 4.13 (SD, 0.50) P, .001
n-BCA/iodized oil 4.00 (SD, 0.00) 5.00 (SD, 0.00) P, .001
Contrast medium 4.75 (SD, 0.45) 5.00 (SD, 0.00) NA
Saline 1.00 (SD, 0.00) NA
1.0mm
Onyx 18 3.06 (SD, 0.44) 4.31 (SD, 0.48) P, .001
Squid 18 2.94 (SD, 0.25) 4.25 (SD, 0.58) P, .001
PHIL 25% 2.25 (SD, 0.45) 3.75 (SD, 0.45) P, .001
n-BCA/iodized oil 3.06 (SD, 0.25) 4.14 (SD, 0.34) P, .001
Contrast medium 3.25 (SD, 0.45) 4.19 (SD, 0.40) NA
Saline 1.00 (SD, 0.00 NA
0.5mm
Onyx 18 2.25 (SD, 0.45) 3.44 (SD, 0.51) P, .001
Squid 18 2.81 (SD, 0.40) 3.81 (SD, 0.40) P, .001
PHIL 25% 2.00 (SD, 0.00) 2.94 (SD, 0.25) P, .001
n-BCA/iodized oil 2.06 (SD, 0.25) 3.94 (SD, 0.25) P, .001
Contrast medium 2.31 (SD, 0.48) 3.50 (SD, 0.52) NA
Saline 1.00 (SD, 0.00) NA

Note:—NA indicates that no P value is available because the contrast medium and saline only served as a refer-
ence with no material-specific roadmap mode available for saline.
a Results are mean score.
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map modes with a conventional roadmap technique regarding the
visibility of the most used LEAs. The results of our in vitro study
demonstrated an improved visibility of the investigated embolic
agents Onyx 18, Squid 18, PHIL 25%, and n-BCA mixed with
iodized oil (ratio 1:1) in the material-specific roadmap modes (tan-
talum-specific mode for Onyx and Squid and iodine-specific mode
for PHIL and n-BCA mixed with iodized oil) compared with the
conventional roadmap mode (P, .02, respectively).

Today, there is only 1 study available investigating the angio-
graphic visibility of LEAs.10 Schmitt et al10 compared the visibility
of Onyx 18, Squid 18, Squid 12, PHIL 25%, PHIL LV, and n-BCA
mixed with iodized oil (ratio 1:1) quantitatively and qualitatively in
fluoroscopy. Using the same angiography suite and comparable
imaging settings as in the present study, the authors described a bet-
ter in vitro visibility of the tantalum-based LEAs Onyx and Squid as
well as n-BCA mixed with iodized oil (ratio 1:1) compared with
both triiodophenol-based formulations of PHIL. As a possible rea-
son for their findings, they described the higher atomic number of
tantalum (atomic number 73) compared with iodine (atomic num-
ber 53). The present study focused on the 4 clinically more fre-
quently used LEAs, Onyx 18, Squid 18, PHIL 25%, and n-BCA
mixed with iodized oil (ratio 1:1), 2 each containing tantalum and
iodine as their radiopaque component. The direct comparison of
different LEAs regarding their visibility was not the focus of the
present research because this topic was described recently and the
roadmap technique is based on postprocessing of fluoroscopy. As
mentioned before, both material-specific roadmap modes of the
Artis icono angiography suite demonstrated an enhanced visibility
of the embolic agents compared with the conventional roadmap
technique in both analyses. As a possible reason for the present
results, we found the individual imaging settings that were adjusted
automatically by the image-quality systemOPTIQ of the Artis icono
angiography suite. In this context, the kV (peak) for the conven-
tional as well as the tantalum-specific roadmap mode was 40 kV(p),
respectively, and 48 kV(p) for the iodine-specific roadmap mode.
Furthermore, the tube current varied between 51and 58mA for the
conventional and between 117and 123mA for the material-specific
roadmap modes (tantalum-specific mode: range, 117–123mA;
iodine-specific mode: range, 118–123mA) in our in vitro study.

Compared with the conventional roadmap technique, the
increased tube voltage and tube current of the material-specific
roadmap modes generate an increased quality and quantity of x-
radiation. These automatically adjusted settings in combination
with the automated, CNR-based adaption of the copper filter of
the angiography suite may result in a hardening of the x-ray
beam and thus optimize the visibility of the high atomic LEAs in
the material-specific roadmap modes compared with the conven-
tional roadmap technique. Two preclinical studies by Dehairs et
al8 and Werncke et al9 further described the potential of a sub-
stantial dose reduction with this innovation, which is especially
relevant for prolonged embolization procedures, embolization in
younger patients, or the inclusion of the eye lens in the FOV.
However, the present study focused on the in vitro comparison
of material-specific and conventional roadmap modes regarding
the visibility of the most used LEAs. Moreover, an additional
measurement of the radiation dose was not possible because fur-
ther test images in different positions of the in vitro model as well

as fluoroscopic images were acquired throughout this study,
impeding an adequate comparability among the study groups.
The impact of material-specific and conventional roadmap
modes on the radiation dose is of great importance and needs to
be investigated in a clinical setting in futures studies.

This study has several limitations. In general, the transferabil-
ity of in vitro roadmap imaging to clinical roadmap imaging is
limited. Especially, the imaging settings of the angiography suite,
which were set automatically, might differ substantially in clinical
routine due to the distinct density of the human skull and soft tis-
sues. Moreover, the properties of the LEAs relate closely to the
physical properties of blood, such as the concentration of electro-
lytes, the pH value, or the body temperature; thus, a different visi-
bility of the embolic agents might be possible. Only 4 samples per
LEA as well as 1 mixture of n-BCA mixed with iodized oil (ratio
1:1) were investigated, mainly explained by the high expenses of
the LEAs and the in vitro models used.

CONCLUSIONS
In this in vitro study, the potential of material-specific roadmap
modes of the Artis icono angiography suite was compared with
the conventional roadmap technique regarding the visibility of
LEAs for embolization of vascular malformations. Quantitative
and qualitative analyses showed a better visibility of all investigated
LEAs (Onyx 18, Squid 18, PHIL 25%, and n-BCA mixed with
iodized oil [ratio 1:1]) in the material-specific roadmap modes.
Especially in complex anatomic situations, these novel roadmap
modes could improve the visual control and thus the safety and
efficacy of embolization procedures in clinical practice.

Disclosure forms provided by the authors are available with the full text and
PDF of this article at www.ajnr.org.
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EXTRACRANIAL VASCULAR

Survey of the American Society of Neuroradiology
Membership on the Use and Value of Extracranial Carotid

Vessel Wall MRI
M. Mossa-Basha, C. Yuan, B.A. Wasserman, D.J. Mikulis, T.S. Hatsukami, N. Balu, A. Gupta, C. Zhu, L. Saba,

D. Li, J.K. DeMarco, V.T. Lehman, Y. Qiao, H.R. Jager, M. Wintermark, W. Brinjikji, C.P. Hess, and D.A. Saloner

ABSTRACT

BACKGROUND AND PURPOSE: Extracranial vessel wall MRI (EC-VWI) contributes to vasculopathy characterization. This survey study
investigated EC-VWI adoption by American Society of Neuroradiology (ASNR) members and indications and barriers to implementation.

MATERIALS AND METHODS: The ASNR Vessel Wall Imaging Study Group survey on EC-VWI use, frequency, applications, MR imaging
systems and field strength used, protocol development approaches, vendor engagement, reasons for not using EC-VWI, ordering pro-
vider interest, and impact on clinical care was distributed to the ASNR membership between April 2, 2019, to August 30, 2019.

RESULTS: There were 532 responses; 79 were excluded due to minimal, incomplete response and 42 due to redundant institutional
responses, leaving 411 responses. Twenty-six percent indicated that their institution performed EC-VWI, with 66.3% performing it
#1–2 times per month, most frequently on 3T MR imaging, with most using combined 3D and 2D protocols. Protocols most com-
monly included pre- and postcontrast T1-weighted imaging, TOF-MRA, and contrast-enhanced MRA. Inflammatory vasculopathy
(63.3%), plaque vulnerability assessments (61.1%), intraplaque hemorrhage (61.1%), and dissection-detection/characterization (51.1%)
were the most frequent applications. For those not performing EC-VWI, the reasons were a lack of ordering provider interest
(63.9%), lack of radiologist time/interest (47.5%) or technical support (41.4%) for protocol development, and limited interpretation
experience (44.9%) and knowledge of clinical applications (43.7%). Reasons given by 46.9% were that no providers approached radi-
ology with interest in EC-VWI. If barriers were overcome, 51.1% of those not performing EC-VWI indicated they would perform it,
and 40.6% were unsure; 48.6% did not think that EC-VWI had impacted patient management at their institution.

CONCLUSIONS: Only 26% of neuroradiology groups performed EC-VWI, most commonly due to limited clinician interest. Improved
provider and radiologist education, protocols, processing techniques, technical support, and validation trials could increase adoption.

ABBREVIATIONS: EC-VWI ¼ extracranial vessel wall MRI; IP ¼ internet protocol; ASNR ¼ American Society of Neuroradiology

Ischemic stroke is one of the leading causes of morbidity and
mortality worldwide,1 and extracranial carotid atherosclerotic dis-

ease is a major contributor.2 Extracranial carotid vessel wall MRI

(EC-VWI) has improved the understanding of plaque pathophysi-
ology during the past 35 years and has the potential to change
the focus of plaque analysis from luminal stenosis to plaque compo-
sition for clinical decision-making.3 The American Society of
Neuroradiology (ASNR) Vessel Wall Imaging Study Group was
developed to disseminate vessel wall imaging techniques, to educate
the general neuroradiology community on their implementation
and interpretation, and to influence vendors to improve vessel wall
imaging techniques.3 While EC-VWI has been adopted atmany insti-
tutions to assess extracranial vascular disease, primarily atherosclerosis,
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arterial dissections, and inflammatory vasculopathies, barriers may
still exist for its implementation for others, including technology,
knowledge or expertise limitations, or vendor relations or workflow
challenges. The ASNRmembership represents the primary group of
clinicians likely to benefit from the advances in EC-VWI in their
clinical practice. Hence, the current survey study aimed to poll the
ASNR membership on whether their institutions were performing
EC-VWI, and if not, what barriers exist to its implementation and
use. For institutions performing EC-VWI, we aimed to evaluate
applications of the technique, which sequences were being used,
how the techniques were developed, levels of clinician interest, and
vendor collaboration for the development of the technique. To our
knowledge, this is the first survey of the ASNR membership on EC-
VWI use.

MATERIALS AND METHODS
This study is the extracranial portion of a survey administered, for
which the intracranial portion had previously been published.4

The survey was discussed at ASNR Vessel Wall Imaging Study
Group meetings and developed through input by multiple Study
Group members. Through an iterative review process, the final
survey was developed on the SurveyMonkey (https://www.
surveymonkey.com/) platform. The survey was built with logic,
and if a respondent indicated that he or she did not perform EC-
VWI, the individual skipped to the last 4 questions of the EC-VWI
portion of the survey, focused on barriers to EC-VWI performance
and interest of the ordering provider (the questions in the survey
are provided in the Online Supplement Data). Respondents who
indicated that their institution did perform EC-VWI were expected
to answer each EC-VWI question in the survey. After University
of Washington institutional review board review, the survey
received institutional review board exemption. The anonymous
survey was first sent to the ASNR Vessel Wall Imaging Study
Group and was opened to the group fromMarch 30, 2018, through
April 17, 2018, for revisions and approval. After approval from the
ASNR Executive Committee, the survey was then sent to the
ASNR membership on April 2, 2019. A second reminder was sent
to the membership on August 14, 2019. Responses were gathered
between April 2, 2019, and August 30, 2019, after which the survey
was closed. Individuals could respond to the survey only once.

After the collection of survey responses, response quality was
assessed, with exclusion of surveys in which the respondent spent
,20 seconds on the survey and responded to #1 question.
Internet Protocol (IP) addresses of the respondents were reviewed
to determine the institution of origin for the response. For institu-
tions with multiple responses, partially completed responses were
excluded. If there was .1 complete response for an institution,
the study investigators reviewed the institutional responses to
assess accuracy on the basis of their knowledge of protocol and
clinical performance based on publications, presentations, and/or
personal knowledge of the specific institution at the time of the
survey to determine the single institutional response to include. If
this issue was yet unresolved, discussion with EC-VWI leaders at
the particular institution was performed for clarification on their
approach at the time of the survey, and the survey response that
most closely approximated this was kept. IP addresses without
institutional associations were not excluded. IP addresses were

also used to determine the region from which the response came.
Responses were grouped into continent, country, and, for US
responses, region of the country, divided on the basis of US
Census definitions.5 For question 31 regarding obstacles to per-
forming EC-VWI, responses were tabulated individually but also
grouped into educational responses and technical responses. Any
response that included no clinician interest, limited personal
knowledge of applications/value, limited expertise of interpreta-
tion, no benefit for the patient population, or lack of evidence sup-
porting the benefit were placed in the education category. Any
response that included no radiologist time/interest for protocol
development, no vendor/technical support for protocol develop-
ment, long scan times limiting clinical feasibility, or lack of stand-
ardized protocols were placed in the technical category.

RESULTS
Respondents
The survey was distributed to 5552 ASNR members through 2
e-mails from the ASNR separated by 3weeks, and 1854 individuals
opened the e-mails. A total of 46 respondents were from the ASNR
Vessel Wall Imaging Study Group, and 486 respondents were from
the ASNR membership, for a total of 532 responses. The response
rate was 9.6%. Respondents, on average, spent 11minutes on the
survey, and there was an 86% completion rate. We subsequently
excluded survey responses for which,20 seconds was spent on the
survey and the respondent answered 1 or no questions (n ¼ 79),
leaving 453 complete responses. Redundant institutional responses
were then removed (n¼ 42), leaving 411 included responses.

Of the included responses, 81.3% were from North America,
7.5% from Europe, 5.8% from Asia, 3.6% from South America,
1.0% from Australia, and 0.7% from Africa. For countries, the
United States had the most included responses, with 314, followed
by Canada (n¼ 16), Brazil (n¼ 12), and South Korea (n¼ 5). For
the 314 US responses, 30.3% were from the South; 24.5%, from the
Midwest; 24.5%, from the East; and 20.7%, from the West. Of the
114 responses with institutional IP addresses, 52.6% were academic,
38.6% private practice, 5.3% federal, and 3.5% hybrid institutions.

EC-VWI Utilization
Most reported VWI performance either 1 to 2 times per month
(29%) or once every couple of months (24%), though responses
ranged from only a handful of times ever performed (13%) to at least
twice per week (17%) (Fig 1). EC-VWI was most frequently per-
formed as an add-on ordered by ordering providers (60.2%, 53/88),
stand-alone ordered by providers (46.6%, 41/88), or an add-on from
radiologists (46.6%, 41/88) (Fig 2). In the free text option, 3 respond-
ents indicated that the technique was performed only for research.

Respondents indicated that EC-VWI was most frequently per-
formed for evaluation of large-artery vasculitis (63.3%, 57/90),
atherosclerotic intraplaque hemorrhage assessment (61.1%, 55/90),
plaque-vulnerability assessment (61.1%, 55/90), and dissection
characterization/detection (51.1%, 46/90) (Fig 3).

Of respondents from the United States, 21.7% (68/314) indi-
cated that their institution performed EC-VWI. Among Eastern
US respondents, 25% (19/76) indicated that their groups per-
formed EC-VWI, compared with 25% (24/96) of Southern, 23.1%
(15/65) of Western, and 13% (10/77) of Midwestern respondents.
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For those respondents from outside the United States, 50% of
South American (8/16), 48.4% (15/31) of European, 43.8% (7/16)
of Canadian, and 33.3% of Asian (8/24) and African (1/3) respond-
ents indicated performance of EC-VWI. No Australian (0/4),
Mexican (0/1), or Jamaican (0/2) respondents indicated EC-VWI
use at their respective institutions.

In terms of practice type, 21.7% (10/46) of respondents from
private radiology practices, 36.7% (22/60) of respondents from
academic institutions, 50% (2/4) of respondents from federal
institutions, and 25% (1/4) from hybrid institutions indicated
that they performed EC-VWI. This was from 114 responses for
which institutional information was available.

Vendor Environment
One hundred twelve total responses indicated that institutions per-
formed EC-VWI on 3T MR imaging systems, while 50 responses

indicated that it was performed on 1.5T
systems. EC-VWI was most frequently
performed on 3T Siemens MR imaging
systems (58%, 53/92), followed by 3T GE
Healthcare systems (33%, 30/92) and 3T
Philips Healthcare systems (30%, 28/92).
Please refer to the Online Supplemental
Data for full details. Sixty percent indi-
cated that they performed EC-VWI only
on 3T field strength, 34% indicated use
of both 3T and 1.5T field strengths, while
5% only used 1.5T.

Forty-six percent indicated that their
institution had a research agreement with
their MR imaging vendors, 39% indicated
they did not, while 16% were unsure. For
those with a vendor research agreement,
45% sought vendor support for protocol
development, 39% did not, while 16%
were unsure. For those that were able to
develop a protocol with vendor support,
54% did so with Siemens; 40%, with
Philips Healthcare; and 33%, with GE
Healthcare (Online Supplemental Data).
Thirty-three percent indicated initial diffi-
culties, 30% indicated limited vendor con-
tribution, 26% were still looking for a
solution, and 20% had an excellent expe-
rience (Online Supplemental Data). For
those who responded that they did not
seek vendor support for protocol develop-
ment, 31% indicated limited vendor con-
tribution, while 10% were still looking for
a solution. Conversely, for those who indi-
cated limited vendor contribution, 47%
did not seek a contribution from the ven-
dor, while 21% did and 32%were unsure.

EC-VWI Protocol
Of respondents, 24.7% indicated that
they performed 2D imaging only;

24.7% indicated the use of only 3D imaging, while 50.6% per-
formed a combined 2D and 3D protocol. On the basis of guid-
ance from the literature, expert lectures, and/or the ASNR Vessel
Wall Imaging Study Group, 63.1% pursued their imaging
approach; 38.1% factored technical limitations of MR imaging
equipment into their protocol development; 26.2% considered
time constraints; and 3.5% indicated in the free text response that
the protocol design was based on personal experience. In addi-
tion, 68.6% indicated that the protocol was developed in-house,
33.7% received the protocol from the vendor, 16.3% received
their protocol from another institution, and 11.6% were unsure
(Online Supplemental Data).

Institutions most frequently used T1-weighted pre- (88.2%)
and postcontrast (83.5%), T2-weighted (49.4%), and 3D gradient
recalled-echo (including MPRAGE and echo-spoiled gradient
echo) (44.7%) sequences. For MRA techniques, TOF-MRA

FIG 2. Question: Is carotid vessel wall MR imaging clinically being performed as (answer all that
apply)? There were 88 respondents with 161 responses.

FIG 1. Question: If your institution performs carotid vessel wall MR imaging, on average how of-
ten? There were 89 respondents with 89 responses.
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(61.2%) and contrast-enhanced (57.6%) techniques were typically
used (Online Supplemental Data).

Obstacles to EC-VWI Use
Three-hundred four respondents (74%) indicated that their insti-
tution did not perform EC-VWI. Among those respondents,
63.9% indicated that the reason for not performing EC-VWI was
a lack of clinician/ordering-provider interest; 47.5%, due to lack
of time/interest by the radiologist to provide input on protocol
development; 44.9%, due to limited expertise of interpretation;
43.7%, from limited personal knowledge of applications and

value; and 41.4%, due to limited vendor and technical support for
protocol development (see Fig 4 for full details). Of the 63.9% not
performing EC-VWI, 17.4% did not provide an explanation for
Question 31; 21% provided 1 reason; 13.5%, 2 reasons; 15.5%, 3
reasons; 12.8%, 4 reasons; 10.5%, 5 reasons; 5.3%, 6 reasons; and
2% provided 7 and 8 reasons for not performing EC-VWI,
respectively. Educational obstacles were given for 72.04% of
responses, while 37.5% of responses included technical chal-
lenges. Please see the Online Supplemental Data for distribution
and patterns of individual responses.

For those not performing EC-VWI, 51.1% indicated that their
institution would perform these scans if
technical and expertise obstacles were
overcome, 8.3% indicated they would
not, and 40.6% were unsure.

Provider Interest in EC-VWI
The ordering providers most frequently
approaching radiology departments in
regard to EC-VWI were stroke neurol-
ogy (37.2%), followed by neurosurgery
(12.5%) and vascular surgery (11.3%).
Of respondents, 46.9% indicated that no
clinical services had approached radiol-
ogy, and 13.1% were unsure (Online
Supplemental Data).

EC-VWI Impact on Patient
Management
Of respondents, 23.7% indicated that
they thought EC-VWI had impacted

FIG 4. Question: If your institution is not performing carotid vessel wall imaging (respond to this question only if you are not using carotid
VWI), what barriers does your institution face for implementation (choose all that apply)? There were 263 respondents with 800 responses.

FIG 3. Question: For what primary purpose does your institution perform carotid vessel wall
imaging (Choose all that apply)? There were 90 respondents with 282 responses.
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patient management, 48.6% did not think EC-VWI influenced
patient management, and 27.7% were unsure. Of those perform-
ing EC-VWI, 8.4% responded that they believed the technique
had not impacted patient clinical management, 12.1% were
unsure, and 79.5% believed that the technique had an impact on
patient management.

DISCUSSION
This detailed survey of EC-VWI use among ASNR members
yielded several important findings in regard to performance, indi-
cations, and barriers to implementation across many practices.
Overall, only about one-quarter of practices offer EC-VWI, and
one-third of those perform it on a frequent basis. The utilization
rate may even be overinflated compared with general practice, con-
sidering a disproportionate response rate from the ASNR VWI
Study Group and academic centers. Considering that the most fre-
quent clinical application use indicated by respondents was inflam-
matory vasculopathy assessment, its adoption for the most studied
and most common vascular disease process, carotid plaque risk
assessment, is likely even lower than indicated. There was substan-
tial variability of use among different regions of the United States
and among countries, ranging from little-to-no reported use to use
in about half of practices in some areas such as South American
and European institutions. EC-VWI was more commonly per-
formed in academic institutions than in private practices. There
were many barriers to implementation: Chiefly, the primary bar-
rier was a lack of clinician interest, but several technical or radiol-
ogist-related factors such as lack of interest, time, or expertise were
also prevalent. These results reveal opportunities to substantially
enhance implementation across practice types and geographic
regions and ultimately optimize patient care.

EC-VWI is an established technique technically and scientifi-
cally, with substantial imaging-histologic correlation from carotid
endarterectomy specimens—that is, important features of carotid
plaque including intraplaque hemorrhage, lipid-rich necrotic core,
fibrous cap disruption, positive remodeling, and neovascularity
can be accurately assessed.3,6 There are data indicating the utility
of EC-VWI for atherosclerotic stroke-risk stratification,3,6 identifi-
cation of the source of cryptogenic stroke,7-9 and prediction of
future stroke events,10,11 in addition to assessment of less common
entities, including blunt cerebrovascular injury12,13 and inflamma-
tory vasculopathy.14,15

We found that despite these data, widespread adoption is lack-
ing. Identification of the major reasons in the current study may
help pinpoint strategies for improved implementation. Several
issues of radiologists could be addressed by additional education
about the utility of EC-VWI, which could spark interest and
increased education related to interpretive skills. Specifically, this
education could be accomplished in many forms, including formal
Continuing Medical Education courses, practical how-to review
articles, and one-on-one peer-to-peer mentorship. ASNR and the
ASNR Vessel Wall Imaging Study Group would be well-positioned
to take leading roles in this effort. Additional focus on the technical
and interpretive aspects in neuroradiology fellowship programs
could also assist dissemination across practices.

Although we cannot determine the reasons for lack of interest
among some clinicians with certainty, enhanced education of

clinicians about the value of EC-VWI through increased presence
in clinical journals and national meetings may be beneficial
because some clinicians are unaware of, or unconvinced by, the
current literature. The perception that EC-VWI does not change
management in many patients may partially reflect clinician
knowledge and/or philosophy. Randomized controlled surgical
trials using EC-VWI for patient selection could provide addi-
tional support for the technique.

We found that about half of the practices surveyed that do not
currently use EC-VWI would be interested in offering and per-
forming this examination if barriers were reduced, presenting
a substantial opportunity that can be accomplished via several
methods. In addition to the educational and collaborative oppor-
tunities listed above, these include development of easy-to-use
and readily accessible EC-VWI protocols by both vendors and
radiologists, improved classification schemes, and improved
processing. This survey also detailed the typical pulse sequences,
field strengths used, and protocolling practices (clinician order
versus radiologist add-on), which may be important considera-
tions to facilitate wider adoption. Another potential technical
obstacle that was not addressed in this survey is the use of special-
ized carotid coils for EC-VWI, which many groups may not have
or may not be willing to acquire. Development of EC-VWI proto-
cols that can be implemented with standard neurovascular coils
would help lower this technical barrier and potentially increase
adoption.

Development of commercially available image-processing
techniques could also help lower the barrier to EC-VWI adop-
tion. Automated techniques that could align imaging to standard
projections,16 segment pathologic lesions, quantify vulnerable
features,17 and stratify risk on the basis of these features would
ease the interpretation burden on radiologists. In addition, lesion
detection and stenosis quantification tools18 could also help aug-
ment workflow efficiency. Software tools could also help improve
standardized interpretation and reporting approaches, providing
improved quality and consistency of reporting and creating better
value to ordering clinical services for patient management. These
measures could lead to increased adoption, reliance, and accep-
tance of EC-VWI by radiology departments and ordering pro-
viders alike.

A previous multinational survey with 223 multidisciplinary
respondents, including radiologists, neurologists, vascular sur-
geons, and technologists, focused on multitechnique imaging and
management of carotid atherosclerotic disease and found that
only 8% of respondents indicated that MR imaging was the first-
line of imaging for symptomatic carotid atherosclerotic disease,
and it was only 4% in asymptomatic carotid atherosclerosis.19

The use of MR imaging in our survey was higher, possibly due to
the varied applications targeted beyond carotid atherosclerosis
and possibly due to the cohort because our survey included more
responses from the United States (76% versus 13%, respectively).
The current survey focused more on EC-VWI applications, pro-
tocols, field strengths, and barriers to performance, while the pre-
vious survey focused more on first-line imaging and treatment.

The current survey has several limitations. First, it was a volun-
tary survey of a national society with a relatively low response
rate, which could contribute to selection bias toward those more
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motivated to respond to the survey due to interest or performance
of EC-VWI. This bias is exemplified by the disproportionate
response rate from the ASNR VWI Study Group, who are all
ASNR members. Radiologists who are not current members of the
ASNR or were not members at the time of survey administration
would not have had an opportunity to respond to the survey. There
was variability in total responses regionally, especially internation-
ally, also limiting geographic comparisons of responses. These
issues would lead to a limited sampling of the total neuroradiologist
population. Second, this survey was performed in 2019, presenting
the potential for changes in practice; however, EC-VWI is a rela-
tively mature technique, and considering the intervening COVID
pandemic, practice patterns and adoption likely have not changed
appreciably. Third, the survey was anonymous because we did
not request names or institutions of respondents. While we used
IP addresses of responses to mitigate redundant institutional
responses, this feature was not available for all responses, and it
is possible that .1 response could have come from some insti-
tutions. Third, the survey asked about only MR imaging techni-
ques; however, CTA and sonography can be used for plaque
characterization, vasculitis, and dissection evaluation, each with
their specific applications. This survey does not comprehen-
sively assess other imaging modalities for cervical vascular
imaging. A previous study, however, indicated that in clinical
practice, radiologists rarely report on plaque characteristics on
CTA neck studies, only stenosis measurements.20

CONCLUSIONS
EC-VWI is an imaging technique that is used by approximately
one-quarter of institutions as indicated by this survey of the
ASNR membership, and for those performing the technique, two-
thirds used it infrequently. When used, it is performed for a vari-
ety of indications. The most frequent reason for institutions not
performing this technique was a lack of interest by clinicians,
though technical support and radiologist-related reasons were also
prevalent. More than half who were not performing EC-VWI
indicated that if barriers were overcome, their institution would
perform it, and another 40% were unsure. Improved technical
support, processing techniques, user-friendly protocols, and edu-
cation for ordering clinicians and radiologists as well as prospec-
tive randomized controlled trials validating the importance of the
technique may enhance widespread adoption.

Disclosure forms provided by the authors are available with the full text and
PDF of this article at www.ajnr.org.
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ORIGINAL RESEARCH
EXTRACRANIAL VASCULAR

MRI Detection of Carotid Intraplaque Hemorrhage and
Postintervention Cognition

S. Culleton, H. Baradaran, S.-E. Kim, G. Stoddard, J. Roberts, G. Treiman, D. Parker, K. Duff, and J.S. McNally

ABSTRACT

BACKGROUND AND PURPOSE: Cognitive improvement has been reported after carotid revascularization and attributed to treating
stenosis and correcting hypoperfusion. This study investigated the effect of carotid intraplaque hemorrhage on postintervention
cognition.

MATERIALS AND METHODS: In this institutional review board–approved single-center study, consecutive patients scheduled for ca-
rotid surgery were recruited for preoperative carotid MR imaging (MPRAGE) and pre- and postintervention cognitive testing using
the Repeatable Battery for the Assessment of Neuropsychological Status. Pre- and postintervention scores were compared using t
tests and multivariable linear regression.

RESULTS: Twenty-three participants were included, with endarterectomy performed in 20 (87%) and angioplasty/stent placement, in 3
(13%). Overall, statistically significant improvements occurred in the pre- versus postintervention mean Total Scale score (92.1 [SD, 15.5]
versus 96.1 [SD, 15.8], P ¼ .04), immediate memory index (89.4 [SD, 18.2] versus 97.7 [SD, 14.9], P, .001), and verbal index (96.1 [SD, 14.1]
versus 103.0 [SD, 12.0], P ¼ .002). Intraplaque hemorrhage (1) participants (n ¼ 11) had no significant improvement in any category, and
the attention index significantly decreased (99.4 [SD, 18.0] versus 93.5 [SD, 19.4], P ¼ .045). Intraplaque hemorrhage (�) participants
(n ¼ 12) significantly improved in the Total Scale score (86.4 [SD, 11.8] versus 95.5 [SD, 12.4], P ¼ .004), immediate memory index (82.3
[SD, 14.6] versus 96.2 [SD, 14.1], P ¼ .002), delayed memory index (94.3 [SD, 14.9] versus 102.4 [SD, 8.0], P ¼ .03), and verbal index (94.3
[SD, 13.2] versus 101.5 [SD, 107.4], P ¼ .009). Postintervention minus preintervention scores for intraplaque hemorrhage (1) versus (�)
groups showed statistically significant differences in the Total Scale score (�0.4 [SD, 6.8] versus 8.0 [SD, 8.5], P ¼ .02), attention index
(�5.9 [SD, 8.5] versus 4.3 [SD, 11.9], P ¼ .03), and immediate memory index (4.2 [SD, 6.7] versus 12.2 [SD, 10.2], P ¼ .04).

CONCLUSIONS: Cognitive improvement was observed after carotid intervention, and this was attributable to intraplaque hemor-
rhage (�) plaque. MR imaging detection of intraplaque hemorrhage status may be an important determinant of cognitive change
after intervention.

ABBREVIATIONS: ACA ¼ anterior cerebral artery; BMI ¼ body mass index; IPH ¼ intraplaque hemorrhage; PCA ¼ posterior cerebral artery; RBANS ¼
Repeatable Battery for the Assessment of Neuropsychological Status

An association between dementia, carotid stenosis, and cogni-
tive improvement following the restoration of blood flow was

proposed in the early 1950s.1,2 Subsequently, carotid atherosclero-
sis was identified as a risk factor for dementia,3 and revasculariza-

tion was linked to improved cognition.4-6 Consequently, impaired

hemodynamics secondary to flow-limiting stenosis was proposed

as the primary mechanism for the association between carotid

atherosclerosis and cognitive impairment.2 This hypothesis was

supported by an association between cerebral hypoperfusion,

accelerated cognitive decline, and an increased risk of dementia.7

Contrary to this, however, computational models suggested
that very high-grade carotid stenosis (up to 86%) was required
to reduce the cerebral perfusion pressure.8 In addition, the
Framingham Study showed that lesser degrees of stenosis down
to 50% were still associated with poor executive function.9

Furthermore, a study of asymptomatic severe carotid stenosis
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found that downstream perfusion was predominantly unal-
tered.10 Together, these findings suggest that an alternative etiol-
ogy underpins the association between carotid atherosclerosis
and cognitive decline.

Vulnerable plaque is a manifestation of advanced carotid ath-
erosclerosis, which may play a role in cognitive decline independ-
ent of stenosis. A major determinant of vulnerable plaque is
intraplaque hemorrhage (IPH), which confers an increased risk
of thromboembolic stroke.11-13 IPH was identified as a predictor
of carotid-source stroke independent of stenosis.14 Vulnerable
plaque with IPH may lead to increased cerebral microemboli,
which are associated with a hastened progression of dementia.15

IPH is not only a marker of thromboembolic activity,16 but it
may also influence downstream cerebral hemodynamics.17,18

Removal of vulnerable plaque has the potential to stabilize cogni-
tive decline.19

Carotid atherosclerosis–associated cognitive decline could be
multifactorial. Plaque composition may contribute in addition to
the severity of the stenosis or downstream hypoperfusion. Prior
to this study, the effect of IPH status on cognitive improvement
after carotid surgery was unknown. This study aimed to assess
the association between IPH(1) or (�) plaque and cognition fol-
lowing carotid revascularization. This study hypothesized that
IPH status would play a role in cognitive benefit seen after carotid
intervention and that removal of IPH(1) plaque would confer
the greatest benefit.

MATERIALS AND METHODS
Study Design and Population
Local institutional review board (University of Utah) approval
was granted for this prospective study, and informed consent was
obtained. Study procedures including data acquisition and stor-
age were compliant with the Health Insurance Portability and
Accountability Act. The study protocol (ID 17SDG33460420/
NCT03068442) can be viewed at https://clinicaltrials.gov.

Subjects were prospectively recruited from the neurovascular
consultation and outpatient services at 2 institutions (University
of Utah Medical Center and VA Salt Lake City Health Care
System) between January 2017 and February 2020. Consecutive
subjects with carotid disease necessitating intervention, either
symptomatic with $1 carotid plaque with $50% stenosis or
asymptomatic with$70% stenosis as per the Society for Vascular
Surgery guidelines20 were included. The exclusion criteria were
the following: 1) contraindication to CTA or MR imaging
(unsuitable pacemaker, contrast allergy, ocular foreign body, esti-
mated glomerular filtration rate of , 30mL/min), 2) stage IV
malignancy, and 3) known dementia (vascular dementia or any
other cause, including Alzheimer disease). Additionally, subjects
with known cardioembolic stroke factors (eg, mechanical valve,
atrial fibrillation) were excluded to eliminate any confounding
effects from these stroke etiologies. Finally, subjects with carotid
occlusion were excluded because chronicity is often indetermi-
nate and preocclusion lumen features could not be assessed.
Before enrollment, all participants underwent a standard-of-care
preintervention carotid CTA. After recruitment, subjects under-
went a research carotid MR imaging and cognitive testing pre-
and postintervention.

Clinical Characteristics
Relevant demographic and clinical characteristics were recorded
following chart review. Cerebrovascular risk factors included age,
sex, body mass index (BMI), smoking status, diabetes, renal insuffi-
ciency, hypertension, and hyperlipidemia. Diagnoses were assigned
using standard clinical definitions. Renal insufficiency was an
estimated glomerular filtration rate of , 45mL/min. Hypertension
was diagnosed if the average of $2 diastolic blood pressure meas-
urements on at least 2 subsequent visits was $90mm Hg or the
average of multiple systolic blood pressure readings on $2 subse-
quent visits was$140mm Hg. Hyperlipidemia was assigned when
low-density lipoprotein was .100mg/dL. Male or female sex was
self-reported. Cerebrovascular medications including antiplatelets,
anticoagulants, statins, and antihypertensives were recorded.

Imaging and Postprocessing Protocols
Carotid MR Imaging. Carotid MR imaging studies were performed
with a 3T magnet (Magnetom Prisma; Siemens) using the vendor’s
head and neck coil in conjunction with a dedicated 7-channel cus-
tom neck coil.21 The protocol included a TOF (axial acquisition:
TR/TE ¼ 20/3.4ms, FOV ¼ 240 � 240 mm2, matrix ¼ 320 �
320 � 100, voxel ¼ 0.77 � 0.77 � 0.77 mm3); a 3D T1-weighted
MPRAGE obtained 20mm below to 20mm above the carotid
bifurcation, 1.0-mm section thickness (coronal acquisition: TR/
TE/TI ¼ 6.39/2.37/370ms, flip angle ¼ 15°, FOV ¼ 180 � 180 �
92 mm3, matrix ¼ 320 � 320 � 120, voxel ¼ 0.77 � 0.77 � 0.77
mm3); and a 3D T1 sampling perfection with application-opti-
mized contrasts using different flip angle evolution (SPACE;
Siemens) sequence (coronal acquisition: TR/TE¼ 800/22ms, delay
alternating with nutation for tailored excitation [DANTE] prepara-
tion ¼ 150ms, FOV=180 � 180 � 77, matrix ¼ 320 � 320 �
100, voxel¼ 0.77� 0.77� 0.77).

DSC Brain Imaging. DSC was performed with an axial acquisi-
tion (TR/TE ¼ 2070/52ms, voxel ¼ 2.0 � 2.0 � 2.0 mm3, 5.0-
mm section thickness, 100 time points/15 sections and with
1mmol/mL�1 of Gadubutrol [Gadavist; Bayer Schering Pharma]).
DSC was preceded by an initial contrast predose to minimize
errors in CBV estimates. Data were transferred to an external
workstation and processed by a neuroradiologist blinded to addi-
tional imaging and clinical information using FDA-approved soft-
ware (Olea Sphere, Version 3.0-SP5; Olea Medical) and automated
arterial input function selection.

Imaging Analysis
Perfusion Analysis. For each cerebral hemisphere, ROIs were out-
lined for the anterior cerebral artery (ACA), MCA, and posterior
cerebral artery (PCA) territories using arterial territory maps for
reference.22 ROI analysis was conducted at 3 different levels of the
brain separated by 2 axial slices, and the average measurement of
these was used. Relative CBF, CBV, and MTT were assessed for
the ACA, MCA and PCA territories for the ipsilateral (side of
intervention) and contralateral vascular territories. Total CBF,
CBV, and MTT perfusion was the sum of all the territories (ACA,
MCA, and PCA) for the ipsilateral and contralateral hemispheres.
Ratios were computed for the ACA, MCA, and PCA CBF, CBV,
and MTT as a ratio of ipsilateral-to-contralateral territories.
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Finally, the Total ratios were the total sum of all 3 hemispheric vas-
cular territories expressed as a ratio of ipsilateral-to-contralateral
hemispheres.

Carotid Plaque Features. A neuroradiologist blinded to all details
evaluated each MPRAGE sequence for IPH. An IPH(1) status
was assigned using a $2-fold signal threshold over the adjacent
sternocleidomastoid muscle, shown to have high interrater reliabil-
ity and histologic correlation as previously described (Figure).23

Lumen measurements were the consensus of a blinded neuroradi-
ologist and a senior neuroradiology fellow. ICA stenosis was quan-
tified on the preintervention CTA using the NASCET criteria
[(a� b)/a]�100%, where a is the ICA diameter distal to the steno-
sis and b is the diameter at the level of maximal stenosis.24

Maximum plaque thickness was measured on precontrast 3D T1
SPACE perpendicular to the axis of the lumen.

Ischemic Stroke Evaluation
Ischemic stroke was defined according to the American Heart
Association definition of CNS infarction as brain or retinal cell
death attributable to ischemia based on imaging evidence of cere-
bral or retinal ischemia in the carotid distribution or clinical symp-
toms persisting for $24hours, with other etiologies excluded.25

Preceding intervention, ischemic stroke status was determined by
neurologic examination supplemented with brain DWI concur-
rently performed during each research carotid MR imaging. DWI
was reviewed by a blinded neuroradiologist for recent infarcts.
DWI trace (hyperintense) and ADC (hypointense) were the imag-
ing determinants of recent infarction.26,27

WMDisease Rating
WM disease was assessed on T2-weighted FLAIR sequences from
MR imaging brain studies using the Age-Related White Matter
Changes rating scale.28 Ratings were performed independently by
a neuroradiologist blinded to cognitive and plaque results. WM
changes were defined as hyperintense lesions of $5mm on T2 or
FLAIR, and lacunes were well-defined areas of .2mm.28 The
basal ganglia, and frontal, parieto-occipital, and temporal WM
were rated on a 4-point scale and presented as a total score.28

Repeatable Battery for the Assessment of
Neuropsychological Status Cognitive Testing
The repeatable Battery for the Assessment of Neuropsychological
Status (RBANS) is a brief cognitive battery of 12 subtests, yielding
5 index scores: immediate memory index (list learning, story
memory), visuospatial/constructional index (figure copy, line

orientation), language index (picture
naming, semantic fluency), attention
index (digit span, coding), delayed
memory index (list recall, list recogni-
tion, story recall, figure recall), and a
Total Scale score (all subtests).29

Subtests were administered and scored
according to the RBANS test manual,
except for figure copy and figure recall
subtests, which were scored with a
modified set of scoring criteria.30, 31

Data are presented as raw scores for
the subtests, and the index and Total Scale scores are age-corrected
standard scores (mean¼ 100 [SD, 15]) based on normative data in
the test manual. Two additional indexes, visual and verbal indexes,
were generated.32 Subtest scores were converted to age- and educa-
tion-corrected scaled scores (mean ¼ 10 [SD , 3]) using Table 2
from Duff et al.32 These age- and education-corrected scaled scores
were used to generate the verbal index (list learning, story memory,
list recall, list recognition, story recall) and visual index (figure
copy, line orientation, coding, and figure recall).30

RBANS has been previously described for subjects undergoing
carotid endarterectomy33,34 and was administered preintervention
and at least 1-month postintervention. The effects of hospitaliza-
tion, anesthesia, and surgery should have been resolved by approxi-
mately 30 days postoperatively.35 A research assistant administered
alternate RBANS forms at visits to reduce practice effects. Across all
scores (eg, raw, scaled, standard scores), higher scores indicate bet-
ter cognitive performance. Baseline cognitive impairment was
defined as a RBANS-1 score of #80 (.1.3 SDs below the mean).
RBANS interpretation was overseen by a neuropsychologist blinded
to all patient information.

Reliable Change Assessment. Within neuropsychology, reliable
change methods attempt to determine clinically meaningful cogni-
tive change. These neuropsychology methods try to distinguish
whether changes across 2 RBANS test sessions are the result of
normal variations in the patient’s performance and testing meth-
ods or are indeed consequential cognitive changes.36 Factors that
can affect cognitive testing results such as differential practice
effects, systematic biases, and measurement error are taken into
account.36 Using regression-based prediction algorithms, predicted
scores can be made for each patient’s RBANS indexes and subtest
scores.36 Predicted postrevascularization scores, RBANS-2PD, were
generated with the prediction algorithms (derived from a sample
of 129 cognitively intact older adults, mean age ¼ 75.6 [SD, 7.5]
years).36 These scores (RBANS-2PD) represent the expected
RBANS scores at follow-up for each patient. Predicted RBANS-
2PD scores were subsequently compared with the actual observed
scores of the study, RBANS-2OB, by subtracting the predicted from
the observed scores (RBANS-2OB minus RBANS-2PD).

Statistical Analysis
Continuous variables were expressed as mean (SD), and categoric
variables, as frequencies. Two-sided t tests and x 2 tests or Fisher
exact tests were used to compare IPH groups. Univariable linear
regression tested the association between the outcome variable

FIGURE Carotid IPH in a 77-year-old male participant. An axial MPRAGE (A) shows IPH(1) eccen-
tric plaque at the left carotid bulb (arrow). The avid hyperintense signal on this heavily T1-
weighted sequence is due to methemoglobin in the blood products. Axial CTA (B) shows the cor-
responding CTA appearance of this plaque. The predominantly noncalcified plaque (arrow) nar-
rowed the vessel lumen by 62%.
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(RBANS scores) and each covariate.
Potential confounding variables were
those covariates with P, .20 in uni-
variable regression, and these were sub-
sequently assessed using multivariable
linear regression. For each multivariable
linear regression model, the outcome of
interest was DRBANS (RBANS-2 minus
RBANS-1), and IPH was the primary
predictor variable. Each covariate was
eliminated using backwards elimination
until all remaining variables met a
P, .10 threshold. Consideration was
given to the number of covariates to
avoid overfitting the models. Analyses
were performed using STATA software
(Version 17.1; StataCorp).

RESULTS
Participant, Plaque, and Perfusion
Characteristics
Whole Group. Twenty-three partici-
pants (mean age, 66.2 [SD, 8.0] years;
21 men [91.3%]) were recruited and
included in the analyses. The mean
percentage diameter stenosis on the
side of the intervention was 68.0% (SD,
18.9%). Most participants, 16 (69.6%),
were asymptomatic preceding the inter-
vention. Eleven (47.8%) were IPH(1).
The right ICA was the predominant
carotid artery intervened on for 14
(60.9%) participants. All subjects were
initially planned for endarterectomy,
and the final decision on the method of
intervention was endarterectomy in 20
(87%) and angioplasty/stent placement
in 3 (13%). Procedures were performed
by senior vascular surgeons with a
mean of 20.3 (SD, 33.6) years of experi-
ence and lasted, on average, a mean of
133.1 (SD, 3.6) minutes. RBANS-1 test
scores showed that 6 (26.1%) partici-
pants were cognitively impaired at
baseline. Clinical characteristics are
summarized in Table 1, and carotid
plaque, perfusion, and cognition are
shown in Table 2.

IPH(+) and IPH(–) Groups. Two param-
eters were significantly different between
the IPH (1) and (�) groups: age and
MTT Total. Participants with IPH(1)
were older at a mean age of 71.2 (SD,
7.6) years compared with 61.5 (SD,
5.2) years (P ¼ .002). The MTT Total

Table 1: Clinical characteristicsa

Parameter Group (n = 23) IPH(+) (n = 11) IPH(–) (n = 12) P
Participant characteristics
Male 21 (91.3) 11 (100.0) 10 (83.3) .48
Age (yr) 66.2 (SD, 8.0) 71.2 (SD, 7.6) 61.5 (SD, 5.2) .002
BMI (kg/m2) 31.7 (SD, 7.3) 33.4 (SD, 7.0) 30.1 (SD, 7.5) .30
Right-handed 20 (87.0) 9 (81.8) 11 (91.7) .59
Comorbidities
Hyperlipidemia 18 (78.3) 10 (90.9) 8 (66.7) .32
Hypertension 14 (60.9) 6 (54.6) 8 (66.7) .68
Current smoker 4 (17.4) 0 (0.0) 4 (33.3) .09
Prior smoker 14 (60.9) 8 (72.7) 6 (50.0) .40
Renal insufficiency 1 (4.4) 1 (9.1) 0 (0.0) .48
Diabetes 11 (47.8) 6 (54.6) 5 (41.7) .54
Ischemic stroke and WM disease
Ischemic stroke 7 (30.4) 3 (27.3) 4 (33.3) 1.00
Postintervention stroke 0 (0.0) 0 (0.0) 0 (0.0) –

WM disease ratingb 1.6 (SD, 1.2) 1.9 (SD, 1.4) 1.4 (SD, 1.0) .36
Medications
Statin 19 (82.6) 9 (81.8) 10 (83.3) 1.00
Antihypertensive 13 (56.5) 6 (54.6) 7 (58.3) 1.00
Antiplatelet 15 (65.2) 7 (63.6) 8 (66.7) 1.00
Anticoagulation 3 (13.4) 3 (27.3) 0 (0.0) .09

Note:—– indicates not assessed.
a Data are mean (SD) or No (%).
b Assessed for 19/23.

Table 2: Plaque, perfusion, and RBANS test characteristicsa

Parameter Group (n = 23) IPH(+) (n = 11) IPH(–) (n = 12) P
Ipsilateral plaque
IPH 11 (47.8) 11 (100.0) 0 (0.0) –

Ulceration 12 (52.2) 8 (72.7) 4 (33.3) .06
Max plaque thickness (mm) 5.4 (SD, 1.6) 6 (SD, 1.9) 4.8 (SD, 1.1) .08
NASCET (%) 68.0 (SD, 18.9) 65.1 (SD, 23.8) 70.7 (SD, 13.5) .49
Intraluminal thrombus 3 (13.0) 1 (9.1) 2 (16.7) 1.00
Contralateral plaque
Contra-IPH 6 (26.1) 3 (27.3) 3 (25.0) 1.00
Contra-ulceration 12 (52.2) 6 (54.6) 6 (50.0) .83
Contra-max plaque thickness
(mm)

4.2 (SD, 1.7) 4.4 (SD, 1.9) 4.1 (SD, 1.4) .69

Contra-NASCET (%) 34.3 (SD, 30.3) 32.7 (SD, 31.4) 35.2 (SD, 31.4) .85
Contra-intraluminal
thrombus

0 (0.0) 0 (0.0) 0 (0.0) –

Carotid intervention
Carotid endarterectomy 20 (87.0) 10 (90.9) 10 (83.3) .59
Right-sided intervention 14 (60.9) 7 (63.6) 4 (36.4) 1.00
Duration (min)b 133.1 (SD, 33.6) 132.2 (SD, 33.3) 134.1 (SD, 36.0) .90
Perfusion
Total CBF 34.2 (SD, 7.7) 31.5 (SD, 8.5) 36.7 (SD, 6.4) .11
Total CBV 4.8 (SD, 0.9) 4.9 (SD, 1.1) 4.8 (SD, 0.8) .92
Total MTT 8.3 (SD, 1.7) 9.0 (SD, 2.0) 7.6 (SD, 1.2) .049
RBANS
Education (yr) 15.2 (SD, 2.7) 14.8 (SD, 2.0) 15.5 (SD, 3.2) .55
RBANS-1 ,# 80 baseline 6 (26.1) 1 (9.1) 5 (41.7) .16
RBANS-1, preintervention
(days)

28.5 (SD, 23.5) 33 (SD, 18.8) 24.3 (SD, 27.2) .39

Intervention to RBANS-2
(days)

212.0 (SD, 255.3) 223.1 (SD, 249.5) 201.9 (SD, 250.0) .84

RBANS-1 time to RBANS-2
(days)

266.6 (SD, 258.1) 243.9 (SD, 259.4) 287.3 (SD, 266.7) .70

Note:—– indicates not assessed; max, maximum.
a Data are mean (SD) or No (%).
b Assessed for 20/23.
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was significantly more delayed in the presence of IPH (mean¼ 9.0
[SD, 2.0] versus 7.6 [SD, 1.2], P¼ .049). WM disease ratings, ische-
mic stroke evaluation, and baseline cognition were not statistically
significant between the 2 groups. Additionally, all remaining clini-
cal, plaque, perfusion, procedural, and cognitive parameters
(Tables 1 and 2) were not significantly different between the IPH
groups at baseline.

Baseline and Postintervention Cognitive Assessment
Whole-Group Analysis. RBANS domains were compared before
(RBANS-1) and after (RBANS-2) the carotid intervention (Table 3).
RBANS-1 was performed preintervention at a mean of 28.5 (SD,
23.5) days (range, 1–90 days) and postintervention RBANS-2 at
266.6 (SD, 258.1) days (range, 53–838 days). Whole-group analysis
revealed a statistically significant improvement from baseline in 3
domains: mean Total Scale score (RBANS-1, 92.1 [SD, 15.5] versus
RBANS-2, 96.1 [SD, 15.8], P ¼ .04); immediate memory index
(RBANS-1, 89.4 [SD, 18.2] versus RBANS-2, 97.7 [SD, 14.9],
P, .001), and verbal index (RBANS-1, 96.1 (SD, 14.1) versus
RBANS-2, 103.0 [SD, 12.0], P ¼ .002). The remaining indexes were
not significantly changed after the intervention.

IPH Status and Postintervention Cognition
Analysis by IPH Status. RBANS-1 and RBANS-2 mean scores
were compared between IPH(1) (n ¼ 11) and IPH(�) (n ¼ 12)
groups (Online Supplemental Data). The range during which the
RBANS-2 testing occurred was not significantly different between
the IPH(1) and (�) groups. The IPH(1) group had no signifi-
cant improvement in postintervention scores. One index, the
attention index, significantly decreased from baseline (RBANS-1,
99.4 [SD, 18.0] versus RBANS-2, 93.5 [SD, 19.4], P ¼ .045).
Postintervention, the IPH(�) group significantly improved in 4
scores: Total Scale score (RBANS-1, 86.4 [SD, 11.8] versus
RBANS-2, 95.5 [SD, 12.4], P ¼ .004), immediate memory index
(RBANS-1, 82.3 [SD, 14.6] versus RBANS-2, 96.2 [SD, 14.1], P ¼

.002), delayed memory index (RBANS-1, 94.3 [SD, 14.9] versus
RBANS-2, 102.4 [SD, 8.0], P ¼ .03), and verbal index (RBANS-1,
94.3 [SD, 13.2] versus RBANS-2, 101.5 [SD, 107.4], P ¼ .009).
Subtracted mean scores (RBANS-2 minus RBANS-1) for each
domain were designated DRBANS. IPH(1) and (�) groups had
statistically significant differences in the DRBANS Total Scale
score: IPH(1), �0.4 (SD, 6.8) versus IPH(�), 8.0 (SD, 8.5), P ¼
.02; attention index, IPH(1), �5.9 (SD, 8.5) versus IPH(�), 4.3
(SD, 11.9), P ¼ .03; and immediate memory index IPH(1), 4.2
(SD, 6.7) versus IPH(�), 12.2 (SD, 10.2), P¼ .04.

Multivariable Analysis of Postintervention Cognitive
Outcomes
Multivariable regression models were fitted to the 3 cognitive out-
comes with significantly different DRBANS scores between sub-
jects with IPH(1) and (�): DRBANS Total Scale score, attention
index, and immediate memory index. The DRBANS Total Scale
score final model consisted of IPH(1) plaque (b ¼ �6.17; 95%
CI, �12.49–0.15; P ¼ .06) and hyperlipidemia (b ¼ �9.05; 95%
CI, �16.70 to �1.40; P ¼ .02). The DRBANS attention index final
model included only IPH(1) plaque (b ¼ �10.24; 95%
CI, �19.29 to �1.20; P ¼ .03). The final model for DRBANS im-
mediate memory index included IPH(1) plaque (b ¼ �8.17; 95%
CI, �15.10 to �1.24; P ¼ .02), BMI (b ¼ 0.49; 95% CI, 0.02–0.97;
P ¼ .04), and the MTT Total ratio (b ¼ �48.51; 95%
CI, �100.70–3.69; P ¼ .07). All univariable and multivariable
regression analyses are shown in Online Supplemental Data.

Reliable Change Assessment
Predicted RBANS-2 scores (RBANS-2PD) were generated (Online
Supplemental Data). Observed RBANS-2 scores (RBANS-2OB)
were subtracted from the predicted (RBANS-2PD) for the whole
group, GroupOB-PD, and according to IPH status, IPH(1)OB-PD
and IPH(�)OB-PD. For the group, the attention index groupOB-PD
(mean, �6.3 [SD, 11.2], P ¼ .01), immediate memory index

Table 3: Mean baseline and postintervention RBANS scores
RBANS RBANS-1 RBANS-2 DRBANS P

Total Scale score 92.1 (SD, 15.5) 96.1 (SD, 15.8) 4.0 (SD, 8.7) .04
Attention index 91.9 (SD, 15.5) 91.3 (SD, 16.4) –0.6 (SD, 11.4) .82
Digit span 10.3 (SD, 2.4) 9.8 (SD, 2.9) –0.5 (SD, 2.3) .37
Coding 34.4 (SD, 8.4) 36.3 (SD, 9.1) 2.1 (SD, 6.0) .13
Immediate memory index 89.4 (SD, 18.2) 97.7 (SD, 14.9) 8.3 (SD, 9.4) ,.001
List learning 22.8 (SD, 5.3) 26.3 (SD, 5.4) 3.5 (SD, 3.6) ,.001
Story memory 15.8 (SD, 4.5) 14.0 (SD, 3.1) 1.3 (SD, 3.3) .08
Delayed memory index 96.2 (SD, 16.6) 99.6 (SD, 16.3) 3.4 (SD, 11.2) .16
List recall 4.6 (SD, 2.5) 5.5 (SD, 2.7) 0.90 (SD, 2.5) .08
List recognition 19.1 (SD, 1.4) 18.9 (SD, 2.2) –0.2 (SD, 1.4) .56
Story recall 7.8 (SD, 2.9) 9.0 (SD, 2.3) 1.2 (SD, 2.6) .048
Figure recall 12.0 (SD, 4.5) 12.9 (SD, 4.4) 0.9 (SD, 3.5) .23
Visuospatial/constructional index 97.5 (SD, 18.0) 96.9 (SD, 18.8) –0.6 (SD, 15.4) .85
Figure copy 17.0 (SD, 2.8) 16.9 (SD, 2.2) –0.1 (SD, 2.6) .81
Line orientation 16.9 (SD, 3.4) 16.5 (SD, 3.4) –0.4 (SD, 2.4) .44
Language index 95.9 (SD, 10.1) 97.7 (SD, 9.8) 1.9 (SD, 8.0) .27
Picture naming 10.0 (SD, 0.0) 9.9 (SD, 0.3) –0.1 (SD, 0.3) .16
Semantic fluency 17.5 (SD, 4.9) 18.6 (SD, 4.7) 1.1 (SD, 4.4) .25
Verbal indexa 96.1 (SD, 14.1) 103.0 (SD, 12.0) 6.9 (SD, 9.2) .002
Visual indexb 93.5 (SD, 17.0) 95.6 (SD, 14.7) 2.1 (SD, 11.9) .42

Note:—DRBANS indicates RBANS-2 minus RBANS-1 scores.
a Verbal index subtests are list learning, story memory, list recall, list recognition, and story recall.
b Visual index subtests are figure copy, line orientation, coding, and figure recall.
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groupOB-PD (mean, �5.0 [SD, 8.1], P ¼ .007), and language index
groupOB-PD (mean, �3.7 [SD, 6.7], P= .02) significantly deviated
from predicted scores. IPH(1) status showed a significantly lower-
than-expected attention index IPH(1)OB-PD (mean, �8.9 [SD,
10.5], P ¼ .02) and immediate memory index IPH(1)OB-PD
(mean, �5.3 [SD, 6.8], P= .026). The IPH(�) group’s language
index significantly deviated from predicted, IPH(�)OB-PD (mean,
�5.2 [SD, 6.1], P¼ .01).

DISCUSSION
This study examined the changes in cognition after carotid plaque
removal and the impact of IPH status on postintervention scores.
The effects of stenosis, perfusion, and additional potential confound-
ers were also evaluated. Whole-group analysis showed improvement
in three domains: the overall Total Scale score, immediate memory
index, and verbal index following intervention. Subgroup evaluation
indicated that preintervention IPH status impacted postintervention
cognition. An IPH(�) status conferred the most cognitive benefit
with a significantly improved Total Scale score, immediate memory
index, delayed memory index, and verbal index. For IPH(1) partici-
pants, there was no statistically significant improvement in any of
the scores, and the attention index declined.

The whole group’s improved cognitive performance is in keep-
ing with prior studies that also showed an association between
carotid revascularization and improved cognition.2,33,34,37

Takaiwa et al33,34 demonstrated an improved RBANS Total Scale
score and immediate memory index 3 months postcarotid endar-
terectomy, which was sustained after 1 year. Takaiwa et al addi-
tionally reported an improved attention index.33,34 In the present
study, attention index performance differed according to IPH sta-
tus. The IPH(�) group’s attention index increased, though not sig-
nificantly. Conversely, the IPH(1) group’s score significantly
decreased. This finding suggests that IPH could differentially affect
some cognitive domains more than others.

The present study evaluated 2 additional indexes that may
help to lateralize pathology. The verbal and visual indexes should
be most representative of the left and right cerebral hemispheric
function, respectively.32,38 Revascularization was most beneficial
for the verbal index, which increased for the whole group, again
attributable to those with IPH(�) plaque; however, the visual
index remained unchanged. Improved verbal scores would be
expected more with a left-sided intervention.32,38,39 In the current
study, however, this finding was not explained by the side of re-
vascularization. One possibility is that carotid disease may affect
functional brain connectivity beyond the ipsilateral vascular
territory.40

Prior studies that examined postintervention cognitive effects
had not considered plaque composition.2,33,34,37 At the outset, this
study hypothesized that intervention on IPH(1) plaque should
have the greatest cognitive benefit, given its underlying throm-
boembolic activity,16 risk of stroke, and TIA.11-13 Instead, the con-
verse occurred, and intervention on IPH(�) plaque ameliorated 4
cognitive outcomes (Total Scale score, attention index, immediate
index, and verbal index). One explanation for the less-than-
expected IPH(1) group’s performance is microembolization during
the intervention.41 An association between vulnerable plaque and
postintervention ischemic events has been previously shown.42-45

During carotid endarterectomy, IPH increased the embolization
risk, specifically during the dissection phase.43 After stent place-
ment, a higher risk of ipsilateral ischemic events was found and
correlated with IPH volume.44,45 In the current study, no partici-
pant had a clinically evident postprocedural ischemic stroke;
however, periprocedural monitoring for silent emboli or postpro-
cedural MR imaging for covert infarction was not performed.
Cognitive improvement with IPH(�) plaque could be attribut-
able to plaque composition. Ulceration and intraluminal throm-
bus, both features of plaque instability, were not statistically
different between the IPH groups. However, other plaque constit-
uents or morphologic features including calcification or a lipid-
rich necrotic core may be implicated in the amelioration of some
IPH(�) cognitive domains.

Confounding was addressed during statistical analysis. Three
confounders were identified; 2 (hyperlipidemia and MTT Total
ratio) adversely affected cognition, while 1 (BMI) had a positive
association. Of the cardiovascular risk factors, only hyperlipid-
emia was negatively associated with the Total Scale score. High
cholesterol is a known risk factor for cognitive impairment.46,47

Secondly, the MTT Total ratio negatively impacted the immedi-
ate memory index and was statistically longer for the IPH(1)
participants. MTT measures the average time of red blood cells in
the capillary circulation and can indicate impaired perfusion. In
addition to steno-occlusive disease, perfusion could be influenced
by plaque components including IPH volume.17 BMI was posi-
tively associated with the attention index. At an older age, a high
BMI could have a protective effect against the progression of
dementia.48-50 A survivorship bias effect is one plausible explana-
tion for this obesity-dementia paradox.51

In a further attempt to gauge the benefit of IPH removal, the
reliable change methodology was used. Baseline scores were used
to estimate expected follow-up cognition on the basis of predic-
tions derived for healthy age- and education-matched commu-
nity dwellers.36 This was performed to indicate whether a change
in a score was statistically different from what was expected at fol-
low-up. At baseline, participants’ scores were predominantly in
the RBANS average range, with a small number cognitively
impaired; however, the number with cognitive impairment was
not statistically different between the groups. After the interven-
tion, the IPH(1) group had a lower-than-predicted attention
index and immediate memory index. For IPH(�) participants,
the language index was lower than predicted. Findings suggest
that despite intervention, some cognitive abilities were unrecov-
erable for both groups, and the IPH(1) group was most affected.
This outcome could be related to the long-standing impact on
neuroplasticity from recurrent microembolization.

This study has some limitations. The sample size was small,
though this limitation was comparable with that in similar studies
of postintervention carotid disease and cognition.33,34 Despite no
enrollment restrictions on demographics, the group were all
white and predominantly male, which is a known population at
risk of carotid disease.52 Accordingly, ethnicity and sex influences
were unattainable. The effect of periprocedural microemboliza-
tion was not examined, and routine postprocedural MR imaging
screening was not conducted. Emboli monitoring or postinter-
vention MR imaging could further address the hypotheses of an
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embolic-driven mechanism of cognitive impairment. Baseline
cognition was not compared with a randomized control group;
however, the predicted score calculations enabled comparison
with a group of community-dwelling older adults.36

CONCLUSIONS
Despite these limitations, this study was a critical initial step toward
elucidating the effect of carotid IPH on cognition after revasculari-
zation. While the management of carotid bifurcation stenosis has
been extensively investigated with recommendations for manage-
ment,20 guidelines regarding the role of cognition in decision-mak-
ing or stratifying patients have yet to be established. Additionally,
an extended follow-up period would evaluate the long-term stability
of postintervention cognition changes. Future studies are warranted
to further understand the association between plaque composition
and cognition.

Disclosure forms provided by the authors are available with the full text and
PDF of this article at www.ajnr.org.
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Different Features of a Metabolic Connectivity Map and the
Granger Causality Method in Revealing Directed Dopamine
Pathways: A Study Based on Integrated PET/MR Imaging
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M. Yuan

ABSTRACT

BACKGROUND AND PURPOSE: Exploring the directionality of neural information in the brain is important for understanding brain mech-
anisms and neurodisease development. Granger causality analysis and the metabolic connectivity map can be used to investigate direc-
tional transmission of information between brain regions, but their differences in depicting functional effective connectivity are not clear.

MATERIALS AND METHODS: Using the Monash rs-PET/MR imaging data set, we conducted Granger causality and metabolic con-
nectivity map analyses of the dopamine reward circuit in the brain. The dopamine reward circuit is a well-known system consisting
primarily of the bilateral orbital frontal cortex, caudate, nucleus accumbens, thalamus, and substantia nigra. We validated these cir-
cuit pathways using Granger causality and the metabolic connectivity map for identifying effective connectivities against a priori
knowledge by testing the significance of directed pathways (P, .05, false discovery rate–corrected).

RESULTS: We found 3 types of effective connectivities in the dopamine reward circuit: long-range, neighborhood, and symmetric.
Granger causality analysis revealed long-range connections in the orbital frontal cortex–caudate and orbital frontal cortex–nucleus
accumbens regions. Metabolic connectivity map analysis revealed neighborhood connections in the nucleus accumbens–caudate,
substantia nigra–thalamus, and thalamus-caudate regions. Metabolic connectivity map analysis also found symmetric connections in
each of the bilateral nucleus accumbens, caudate, thalamus, and orbital frontal cortex–caudate regions. Different patterns in direc-
tional networks of the dopamine reward circuit were revealed by Granger causality and metabolic connectivity map analyses.

CONCLUSIONS: Granger causality analysis primarily identified bidirectional cortico-nucleus connections, while the metabolic connec-
tivity map primarily identified direct connections among neighborhood and symmetric regions. The results of this study indicated that
investigations of effective connectivities should use an appropriate analysis method depending on the purpose of the study.

ABBREVIATIONS: BOLD ¼ blood oxygen level–dependent; BG ¼ basal ganglia; CAU ¼ caudate; DA ¼ dopamine; EC ¼ effective connectivity; FC ¼ func-
tional connectivity; FDR ¼ false discovery rate; GC ¼ Granger causality; GCI ¼ Granger causality index; MCM ¼ metabolic connectivity map; NAc ¼ nucleus
accumbens; OFC ¼ orbital frontal cortex; SN ¼ substantia nigra; THA ¼ thalamus

The human brain has been recognized as a continuously com-
municating dynamic network.1 Intrinsic activities in structures

as small as neurons can be analyzed with functional connectivity
(FC) to identify functional brain networks. However, the direction-
ality of the interactions within the brain networks built from these
correlations cannot be determined. Effective connectivity (EC) pro-
vides the directional or causal relationships among brain region
transmissions and can be used to explore these communications.2

Understanding the directionality of brain networks provides insight
into the diagnosis and treatment of neurologic or mental diseases,
such as Alzheimer disease,3 schizophrenia,4 and addiction.5

Granger causality (GC) analysis is a statistical method that
adopts a linear vector autoregressive model of stochastic time-
series data. GC was proposed for use in economics, but its use in
fMRI studies of brain disorders has revealed the directionality of
transmissions among brain regions.5-8

In studying the metabolic directionality among brain regions,
Riedl et al9 proposed an approach called the metabolic connectivity
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map (MCM). The MCM is based on collecting energy consump-
tion data in neuronal communications while simultaneously col-
lecting PET and fMRI data. Most energy metabolism is dedicated
to signaling and is consumed postsynaptically, in other words, at
the target neurons.9-13 Riedl et al scaled this to the system level
with the assumption that an increase in local metabolism reflects
an increase in afferent EC from source regions. They further
hypothesized that the spatial correlations between metabolic activ-
ity and FC represent this EC spatial profile. In other words, the
MCM reflects the correlation between the pattern of improved glu-
tamate consumption and the pattern of improved blood oxygen
level–dependent (BOLD) signals in the target region. The MCM
has been used to identify altered EC within the default mode net-
work for Alzheimer disease,3 reveal the stable bidirectional connec-
tion among early/higher visual regions of healthy cohorts,9 and
study the cognition task-induced reconfiguration of whole-brain
networks.14

BOLD signals measure indirect neuronal activities and are
influenced by intermediate physiologic responses, including the
cerebral metabolism rate of glucose/oxygen and the CBF/CBV.
[18F] FDG-PET signals measure glucose metabolism in the brain,
which is also influenced by the CBF/CBV. When PET and fMRI
data are collected simultaneously, both the levels of glucose me-
tabolism and BOLD signals are influenced by the simultaneous
CBF and share a common basis in central neurophysiology.
Human brain metabolic connectivity derived from [18F] FDG-
PET is comparable with that derived from resting-state fMRI
analyses.15,16 While these studies confirmed the comparability of
nondirectional metabolism connectivity and BOLD connectivity,
little was revealed about the relationship between glucose meta-
bolic EC and fMRI EC. This issue has not been studied due to the
lack of simultaneously acquired and aligned fMRI and PET data.

The novel advantages of integrated PET/MR imaging provide a
new insight into understanding the dopamine (DA) reward circuit.
The DA reward circuit consists of 3 pathways: the nigrostriatal
pathway, along which the substantia nigra (SN) sends a dopami-
nergic projection to the dorsal striatum; the mesolimbic pathway,
where the ventral tegmental area (VTA) sends a similar type of
dopaminergic projection to the nucleus accumbens (NAc); and the
mesocortical pathway, where dopaminergic projections are sent
from the SN/VTA through the thalamus (THA) and the prefrontal
cortex.17,18 There are rich bidirectional projection pathways among
these brain regions19-21 involved in the DA reward circuit. We
chose brain areas involved in the DA reward system to validate the
sensitivity and consistency of MCM and GC analyses and to iden-
tify the directed pathways among brain regions by ROI analysis.

MATERIALS AND METHODS
Data Sets
The data for this study were obtained from the Monash rsPET-
MR data set22-25 in the OpenNeuro database (https://doi.org/
10.18112/openneuro.ds002898.v1.1.1). It is a simultaneous fMRI-
functional PET data set acquired from young, healthy individuals
at rest. Participants (n ¼ 27, 21 women) were all right-handed,
18–23 years in age (mean age, 19 years), with 13–18 years of edu-
cation (mean, 14 years) and no history of diabetes, diagnosed
Axis-I mental illness, or cardiovascular illness.22 Participants

underwent a 95-minute simultaneous MR imaging–PET scan in
a 3T Biograph molecular MR imaging scanner (syngo VB20P;
Siemens) as described previously.22,24 Briefly, [18F] FDG (average
dose, 233 MBq) was infused over the course of the scan.22 During
the first 30minutes of the FDG infusion, T1 3D MPRAGE was
acquired (Acquisition Time [TA]¼ 7 minutes 0.6 seconds, TR¼
1640ms, TE ¼ 2.34ms, flip angle ¼ 8°, FOV ¼ 256� 256 mm2,
voxel size ¼ 1� 1 � 1 mm3, 176 slices, sagittal acquisition). For
the remainder of the scan, 6 consecutive 10-minute blocks of
T2*-weighted echo-planar images were acquired (TR ¼ 2.45 sec-
onds, TE ¼ 30ms, FOV ¼ 190 mm2, 3� 3 � 3 mm3 voxels, 44
slices, ascending axial acquisition).

Image Preprocessing
The first 10-minute block of BOLD data, the corresponding 10-
minute FDG-PET data, and the T1 3D MPRAGE data were used
for structural segmentation and registration. Volumes from the
PET data were reconstructed every 16 seconds, and the corre-
sponding 10-minute data volume indexes were 129–165 for each
participant. PET volumes were extracted and averaged to acquire
static FDG-PET images.

The CONN toolbox (Version 20.b; https://web.conn-toolbox.
org/)26 was used for BOLD data preprocessing. It is a functional
connectivity toolbox based on the Statistical Parameter Mapping
12 toolbox (SPM; http://www.fil.ion.ucl.ac.uk/spm). The default
preprocessing pipeline for volume-based analyses (“direct normal-
ization to Montreal Neurological Institute space” pipeline in
CONN) was used, including the following steps: 1) realignment
and unwarping; 2) section-timing correction for interslice differen-
ces in acquisition time; 3) Artifact Detection Tools–based outlier
detection (https://www.nitrc.org/projects/artifact_detect) to iden-
tify outlier scans for scrubbing; 4) segmentation of functional and
anatomic images to gray and white matter and CSF tissue classes
using SPM-unified segmentation and normalization procedures;
and 5) normalization to 2-mm (functional) or 1-mm (anatomic)
isotropic voxel size in Montreal Neurological Institute space. The
functional images were smoothed using spatial convolution with a
Gaussian kernel of 4mm at full width at half maximum values.
After preprocessing, functional data were further denoised, remov-
ing potential confounding effects in the BOLD signal, such as noise
components fromWM and CSF areas,27 estimated subject-motion
parameters, scrubbing, and session effects.28 Temporal frequencies
,0.008Hz or .0.09Hz were removed from the BOLD signal to
focus on slow-frequency fluctuations while minimizing the influ-
ence of physiologic, head-motion, and other noise sources.29

ROI Definition and FC Analysis
FSL30 (http://www.fmrib.ox.ac.uk/fsl) built-in atlases were used
to generate 10 ROIs in the DA reward system.31,32 Eight bilateral
ROIs were extracted from the Harvard-Oxford probability atlas
with a threshold set to 50% probability, then binarized into
masks. The 8 bilateral ROIs were the thalamus (THA, left: 1139,
right: 1129 voxels), (NAc, left: 70, right: 56 voxels), caudate
(CAU, left: 444, right: 457 voxels), and orbital frontal cortex
(OFC, left: 905, right: 790 voxels). The Talairach Daemon atlas
(included with FSL) was used to generate bilateral SN (left: 37,
right: 43 voxels) ROI masks directly. Before ROI generation, the
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atlas was registered and resampled to the same Montreal
Neurological Institute 2-mm template in CONN, verifying that
ROIs, preprocessed fMRI, and FDG-PET data were in the
same space (Fig 1).

For each participant, we calculated the ROI and the voxelwise
functional connectivity of every ROI, forming 1 FC matrix and
10 FC maps per participant. The element values in the FC matri-
ces and voxel values in the FC maps were further transformed to
z-values using the Fisher r-to-z transformation equation, ensur-
ing that the distribution of z-values would be approximately
normal.

Granger Causality Analysis
The Granger causality index (GCI) of each ROI pair was calcu-
lated along each group-wise statistically significant FC pathway.
This GCI was calculated using an autoregressive model:

Yt ¼
Xp

k¼1
bkYðt�kÞ þ cZt þ « t:1)

The joint regressive representation was determined by

Yt ¼
Xp

k¼1
akXðt�kÞ þ

Xp

k¼1
bkYðt�kÞ þ cZt þmt;2)

Fx!y ¼ ln
varð« tÞ
varðmtÞ

;3)

where Yðt�kÞ and Xðt�kÞ are the preprocessed ROI signals, « t and
mt are the residuals of autoregression and joint regression,

respectively, and p is the lag in the
autoregression model. Fx!y is the GCI
value defined as the GC effect from
ROIX to ROIY so that each ROI pair
has 2 GCI values representing the GC
effects in 2 directions. The lag in the
vector autoregression model was deter-
mined to be 2.5

For the distribution of the GCI, we
randomly switched ROI signals among
participants’ preprocessed BOLD data
and calculated the GCI values of each
ROI pair. We repeated this procedure
100,000 times. This process generated a
simulated GCI null distribution for real
data sets.

MCM Analysis
Static FDG-PET images were prepro-
cessed using FSL (including registration
and normalization to 2-mm voxel size
standard space) with the same Montreal
Neurological Institute template to ensure
the accuracy of the cross-technique regis-
tration. Standard uptake value ratio
maps were converted by dividing the
mean value of the reference region. The
cerebellum GM was chosen as the refer-
ence region.33,34 The normalized stand-
ard uptake value ratio maps and BOLD

data of each participant were used to calculate the MCM values.9

The MCM value of seed ROI X to target ROI Y was calculated
according to Riedl et al9 as follows:

MCMX!Y ¼ CorrelationðFCYjX; FDGYÞ;4)

where FDGY is the voxelwise profile in ROIY , representing the
neuronal activity in ROIY ; FCYjX is the voxelwise FC in ROIY ,
while ROIX is the seed ROI representing the correlation between
each voxel time-series in ROIY and the cluster time-series of
ROIX . The spatial correlation between FDG and FC voxelwise
profiles is the MCM value, which represents the metabolic EC
from ROIX (seed) to ROIY (target).

On the basis of a cellular model of neuroenergetics, a positive
MCMX!Y value identifies the signaling input along the FC path-
way from ROIX to ROIY .

Statistical Analysis
After the calculation of all the required values of the brain DA
reward network connections, a 1-sample t test was used to acquire
group-wise statistics including the t value and P value for FC and
the MCM, separately. Because GC distribution was not normal, the
nonparametric 1-sample Wilcoxon signed-rank test was used to
determine group-wise significant connections. Also because of the
skewed distribution of the GCI, if the GCI value of 1 directional
connection was significantly higher than the median value of the
GCI null distribution, this directional connection was considered

FIG 1. 3D display of 10 generated ROIs, rendered using ITK-SNAP 3.8.0 (www.itksnap.org).
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significant. The method to identify the group-wise significance of
GC pathway was slightly different from FC and the MCM, which
were considered following a normal distribution.

All the P values were corrected for multiple comparison using
the false discovery rate (FDR) method to control the false-positive
rate, and the significance level was set to corrected P, .05. The
statistical analysis was performed using R software (Version 4.0.3;
https://www.r-project.org/).

RESULTS
FC Analysis
FCs existed between most of the ROI pairs. The FC pathways con-
necting bilateral CAU, bilateral NAc, bilateral OFC, bilateral THA,
and bilateral SN were significant for all ROIs. The FC pathways

between the left SN and bilateral CAU, bilateral NAc, bilateral OFC;
the FC between the right SN and left CAU, bilateral NAc, left OFC;
and between the right THA and bilateral OFC were not significant.
All other FC pathways were significant except in the above-men-
tioned pathways (Fig 2, 1-sample t test, P, .05, FDR-corrected).
The detailed statistical results of the 45 different FC pathways for
the 10 ROIs can be found in the Online Supplemental Data.

GC Analysis
The distribution of the GCI after 100,000 simulations is shown in
Fig 3. The GCI density curve was skewed with a median value at
0.0163. The mu parameter in the Wilcoxon signed-rank test thus
was set to 0.0163. If the GCI was significantly higher than mu, the
corresponding GC connection was considered significant.

After multiple comparison correction, significant GC connec-
tions were as follows: a bidirectional connection between the left
NAc and the right OFC and 8 significant unidirectional connec-
tions, respectively, from the right THA to the left CAU, from the
left CAU to the right CAU, from the left CAU to the left OFC,
from the left NAc to the left CAU, from the right OFC to the left
CAU, from the left OFC to the right CAU, from the right NAc to
the left OFC, and from the left OFC to the right OFC (Fig 4, 1-
sample Wilcoxon signed-rank test, P, .05, FDR-corrected). The
detailed data can be found in the Online Supplemental Data.

MCM Analysis
The significant MCM connection of the significant group-wise
FC pathways were as follows: 3 bidirectional connections, respec-
tively, between the bilateral THA, between the left CAU and the
left NAc, and between the right CAU and the right NAc, and 7
unidirectional connections, respectively, from the left SN to the
right THA, from the right OFC to the right CAU, from the left
OFC to the bilateral CAU, from the right NAc to the bilateral
CAU, and from the left CAU to the right CAU (Fig 5, 1-sample t
test, P, .05, FDR-corrected). The detailed data can be found in
the Online Supplemental Data.

DISCUSSION
The GC and MCM methods were used to show differences in
identifying directional connectivities of the DA brain reward sys-
tem based on the Monash rsPET-MR data set. Our findings dem-
onstrated that in the DA reward system, GC identified more
cortico-nucleus bidirected connections and the MCM identified
more directed connections among neighboring and symmetric
regions. Each of the 2 methods has its own features, and research-
ers should carefully choose them before starting an analysis.

Both the GC and MCM identified modulation pathways in
DA systems, but with different patterns. There are 3 major cir-
cuits in the DA reward system in the human brain: the basal gan-
glia (BG)–thalamocortical loop, the BG-thalamic loop, and the
BG-habenulo-mesencephalic loop.18,31,35

GC revealed that the THA!CAU pathway belonged to the
BG-thalamic loop and the OFC!NAc and CAU pathways
belonged to the BG-thalamocortical loop. MCM revealed that the
SN-to-THA pathway belonged to the BG-thalamic loop and the
OFC!CAU pathways and the rich connections between CAU
and NAc belonged to the BG-thalamocortical loop. These results

FIG 2. The group-level FC matrix shows that the bilateral CAU, NAc,
OFC, and THA ROIs are significantly connected to each other. The SN is
significantly connected to the THA. Color represents the z-transformed
FC strength between ROI pairs. White means statistically not significant
(1-sample t test, P, .05, FDR-corrected). Note that if a connection was
not significant, its representing FC was set to zero, to focus on the sig-
nificant connections.

FIG 3. The GCI density curve. This curve comes from permutation-
based technology to simulate the real-data GCI distribution with
100,000 times permutation. The distribution is a skewed curve, with
0.0163 as the median value, which is more appropriate than the mean
value for the 1-sample test in this situation.
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are consistent with results from prior studies.18,31 The GC and
MCM analytic approaches demonstrated the reliability of the 2
methods in revealing DA reward pathways. Neither GC or MCM
analyses revealed the SN!limbic striatum pathway, implying that
the sensitivities of the methods need to be improved. There were
striatum!cortical pathways found by GC but not MCM, possibly
caused by our omission of the existence of the THA mediation
effect in our analysis.1 This result indicates that in the absence of a
proper model, the GC analysis does not always identify specific
pathways, while the MCM is not influenced.

GC analysis identified long-range connections (cortico-nucleus).
The bidirected connections between the striatum and the OFC

were identified by GC, consistent
with the mesocortical pathway in the
reward circuits.35 The MCM did well
in identifying directed connections
among neighboring brain areas (nu-
cleus-nucleus) and among symmetric
brain areas. These connections imply
frequent communications between the
dorsal and ventral striatum and the close
communications between the bilateral
subcortical brain areas in the resting-
state brain.

The possible reason for the differen-
ces between GC and MCM may come
from the different approaches of the 2
methods. The algorithm of the GC is
based on a future temporal predictabil-
ity from a knowledge of past activity.36

GC analytic results should be inter-
preted as predictions between time-
series.2 If time-series X and Z have a
high positive correlation, a high FC
would result in a lower GC between X
and Z because GC includes lags in its
predictions between time-series and not
correlations. For example, if X and Z
are the same, there is no GC effect at all.
In our results, the FC between the bilat-
eral THA received the highest value, but
there was no significant GC pathway
between the bilateral THA. However, a
high FC effect does not affect the ability
of the MCM to identify this pathway
because the algorithm of the MCM uses
a voxelwise spatial pattern similarity
between FDG and FC to generate the
ROI-wise causality effect.3,9 The neigh-
boring and symmetric brain regions of-
ten have higher FCs than long-distance
brain regions. This inference is sug-
gested by both observed phenomeno-
logic and algorithmic differences.

Both the GC and MCM methods
reported poor results for the subtento-
rial areas. The MCM identified the im-

portant projections from the SN to the THA and the interaction
pathways between the bilateral THA. Our results showed that the
SN and THA were isolated from the cortical areas and the stria-
tum. However, it is known that the SN and THA have interac-
tions with cortical areas and the striatum. The failure of the
approaches to identify these interactions may be due to several
factors: First, GC analysis does not work well in the midbrain/
brainstem areas due to signal loss and image distortion of BOLD
signals.37 GC analysis relies heavily on BOLD signal quality.
High-resolution PET provided more benefit to MCM than GC.
Second, the accuracy of the SN ROI template is limited because
the SN is located in the midbrain and is more likely to have poor

FIG 5. The group-wise directional pathways identified by the MCM method. Arrows represent
the direction of the pathways. The line thickness represents the relative strength of the MCM.
There are more bidirectional interactions between the NAc and CAU, and the unidirectional
pathway from the OFC to the CAU reveals the regulation in the frontostriatal DA pathway (1-
sample t test, P, .05, FDR-corrected). L/R indicates left/right.

FIG 4. The group-wise directional network identified by GC. Arrows represent the direction of
the pathways. The line thickness represents the relative strength of the GCI of that pathway. A
bidirectional connection was identified between the right OFC and the left NAc (1-sample
Wilcoxon signed-rank test, P, .05, FDR-corrected). L/R indicates left/right.
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registration results than the cortex area using regular normaliza-
tion procedures.37 Third, the correction method might be too
stringent in 1-sample statistics compared with other studies that
focused only on group differences in EC. For example, most of
our GC studies calculated the between-group GC differences
rather than within-group patterns, so we could test whether the
group differences were significantly not equal to zero. When we
focused on within-group patterns of GC, we had to choose a
more stringent value to test. This strategy may have caused fewer
identified results. The MCM, on the other hand, was less affected
than GC when performing within-group analyses, resulting in a
greater number of identified subtentorial areas than were identi-
fied by GC.

Considering the above methodological issues, MCM gener-
ally outperforms than GC in revealing reasonable directed con-
nection in subcortical nucleus and cerebellum network. Thus, it
is recommended that when the study aim at diseases involves
mostly the subtentorial areas (e.g. cerebellum and subcortical
nucleus), both FDG-PET and simultaneous BOLD data should
be acquired and do MCM analysis.

This study has some limitations. First, the DA reward circuits
involved ROIs that were arbitrarily selected and may have pro-
vided less comprehensive results. Second, the Monash rs-PET/MR
data set acquired fMRI data using a TR ¼ 2.45-second parame-
ter, which may have limited the ability to identify DA pathways
for GC. Third, the scan protocol of the Riedl et al9 study
acquired 10-minute BOLD sequences immediately following
the FDG injection, while the PET data used in our MCM analy-
sis was collected 30minutes after the FDG injection. In our
study, the PET data represented the cumulated regional energy
demands before the fMRI acquisition window, while the fMRI
data reflected the neuronal dynamics during the acquisition
phase. We assumed that the resting-state brain would have sim-
ilar activities across sessions and that the FC would not change
substantially, ensuring MCM stability. The stability of the
MCM during the resting state in different sessions was not clear.
Fourth, possible improvements to the original GC method,1,6,38

which may be more reliable, were not included in this study.
Last, the present study comprised a small number of healthy
participants (n ¼ 27) only and was performed in a unique cen-
ter; further studies could confirm the results with a larger sam-
ple size from multiple centers and validate the features in this
study using patient data.

CONCLUSIONS
Our results showed that GC and MCM revealed different pat-
terns in directional networks in the DA reward circuit. Our
study demonstrated that both GC and the MCM could correctly
identify some of the directed pathways among the DA reward
circuits. GC identified long-range bidirected connections, and
the MCM identified directed connections among neighboring
and symmetric regions. Poor connections in subtentorial areas
were identified by both methods, but MCM benefited from
compensation of the high-resolution PET data. These results
imply that future research on ECs requires an appropriate selec-
tion of methods according to the different objectives of the
research.
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ORIGINAL RESEARCH
HEAD & NECK

Effects of COVID-19 on the Human Central Olfactory
System: A Natural Pre-Post Experiment

E. Thunell, M.G. Peter, V. Lenoir, P. Andersson, B.N. Landis, M. Becker, and J.N. Lundström

ABSTRACT

BACKGROUND AND PURPOSE: Reduced olfactory function is the symptom with the highest prevalence in coronavirus disease 2019
(COVID-19) with nearly 70% of infected individuals experiencing partial or total loss of their sense of smell at some point during
the disease. The exact cause is not known, but beyond peripheral damage, studies have demonstrated insults to both the olfactory
bulb and central olfactory brain areas. However, these studies often lack both baseline pre-COVID-19 assessments and control
groups, and the effects could, therefore, simply reflect pre-existing risk factors.

MATERIALS AND METHODS: Shortly before the COVID-19 outbreak, we completed an olfactory-focused study, which included
structural MR brain images and a full clinical olfactory test. Opportunistically, we invited participants back 1 year later, including 9
participants who had experienced mild-to-moderate COVID-19 (C191) and 12 who had not (C19�), creating a natural pre-post
experiment with a control group.

RESULTS: Despite C191 participants reporting subjective olfactory dysfunction, few showed signs of objectively altered function.
Critically, all except 1 individual in the C191 group had reduced olfactory bulb volume (average reduction, 14.3%), but this did not
amount to a significant statistical difference compared with the control group (2.3%) using inference statistics. We found no mor-
phologic differences in olfactory brain areas but stronger functional connectivity between olfactory brain areas in the C191 group
at the postmeasure.

CONCLUSIONS: Our data suggest that COVID-19 might cause long-term reduction in olfactory bulb volume and altered functional
connectivity but with no discernible morphologic differences in cerebral olfactory regions.

ABBREVIATIONS: C191 ¼ positive for COVID-19; C19� ¼ negative for COVID-19; COVID-19 ¼ coronavirus disease 2019; OB ¼ olfactory bulb; SARS-CoV-2 ¼
Severe Acute Respiratory Syndrome coronavirus 2

O lfactory dysfunction is a key symptom of coronavirus dis-
ease 2019 (COVID-19).1 The reported prevalence of com-

plete olfactory loss (anosmia) is about 50%, with an additional
10%–20% reporting less severe olfactory dysfunction at some

point during the disease.2,3 Thus, a reported reduced sense of
smell is the symptom with the highest odds ratio in nonhospital-
ized cases.4,5 Despite the clear clinical link between olfactory dys-
function and COVID-19, our understanding of the mediating
mechanisms is limited.

Much like the Severe Acute Respiratory Syndrome coronavirus
1 and influenza viruses,6 Severe Acute Respiratory Syndrome coro-
navirus 2 (SARS-CoV-2) can invade the central nervous system
through the olfactory mucosa via a retrograde route.7 SARS-CoV-2
nucleoproteins and associated inflammation have been detected in
infected animal models along the entire olfactory route from the
olfactory sensory neurons to the olfactory bulb (OB).7 In humans,
there is indirect and mixed evidence of SARS-CoV-2 as a neuro-
tropic virus. Studies have demonstrated postmortem brain patholo-
gies after COVID-19 but without clear evidence of SARS-CoV-2
RNA presence.8 There is further conflicting or weak evidence of
neuroinvasion within the olfactory system in humans with a domi-
nance of case studies or assessment of severe cases. A postmortem
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case study found low levels of virus RNA in the OB,9 and several
neuroimaging studies have demonstrated anosmia-related edemas
and abnormalities evident on CT or MR images of the OB post-
COVID-19 infection.10-14 On the other hand, the absence of a sig-
nificant difference in OB volume between a COVID-19–related
anosmia group and a general postviral anosmia group has been
reported,15 and a postmortem tissue examination from patients
with severe COVID-19 indeed found virus in the olfactory nerve
but only in the leptomeninges layer of the OB,16 leaving no consen-
sus as to whether COVID-19 is a neurotropic virus.

Full psychometric assessment of olfactory function and meas-
ures of morphology of the central olfactory system are needed to
understand the central mechanisms of COVID-19-related olfac-
tory dysfunction in humans, preferably from the same individual
both before and after infection and with the inclusion of a relevant
control group for comparison. Nevertheless, inducing COVID-19
for experiments is ethically questionable. However, in the months
leading up to the first COVID-19 outbreak in Stockholm (late
2019 to early 2020), we acquired full-scale psychometric olfactory
assessments and structural MR images from a group of healthy
individuals as a control group in a study assessing the neural
effects of olfactory dysfunction. One year into the pandemic and
before the general vaccination program was initiated in Sweden,
we recruited participants who had COVID-19 since the first study
and participants who had not. In this natural experiment with
pre- and postmeasures in both COVID-19-affected individuals
and a comparable control group, we aimed to determine whether
COVID-19 alters olfactory function and the morphology of cere-
bral areas associated with olfactory processing: the olfactory bulb,
anterior and posterior piriform cortex, and central areas of the
orbitofrontal cortex. Second, we aimed to assess potential links
between morphologic changes and changes in olfactory functions
due to COVID-19. In addition, we measured functional connec-
tivity between olfactory areas in both groups in the poststudy.
Critically, we preregistered our hypotheses and analyses before
assessing the data. A previous version of this article exists as a pre-
print.17 Results and main conclusions are similar between this and
the preprint versions, but textual differences exist.

MATERIALS AND METHODS
All methods and analyses are according to our preregistration
(https://aspredicted.org/wr4d9.pdf) unless otherwise explicitly stated.

Participants
All participants were recruited from a previous study, referred to
here as the “prestudy” (n ¼ 52) that took place September 2019
to February 2020. A total of 40 individuals (77%) responded to
our request to participate in the poststudy, of which we classified
9 (6 women) as having been infected with COVID-19 (C191)
with mild-to-moderate symptoms. Eight of these reported having
tested positive for either ongoing infection (n ¼ 4) and/or anti-
bodies (n¼ 5), and 1 reported being diagnosed by a medical doc-
tor without being tested (this happened before testing without
hospital admittance was available in Sweden). We also recruited
12 control participants (5 women) classified as not having con-
tracted COVID-19 (C19�) on the basis of the absence of symp-
toms during the pandemic as well as antibody tests negative for

COVID-19 (n ¼ 10). One individual in the negative for COVID-
19 (C19�) group tested positive for ongoing infection a few weeks
after the poststudy. Once recovered, she participated in the post-
study once more; this time as a C191 participant, thereby contrib-
uting to both the C19� and C191 groups. The C191 participants
were, on average, 38 (SD, 8) years of age (range 30–51 years), and
the C19� participants were, on average, 33 (SD, 7) years of age
(range, 26–49 years) at the prestudy. The poststudy took place
between 3weeks and 12months after infection for the C191 group
(mean, 7 [SD, 4] months). In the prestudy, all participants reported
having normal or corrected-to-normal vision, hearing, and olfac-
tory function.

All procedures were approved by the Swedish Ethical Review
Authority, and all participants provided written informed consent
before participating in both the pre- and the poststudy.

Psychometric Odor Assessment
Individual olfactory performance was assessed after the MR imag-
ing data acquisition in both the pre- and poststudy. We measured
the odor-detection threshold, olfactory quality discrimination,
and cued olfactory identification (sum score, threshold-discrimi-
nation-identification) using the validated Sniffin’ Sticks smell tests
(Burghart).

Neuroimaging Acquisition and Processing
MR Imaging Data Acquisition. For both sessions, the same 3T
Magnetom PrismaMR imaging (Siemens) scanner with a 20-chan-
nel head coil was used. We acquired structural images in both
studies using identical protocols with a 3D MPRAGE T1-weighted
sequence (208 slices, TR¼ 2300ms, TE¼ 2.89ms, flip angle¼ 9°,
voxel size ¼ 1 � 1 � 1mm, FOV ¼ 256 � 256 voxels). To assess
potential effects of COVID-19 on olfactory functional connectivity,
the poststudy included a 12-minute functional resting-state scan
using an echo-planar imaging sequence (56 slices, TR ¼ 1700ms,
TE ¼ 30ms, flip angle ¼ 70°, voxel size ¼ 2.2 � 2.2 � 2.2mm,
FOV¼ 94� 94 voxels). For 1 participant in the C191 group, all
neuroimaging data were excluded from analysis due to exces-
sive motion artifacts, making delineation of the olfactory bulbs
problematic.

Volumetric Measures. OB volume was assessed manually for
each structural image and hemisphere (Fig 1). Data from both ses-
sions for each participant were assigned to 1 of 2 experienced neu-
roradiologist raters (coauthors V.L. and M.B.) who were naïve to
whether participants belonged to the C191 or C19� groups. For
the full cerebral cortex, voxel-based morphometry analysis was
performed using the longitudinal pipeline in the Computational
Anatomy Toolbox, Version 12.8 for SPM12 (http://www.fil.ion.
ucl.ac.uk/spm/software/spm12). Our preregistered analysis plan
was based on a cross-sectional publication,18 whereas the current
study has a longitudinal nature. Consequently, we used the longi-
tudinal pipeline in the CAT12 toolbox,19 which entails additional
intrasubject processing steps and the use of Geodesic Shooting20

instead of the Diffeomorphic Anatomical Registration Through
Exponentiated Lie Algebra Toolbox (DARTEL, part of SPM) for
spatial registration.
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Connectivity Measures. Data preprocessing and denoising of
functional images was performed using SPM12 and the CONN
functional connectivity toolbox, Version 20.b (https://web.conn-
toolbox.org/resources/documentation) following the steps outlined
in Peter et al.21 No group differences in motion were demonstrated
on the basis of Welch t tests of mean framewise displacement
(C191: 0.2mm; C19�: 0.18mm; t(16.4) ¼ 1.25, P ¼ .31) or the
number of volumes with a framewise displacement.0.5mm
(C191: 6.1; C19�: 4.9; t(13.7)¼ 0.39, P¼ .7).

Creation of ROIs. Three ROIs were included to assess potential
COVID-19-related alterations in cortical structure and functional
connectivity in areas associated with olfactory processing: the ante-
rior piriform cortex, posterior piriform cortex, and orbitofrontal
cortex, all based on a published olfactory activation likelihood anal-
ysis22 and restricted to core processing areas.23 Auditory and visual
ROIs corresponding to the functions of the olfactory ROIs were
included as control regions for the functional connectivity analysis:
the primary auditory cortex, higher order auditory cortex, primary
visual cortex, and the lateral occipital complex; all defined in
Porada et al.23

Statistical Analyses
Change scores were calculated as (post) – (pre) for each individ-
ual for the measures that were acquired in both sessions.

Olfactory Function. The hypothesis of reduced olfactory function
(more negative change score) in the C191 group compared with
the C19�group was assessed with a 1-sided Welch t test, a ¼ .05,
for all tests unless otherwise stated, on the olfactory threshold-dis-
crimination-identification change scores.

Volumetric Measures. We computed the average OB volume
across the left and right hemispheres. Our hypothesis of reduced
OB volume in the C191 compared with the C19� group was
assessed using a 1-sidedWelch t test on the change scores. In addi-
tion, we performed a nonpreregistered binomial test to assess

whether the number of participants
with an increased or decreased OB vol-
ume differed between groups. In this
test, each participant was classified as
having an either increased or decreased
OB volume (positive or negative change
score, respectively), and the number of
participants in each category in each
group was then compared with the
expected null distribution.

GM volume in the preregistered ol-
factory ROIs (anterior piriform cortex
and posterior piriform cortex) as well as
in an additional olfactory ROI (orbito-
frontal cortex) was extracted and then
averaged over the hemispheres. Our hy-
pothesis of reduced GM volume in the
C191 group compared with the C19�
group was tested using 1-sided Welch t
tests on the change scores. We also per-

formed an exploratory whole-brain-group comparison of voxelwise
tests of the interaction between the factors group (C191/C19�)
and time (pre/post), with a threshold of P, .001 and a minimum
cluster size of 10 voxels.

Connectivity Measures. Blood oxygen level–dependent time-
series were extracted from all ROIs, and functional connectivity
between the regions was calculated on the basis of a pair-wise
Pearson correlation within the 3 sensory systems separately. The
correlation values were Fisher z-transformed for statistical com-
parisons between the 2 groups, performed using 2-sided Welch t
tests.

Data Availability
Data not provided in the article because of space limitations may
be shared (anonymized) at the request of any qualified investiga-
tor for purposes of replicating procedures and results.

RESULTS
We first assessed the objective change in olfactory function due to
COVID-19 by comparing the change in threshold and threshold-
discrimination-identification scores of the C191 and C19�
groups. We hypothesized that the C191 group would demonstrate
a larger reduction in olfactory performance than the control group.
However, there was no significant difference between the groups
in either threshold (t (12.1)¼ 0.97, P¼ .82) or threshold-discrimi-
nation-identification (t (9.4) ¼ 0.60, P ¼ .72; 1-sided Welch’s t
tests). Contrary to this lack of an apparent objective difference
between the C191 and C19� groups in olfactory function, 4 of
the 9 participants in the C191 group did experience subjective ol-
factory dysfunction at the time of the poststudy, including 1 case of
parosmia and 1 case of potential phantosmia (Table). The self-esti-
mated overall olfactory function, compared with the function
around the time of the prestudy, ranged from 50% to 100% (mean,
87.5%, SD, 17.9%) in the C191 group, whereas for the C19�
group, 100% of participants rated themselves as experiencing no
difference in olfactory performance.

FIG 1. Illustration of the volumetric measurements of the left OB in a C191 participant, in whom
a decrease in OB volumes was observed 11months after infection compared with the premeasure.
The upper panel shows sagittal (A) and coronal (B) reconstructions of the high-resolution 3D
T1WI sequence from the premeasure MR imaging with the left OB delineated in purple and the
resulting computed OB volume (C). The corresponding data are shown for the postmeasure in
the lower panel (D–F).
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Next, we determined whether COVID-19 might lead to a
long-term reduction in OB volume. On average, the OB volume
in the C191 group was reduced by 14.6% (SD, 26.8%) in the
post-COVID measure compared with the pre-COVID measure.
In the C19� group, the corresponding number was a 2.3% (SD,
23.2%) volume reduction (Fig 2). Our preregistered 1-sided
Welch t test on the change scores showed that this difference
between groups was nonsignificant according to our a criterion,
t(15.2) ¼ 1.3, P ¼ .1, Hedges’ g ¼ .58. However, in the C191
group, 87.5% of participants (7 of 8) demonstrated a reduction in
OB volume (mean for these participants, 22.7% [SD, 15.2%]).
When assessing the likelihood that the observed reduction in OB
volume in the C191 occurred due to chance (binomial test), we

found that the probability that $7 C191 participants would
demonstrate a reduction was P¼ .035, z¼ 1.76.

Although we did not systematically interview participants
about parosmia and phantosmia symptoms nor did we test them
for such, we made an inventory of their spontaneous reports of
acute remaining symptoms, which were both of a chemosensory
and general nature. The details of the self-reported acute and
remaining chemosensory symptoms and demographics for each
participant are shown in the Table. The participant who contrib-
uted to both the C19� and C191 groups had a relatively
unchanged OB volume when participating in the C19� group
(0.8% increase) but showed a 31% volume reduction shortly after
COVID-19 infection. Her persistent olfactory problems included
a constant strange stale taste in the mouth, a potential sign of
phantosmia, as well as selective anosmia for 3 of the sample odors
in the discrimination task; something that she did not recall expe-
riencing at the premeasure. She also reported experiencing selec-
tive anosmia in her everyday life. The C191 participant who
showed an increase in OB volume (outlier in Fig 2) also reported
persistent chemosensory problems, including signs of parosmia.
These were the only 2 participants who reported signs of paros-
mia or phantosmia. One participant reported sensing more bit-
terness, and another reported poor taste, especially on the tip of
the tongue, both of which might be signs of actual gustation
problems.

Next, we assessed whether COVID-19 leads to loss of GM
volume in central olfactory areas by determining whether the
GM volume change score was different in the C191 group
compared with the C19� group. We did not find any statisti-
cally significant differences in the 3 ROIs (all, Ps. .27; Fig 3).
Finally, in an exploratory analysis, we assessed whether there
were signs of volumetric changes to any nonhypothesized
brain areas by performing a whole-brain contrast between
C191 and C19� groups. No voxels survived the set statistical
threshold.

Self-reported acute and persisting chemosensory-related symptoms for all C19+ participants and demographic information. Rows
indicate participants

Age at
Poststudy

(yr) Sex

Months
since

Infection at
Poststudy Acute Symptoms Remaining Symptoms

Estimated Sense of
Smell Compared with

Premeasure (%)
31 Female 10 Anosmia, ageusia – 100
35 Female 3 Anosmia – 100
39 Male 7.5 – – 100
51 Female 12 Anosmia, ageusia Weaker sense of smell. Some things

smell stronger; some weaker (eg,
coffee); some completely

different (eg, sweat smells like raw
onion), more bitterness

70

50 Female 9.5 Numbness in the mouth – 100
32 Male 3 Anosmia, ageusia Worsened sense of smell and taste,

especially tip of the tongue
80

46 Female 0.75 Anosmia Poor taste and constant stale taste.
Selective anosmia (eg, coffee,
shampoo, wine, 3 test odors)

50

30 Male 3 Anosmia Slightly affected sense of smell 87.5
32 Female 11 – – 100

Note:—– indicates none.

FIG 2. Mean (bars) and individual (dots) OB volume change from the
pre- to the poststudy for the C191 and C19� groups. Error bars
denote61 standard error of the mean.
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Finally, we assessed whether COVID-19 could be linked to
alterations in resting-state functional connectivity between core ol-
factory regions. The C191 group demonstrated an increase in
functional connectivity between the orbitofrontal cortex and the an-
terior piriform cortex, t(14.6)¼ 3.92, P, .005, Hedges’ g¼ 1.73, as
well as the orbitofrontal cortex and the posterior piriform cortex, t
(12.1) ¼ 3.07, P, .01, Hedges’ g ¼ 1.42 compared with the C19�
group. However, we found no significant group differences between
the closely located anterior and posterior piriform cortex, t(13.6) ¼
0.15, P ¼ .89, Hedges’ g ¼ .07. Likewise, we found no significant
group differences between auditory and visual control regions (all,
Ps. .17).

DISCUSSION
In the present study, we used a unique group of participants that
allowed us to assess COVID-19-dependent effects on the mor-
phology of the human OB and cerebral olfactory areas using a
within-subject design with a comparable control group. In line
with our preregistered hypothesis, we observed a consistent
decrease of OB volume in 7 of 8 measured individuals within the
C191 group with an average of about a 14% decrease in volume
at an average of 7 months after their infection by SARS-CoV-2. In
the control group, 6 had an increase, and 6 had a decrease with
time, with an average decrease of about 2% in OB volume.
Although this was not a statistically significant difference between
groups, according to the preregistered inference analyses, it is
interesting to note that a binominal test indicates a medium effect
size that is unlikely to occur due to chance, even when including
the deviating participant with a large increase in OB volume.
Thus, it can be speculated whether the lack of clear significant
effects according to our preregistered analyses plan is mainly due
to the small sample size, regulated by the unique and restricted
population and the outlier participant.

Although multiple past studies have demonstrated that OB
volume is modulated by changes in olfactory performance,24 the
mechanism allowing this plasticity is not known. Studies in ani-
mal models have demonstrated that neurogenesis can occur in

the OB,25 but studies in human cadavers have not supported this
phenomenon. A more straightforward mechanism that might
explain the link between the fast changes in OB volume that ol-
factory training is known to induce is potential changes in the
OB vascularization. Recent data suggest that nearly all individuals
infected by SARS-CoV-2 experience endothelial cell death, which
causes microvascular damage to tissue along the olfactory path-
way.9,26 Given the flexibility of the OB vascularization and close
link to the amount of olfactory input,27 olfactory training might
help alleviate OB morphologic loss due to COVD-19. However, we
cannot dissociate between direct effects from SARS-CoV-2 and
effects from a potential reduction in sensory input. Nevertheless,
although several participants in the C191 group reported subjec-
tive changes in olfactory functions, we did not find any statistically
significant changes in objective olfactory performance.

We speculate that the participants’ self-reported olfactory
problems might be parosmia-related, which is not well captured
by the threshold-discrimination-identification test. For example,
the ability to identify and discriminate odors is not necessarily
affected by a change in their perceived nature and valence. Many
individuals with parosmia will readily identify an odor, for exam-
ple coffee, but will report that they no longer appreciate the odor
and that coffee now smells more like smoke. We did not specifi-
cally interview participants about parosmia symptoms nor test for
such, but 1 participant spontaneously shared that some odors had
changed character (eg, sweat smelling like raw onions). Another
participant even reported a constant strange stale taste in the
mouth, a potential sign of phantosmia or phantgeusia. Another
possibility is that our C191 participants had specific anosmia
(not coinciding with the 16 identification test odors). For example,
1 C191 participant was surprised that he or she did not detect
some of the odors in the discrimination task and did not recall
having experienced this in the prestudy. Because this selective
anosmia occurred only for, at most, 1 odor in each set for this par-
ticipant, it did not impede the participant from performing the
task. In fact, the discrimination task may even become easier
when one of the odors in a set is odorless to the participant
because they will, for example, easily detect the odd one out as

FIG 3. Mean (bars) and individual (dots) pre- to postchange scores for GM volume within the C191 and C19– groups, separately for each ROI.
Error bars denote 61 standard error of the mean. APC indicates anterior piriform cortex; PPC, posterior piriform cortex; OFC, orbitofrontal
cortex.
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being the only one that is odorless. Last, participants might have
taste alterations that are easily confused with olfactory alterations,
something that we did not assess in our study. One participant did
report sensing more bitterness, and another reported poor taste,
especially on the tip of the tongue, both of which might be signs of
dysgeusia.

We found no evidence that a COVID-19 infection causes
long-term insult to cerebral areas of the olfactory system, but we
did demonstrate a significant increase of functional connectivity
between the orbitofrontal cortex and both the anterior and poste-
rior piriform cortex. These outcomes were not expected according
to our hypothesis. However, absence of clear COVID-19-related
morphologic changes to the piriform cortex, often referred to as
the primary olfactory cortex, was also demonstrated in a recent
study on the UK-biobank material in which pre- and post-
COVID-19 infection data were included.28 In contrast, the UK-
Biobank study found COVID-19-related reduction in GM within
the orbitofrontal cortex, whereas we found no differences. The 2
studies differed in sample size, scanning parameters, and location
of our olfactory-related ROIs. Nonetheless, our lack of significant
results supports the emerging consensus that COVID-19 does not
cause long-term morphologic alterations to the olfactory cortex of
such magnitude that it can be clearly demonstrated, on average,
7 months after the infection. Although we did not expect an
increased connectivity between the orbitofrontal cortex and the
piriform cortex, our data clearly indicated that the C191 group
had a significantly higher functional connectivity between these 2
areas compared with the C19� group at the postmeasure. The
piriform cortex is the largest cortical recipient of afferent OB
fibers, whereas the orbitofrontal cortex (higher order multimodal
sensory cortex) encodes information regarding olfactory stimuli
(secondary olfactory functional area).

A recent study by Esposito et al29 evaluating olfactory loss and
connectivity of the olfactory cortex after COVID-19 found that
structural and functional connectivity metrics were significantly
increased in participants with a previous COVID-19 infection
compared with noninfected participants. As pointed out by these
authors, limitations of their study included a small sample size as
well as no data on pre-COVID olfactory performance. In addition,
the authors did not perform resting-state fMRI assessment of the
auditory or visual cortex (control regions) but focused only on
the olfactory cortex. Although the authors could not exclude that
the observed differences between the 2 groups (previously infected
versus noninfected participants) might already have existed before
the pandemic, they hypothesized that the observed increased func-
tional connectivity of the olfactory cortex may be the result of a
compensatory CNS response. Our study suggests that the observed
increased connectivity between the piriform and orbitofrontal cor-
texes may indeed reflect a mechanism of CNS neuroplasticity, in
particular because we found no significant group difference in con-
nectivity in the 2 control regions, the auditory and visual cortexes.

The only C191 patient who presented with a dramatic
increase in OB volume reported parosmia symptoms. The
increase in OB volume observed in this participant is probably
caused by persistent localized edema and inflammation follow-
ing infection. While transient bilateral edema of the OB has
been described on MR images in C191 patients during the

acute phase of infection,13 a subset of patients presented with
persistent olfactory deficits with or without perceptual distor-
tions after COVID-19 infection.30 MR imaging, clinical, histo-
pathologic, and molecular data suggest that in this subset of
patients, localized inflammation of the olfactory pathways is
responsible for the persistent olfactory deficits.30

The present study is in many ways unique in that we assessed
the effects of COVID-19 infection within subjects, with a match-
ing control group and using a study designed for assessing the
potential neural effects of olfactory dysfunction. Without baseline
pre-COVID-19 assessment or a control group, effects could be
population-wide or reflect pre-existing COVID-19 risk factors.
Nevertheless, our study is limited by the restricted sample size and
does not have the same predicted power as a randomized control
study. However, our baseline measures of the individual’s state
before infection and, critically, the inclusion of individuals with
only mild-to-moderate COVID-19 symptoms are a strength over
studies assessing clinical cases with more severe symptoms in
which the incidence of olfactory dysfunction is known to be much
lower.31 Our cohort could potentially provide further unique data
in the future by allowing assessment of tentative altered OB vol-
ume and connectivity in individuals experiencing either spontane-
ous or olfactory training-induced recovery.

Evidence from both animal and human data have demonstrated
that a range of DNA and RNA viruses are first detected in the OB
during neurotropic infections of the CNS.6 In line with this notion
are recent data suggesting that though wide-spread disease-associ-
ated microglia signatures are found in COVID-19-infected patients’
cortexes, there are no molecular traces of SARS-CoV-2 in the cortex
beyond the OB,32 a finding supported by the discovery of SARS-
CoV-2 in the olfactory bulb but not beyond in an animal model.7

These findings are further in line with past data suggesting that OB
interneurons are not affected by neurotropic coronaviruses33 and
that the OB might provide virologic control by clearing viruses rap-
idly after infection.34 Our results of tentative long-termmorphologic
effects in the OB, but not the olfactory cortex, therefore support the
notion that the OB is functioning as an immunosensory effector
organ during neurotropic viral infections.6 Although our goal was
not to assess the immediate clinical relevance and therapeutic signif-
icance of neuroimaging findings, our study may contribute to our
understanding of the olfactory system. Critically, the understanding
that OB volume is likely affected by COVID-19 further promotes
the notion that clinicians should recommend olfactory training to
patients with COVID-19 with lingering olfactory disturbances,
given that olfactory training is known to affect OB volume.24

CONCLUSIONS
We found tentative evidence that COVID-19 reduces the volume
of the OB with an average of 14% but does not affect GM volume
of the main cerebral olfactory areas. Although 87.5% of our par-
ticipants demonstrated a reduced OB volume after COVID-19
and binomial testing suggests that the result is not due to chance,
our findings did not reach formal statistical significance.

Disclosure forms provided by the authors are available with the full text and
PDF of this article at www.ajnr.org.
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ORIGINAL RESEARCH
HEAD & NECK

A Gamified Social Media–Based Head and Neck Radiology
Education Initiative of the American Society of Head and

Neck Radiology: Viewership and Engagement Trends
at 3 Years

N.A. Koontz, C.M. Tomblinson, D.R. Shatzkes, C.M. Glastonbury, C.D. Phillips, K. Dean, S. Strauss, M. Agarwal,
C.D. Robson, and R.H. Wiggins

ABSTRACT

BACKGROUND AND PURPOSE: Social media has made inroads in medical education. We report the creation and 3-year (2018–2021)
longitudinal assessment of the American Society of Head and Neck Radiology Case of the Week (#ASHNRCOTW), assessing viewer-
ship, engagement, and impact of the coronavirus disease 2019 (COVID-19) pandemic on this Twitter-based education initiative.

MATERIALS AND METHODS: Unknown cases were tweeted from the American Society of Head and Neck Radiology account weekly.
Tweet impressions (number of times seen), engagements (number of interactions), and new followers were tabulated. A social media
marketing platform identified worldwide distribution of Twitter followers. Summary and t test statistics were performed.

RESULTS: #ASHNRCOTW was highly visible with 2,082,280 impressions and 203,137 engagements. There were significantly greater
mean case impressions (9917 versus 6346), mean case engagements (1305 versus 474), case engagement rates (13.06% versus 7.76%),
mean answer impressions (8760 versus 5556), mean answer engagements (908 versus 436), answer engagement rates (10.38% versus
7.87%), mean total (case 1 answer) impressions (18,677 versus 11,912), mean total engagements (2214 versus 910), and total engage-
ment rates (11.79% versus 7.69%) for cases published after the pandemic started (all P values, .001). There was a significant increase
in monthly new followers after starting #ASHNRCOTW (mean, 134 versus 6; P, .001) and significantly increased monthly new fol-
lowers after the pandemic started compared with prepandemic (mean, 178 versus 101; P ¼ .003). The American Society of Head and
Neck Radiology has 7564 Twitter followers throughout 130 countries (66% outside the United States).

CONCLUSIONS: Social media affords substantial visibility, engagement, and global outreach for radiology education. #ASHNRCOTW
viewership and engagement increased significantly during the COVID-19 pandemic.

ABBREVIATIONS: ASHNR ¼ American Society of Head and Neck Radiology; #ASHNRCOTW ¼ ASHNR Case of the Week hashtag; @ASHNRSociety ¼
ASHNR Twitter account handle; ER ¼ engagement rate; GIF ¼ Graphics Interchange Format; COVID-19 ¼ coronavirus disease 2019

Social media is pervasive in modern life with 72% of Americans
reporting using social media in 2021, up from 65% in 2015

and just 7% in 2005.1,2 Using such platforms as Twitter,
Facebook, YouTube, Instagram, TikTok, and LinkedIn, social
media offers a widely available, easily accessible, highly portable,
and free networking infrastructure that can be accessed via
mobile smartphones and tablets, in addition to traditional

online computer access. Particularly in a time of social distanc-
ing related to the coronavirus disease 2019 (COVID-19) pan-
demic, social media has many attributes that make it an
attractive instrument for radiology education, including the
ability to rapidly disseminate image-rich content in a free open-
access model, low (or no) overhead costs, ease of cross-institu-
tional and multidisciplinary collaboration, lack of geographic
boundaries, pre-existing networks of engaged users, and a gen-
eral lack of hierarchical and social barriers that might otherwise
inhibit interactions.3,4
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Several prior publications have described the potential roles of
social media for radiology education, detailing the experiences of
individual and departmental accounts.4-14 Others have detailed
the value of social media by radiology departments for engaging
faculty members,4,15 by national medical societies for increasing
engagement of members during national meetings,16-22 and for
increasing readership and engagement of medical journals.23-27

During the past 4 years, multiple neuroradiology societies have
implemented social media–based educational outreach initiatives,
the earliest being the American Society of Head and Neck
Radiology (ASHNR), which launched a weekly case-based educa-
tion initiative in 2018 using Twitter as the primary vehicle for con-
tent dissemination. These social media–based, free open-access
medical education initiatives serve the purposes of carrying out
societal education missions, increasing global outreach, engaging
members, advertising the society, and increasing society member-
ship. However, no published studies have evaluated the implemen-
tation and outcomes of social media–based education initiatives by
radiology societies.

We report the development, implementation, and longitudinal

assessment of the ASHNRCase of theWeek (#ASHNRCOTW) edu-

cation initiative, detailing the viewership and engagement trends of

this new social media–based educational offering during its first

3 years of existence (2018–2021), as well as comparing viewership

and engagement trends before and during the COVID-19 pandemic.

MATERIALS AND METHODS
This investigation was compliant with Health Insurance Portability
and Accountability Act standards. All protected health information
regarding this educational initiative and study was carefully moni-
tored by the principal investigator, and topical or time-sensitive
case material was intentionally excluded to maintain compliance
and safeguard protected health information.

#ASHNRCOTWOverview
OnMarch 21, 2018, the ASHNR launched a new radiology educa-
tion initiative using social media and gamified learning as the
vehicles for delivering image-rich, case-based head and neck
imaging content to participants. This new education offering was
proposed by members of the ASHNRWebsite Committee and ad
hoc Social Media Committee, approved by a vote of the Executive
Committee, and remains an ongoing educational offering over-
seen by the subsequently formalized ASHNR Website and Social
Media Committee. The educational content is disseminated via
Twitter from the official ASHNR account (@ASHNRSociety) and
uses a standard 3-step format: 1) tweeting an unknown case with
salient history, 2) a 24-hour response period during which partici-
pants can submit responses, and 3) tweeting the case answer and
summary content the following day (Fig 1). Participants are regis-
tered Twitter users who engage the content by replying directly to
the tweet.

FIG 1. Representative #ASHNRCOTW. Each Wednesday, a new unknown case is tweeted by the @ASHNRSociety Twitter account, including a
brief clinical history and 2–3 representative images (A). Participants are allowed a 24-hour response period, during which they reply to the origi-
nal tweet by submitting an appropriate, thematically relevant, animated GIF image (B). Thus, users participate in the edutainment without spoil-
ing the answer for other participants. Moreover, GIFs allow learners to form a “guidepost” memory affiliated with the case content with the
intent to improve learning and increase future clinical accuracy performance as a radiologist. In this case of an accessory levator claviculae mus-
cle, a learner submitted an animated GIF of a woman shrugging her shoulders to hint at the correct response. After the 24-hour response period,
the case answer is tweeted by the ASHNR, including annotated images and a summary slide with key points (C).
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Content Design
Case material is compiled and vetted by the chair of the ASHNR
Website and Social Media Committee, an attending neuroradiolo-
gist and a subspecialty head and neck imager with.7 years’ post-
fellowship experience, who additionally creates and solicits case
content using a standard PowerPoint (Microsoft) template. This
standard template is used for maintaining a consistent appearance,
style, and organizational branding for the #ASHNRCOTW. Case
content is provided by volunteer ASHNR members, all of whom
are attending neuroradiologists with head and neck imaging
subspecialty expertise. To facilitate the development of content,
encourage society membership, promote engagement among
trainees, and foster mentor-mentee relationships, volunteer fac-
ulty are encouraged to partner with and mentor residents and
fellows with case-content generation.

Content Dissemination
Each Wednesday at noon Eastern Daylight Time (EDT), an
unknown case is tweeted via the official Twitter account of the
ASHNR using TweetDeck (https://tweetdeck.twitter.com/), a social
media dashboard application that allows clients to schedule tweets
in advance. Core content of each case includes a brief clinical his-
tory; a collage of 2–3 salient images labeled with plane, technique,
and, when indicated, sequence modifiers (Fig 1A); a designation of
the case contributors and their home institution; and instructions
to answer the case by replying to the tweet with a thematically rele-
vant and appropriate animated Graphics Interchange Format
(GIF) image. A standard hashtag (#ASHNRCOTW) is used for
referencing and archiving the content in perpetuity on Twitter,
making the case database searchable by any online user. Several
society members who are active on Twitter are tagged using their
respective Twitter handles to encourage case discussion and to
amplify viewership by retweeting the case of the week, the number
of which varies each week to conform to the 280-character limit
for tweets.

The purpose of using an animated GIF response (Fig 1B) is 3-
fold: 1) It allows users to participate in the learning instrument
without “giving away” the specific answer to other users, 2) it acts
as an engaging vehicle to gamify the educational content (so-called
“edutainment”) resulting in increased online discussion, and 3) it
allows learners to develop a unique “guidepost” memory affiliated
with the case content with the intent to improve learning and
increase future clinical accuracy performance as a radiologist. To
ensure that submitted GIFs are appropriate and professional, the
chair and other members of the ASHNR Website and Social
Media Committee monitor responses closely. If submitted GIFs
are deemed inappropriate or offensive or if a learner submits the
answer in text form (giving away the answer), his or her tweet is
hidden using the “hide reply” functionality in Twitter. Repeat
offenses or unprofessional conduct results in users being blocked
by the @ASHNRSociety Twitter account.

Twitter followers are allowed 24hours to publicly submit
responses to the unknown case by replying to the original tweet,
at which point the follow-up case answer is then tweeted by the
official ASHNR Twitter account via a scheduled tweet from the
TweetDeck application. This follow-up includes the answer to
the unknown case, an annotated version of the original 2- to

3-image collage with arrows denoting salient findings, a summary
slide containing key facts and imaging pearls regarding the diagno-
sis, and a designation of the contributors and their home institution
(Fig 1C). The answer tweet is tagged with the #ASHNRCOTW
hashtag to facilitate searchability, and multiple society members are
again tagged using their respective Twitter handles up to the 280-
character limit for tweets.

Case and answer pairs are tweeted weekly on Wednesday and
Thursday at noon Eastern Daylight Time, respectively, except for
certain holiday weeks each year. This schedule allows the material
to be available for review during “routine business hours” across
the continental United States, irrespective of a learner’s time zone.

Data Collection
For the primary aim of this study, we used the analytics function-
ality of Twitter to tabulate impressions (defined as “times people
saw a tweet on Twitter”) and engagements (defined as “times peo-
ple interacted with a tweet,” for example retweeting content, “lik-
ing” a tweet, clicking on media to enlarge pictures, following the
@ASHNRSociety, or clicking a hashtag embedded in the tweet)
for both the case and the answer tweets during the first 3 years of
the #ASHNRCOTW postings (from March 21, 2018, through
March 17, 2021). With these data, we extrapolated an engagement
rate (ER) defined as Number of Engagements

Number of Impressions . As a secondary outcome,
we used Twitter analytics to tabulate the number of new monthly
followers of the official ASHNR Twitter account. Last, to quantify
the extent of international scope, we used a third-party social
media marketing platform (Tweepsmap; https://tweepsmap.com/)
to determine the geographic distribution of followers. All data are
current through January 19, 2022.

Statistical Analysis
Statistical analysis was performed using Excel (Microsoft), includ-
ing summary statistics, F-test of the equality of variances, (Student)
t test, and (Welch) t test of unequal variances when appropriate.
P values, .05 are considered statistically significant.

RESULTS
Twitter Viewership and Engagement
One hundred forty-three unique #ASHNRCOTW cases were cre-
ated and disseminated during the first 3 years of this initiative.
Content spanned the breadth of the head and neck imaging
domain, including pediatric/congenital, infectious/inflammatory,
oncology, trauma, temporal bone, sinonasal, skull base, orbits,
glands, dental, vascular, suprahyoid and infrahyoid neck, upper
aerodigestive tract, visceral space, sellar/parasellar, and cervical
spine/musculoskeletal cases. A complete list of diagnoses can be
found in the Online Supplemental Data. During the first 3 years,
26 neuroradiology/head and neck imaging faculty from 21 differ-
ent institutions contributed case material for the #ASHNRCOTW
initiative, mentoring 38 trainees in a total of 70 of the cases.

During its first 3 years, the #ASHNRCOTW cases demon-
strated high visibility on Twitter with case tweets garnering a total
of 1,107,464 impressions (mean, 7745 [SD ¼ 2857]; range, 2310–
17,159) (Fig 2). In addition to being seen .1.1 million times,
interaction with the #ASHNRCOTW case tweets was high with
114,351 case tweet engagements (mean, 800 [SD, 520]; range ,
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200–2576) and a mean engagement rate of 9.8% (SD, 0.035; range,
4%–21.5%), indicating that approximately 10% of people who saw
the case on Twitter interacted with it (Fig 3). During the same
time interval, the #ASHNRCOTW answer tweets were slightly less
visible on Twitter, garnering a total of 974,816 impressions (mean,
6817 [SD, 2879]; range, 1808–18,727) (Fig 2). Answer tweets also
demonstrated fewer interactions with a total of 88,786 engage-
ments (mean, 621 [SD, 336]; range, 105–1945), yielding a mean
engagement rate of 8.9% (SD , 0.019; range, 4.4%–15.3%) (Fig 3).

When one considers case and answer tweets together, the
#ASHNRCOTW was highly visible during the first 3 years with
2,082,280 total impressions (mean, 14,561 [SD, 5131]; range,
4318–29,329). In addition to being seen nearly 2.1 million times,
interaction with #ASHNRCOTW was high with 203,137 total
engagements (mean, 1421 [SD, 797]; range, 366–3866) and a
mean engagement rate of 9.3% (SD, 0.026; range, 5%–17.4%).

Using the date of the first reported case of COVID-19 in the
United States (January 20, 2020)28 as a separation point, 87 cases
were designated in the pre-COVID era and 56 cases were desig-
nated in the post-COVID era. There were significantly greater
mean case impressions (9917 versus 6346), mean case engagements

(1305 versus 474), case engagement rates (13.06% versus
7.76%), mean answer impressions (8760 versus 5556), mean
answer engagements (908 versus 436), answer engagement rates
(10.38% versus 7.87%), mean total (case 1 answer) impressions
(18,677 versus 11,912), mean total (case 1 answer) engage-
ments (2214 versus 910), and total (case 1 answer) engagement
rates (11.79% versus 7.69%) for #ASHNRCOTW tweets posted
after the start of the COVID-19 pandemic in the United States
compared with those posted before the start of the COVID-19
pandemic (all P values, .001) (Online Supplemental Data).

Twitter Followers
Before the #ASHNRCOTW education initiative (July 2016 to
February 2018), the ASHNR official Twitter account amassed a
total of 130 new Twitter followers during 20months, amounting to
a mean of 6.5 (SD, 9.04) new followers per month (range, 0–37).
Following the start of the #ASHNRCOTW (March 2018 to March
2021), ASHNR accumulated 4811 new followers during 36months,
yielding a mean of 134.6 (SD, 64.1) new followers per month
(range, 48–374). This increase in mean monthly new Twitter fol-
lowers was statistically significant (P, .001). In a subset analysis of

FIG 2. #ASHNRCOTW tweet impressions during the first 3 years. Case impressions (number of times seen) are recorded in blue, and answer
impressions are recorded in orange. Note growth of the Twitter viewership during the first 3 years, which was significantly greater after the
onset of the COVID-19 pandemic compared with prepandemic (P, .001).
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monthly mean new Twitter followers after the implementation of
the #ASHNRCOTW, there was a statistically significant increase in
mean monthly new Twitter followers after the start of the COVID-
19 pandemic (mean, 178 [SD, 77.9]; range , 90–374) compared with
before the COVID-19 pandemic (mean, 101 [SD, 25.4]; range,
48–176) (P¼ .003).

International Scope
At the time of this research, the official Twitter account of the
ASHNR (@ASHNRSociety) has 7564 followers throughout 130
countries worldwide. The largest cohort of followers originates from
the United States (n ¼ 2584, 34.16%), followed by India (n ¼ 897,
11.86%), the United Kingdom (n ¼ 436, 5.77%), Saudi Arabia (n ¼
344, 4.55%), Brazil (n ¼ 201, 2.66%), Mexico (n ¼ 199, 2.63%),
Spain (n ¼ 194, 2.57%), Canada (n ¼ 180, 2.38%), Egypt (n ¼ 164,
2.17%), Turkey (n¼ 154, 2.03%), and Australia (n¼ 116, 1.54%).

DISCUSSION
We report the design, implementation, and 3-year longitudinal
assessment of a new social media–based educational initiative

sponsored by the ASHNR. This new initiative is used by radiology
learners of all levels of training (medical students, interns, resi-
dents, fellows, and practicing radiologists), as well as nonradiolo-
gist physicians (eg, otolaryngologists) and nonphysician health
care providers (eg, dentists) worldwide. We found Twitter to be a
highly visible and engaging tool for radiology education, as evi-
denced by the.2 million views and.200,000 interactions during
the first 3 years of the #ASHNRCOTW initiative (Figs 2 and 3).
We also found Twitter to be particularly well-suited for the deliv-
ery of education/edutainment content during the COVID-19 pan-
demic, as evidenced by the statistically significant increase in all
viewership and engagement metrics during the pandemic com-
pared with prepandemic levels (Online Supplemental Data).
During this era of social distancing and lack of in-person societal
meetings, social media provided a forum for society members to
continue to interact and network, benefitting from an international
form of asynchronous interactive transmedia storytelling to con-
tinue educational efforts alongside virtual conferences and online
webinars. We also observed a statistically significant increase in
mean new monthly followers of the @ASHNRSociety Twitter

FIG 3. #ASHNRCOTW tweet engagements during the first 3 years. Case engagements (number of times interacted with) are recorded in blue
and answer engagements are recorded in orange. There was also growth of the Twitter engagement over the first 3 years, which was significantly
greater after the onset of the COVID-19 pandemic compared with prepandemic (P, .001).
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account during the pandemic compared with prepandemic levels,
as well as a 5718% increase in total followers when comparing
post-#ASHNRCOTW (7564 followers) to pre-#ASHNRCOTW
(130 followers) levels. This growth in @ASHNRSociety Twitter fol-
lowers outpaced the general growth of overall Twitter users during
the same time period, which increased 41% from 122 million users
in the second quarter of 2018 to 206 million users in the second
quarter of 2021.29 Most important, we note the potential for global
radiology education outreach with this platform, as evidenced by
the 7564 Twitter followers of ASHNR distributed throughout 130
countries, 66% of whom reside outside the United States.

Before the implementation of the #ASHNRCOTW, the
@ASHNRSociety Twitter account was primarily used to advertise
the annual meeting and provide occasional member updates
regarding society news. Thus, viewership and visibility were limited,
and content was directed primarily at existing society members. By
establishing an ad hoc social media committee (and, subsequently,
merging it with the pre-existing website committee), the ASHNR
empowered a group of society members to design, implement, and
oversee what has grown into a long-running, highly visible, and
engaging educational initiative. This translates into an established
outward-facing advertisement of the society’s educational offerings
that is powered by the volunteer effort of engaged society members,
incurs essentially no financial cost to the society, and uses an educa-
tional delivery vehicle that has previously been shown to appeal
greatly to younger generations of learners.4 This initiative has also
increased the society’s outreach and mentoring efforts, connecting
head and neck radiologists internationally with a platform to inter-
act and educate with novel edutainment technology.

The concept of using social media as a platform for medical
education is not a new one, dating back to the first published medi-
cal literature description of a microbiology blog in 2010.30 Multiple
authors have previously detailed potential strengths and applica-
tions of using social media as a tool for radiology education, but
these are largely limited to editorials and perspectives with few
data-driven or outcomes-based investigations of this novel educa-
tion tool. In a 2021 study from radiologists at Johns Hopkins, the
authors found Twitter to be a useful tool for disseminating radiol-
ogy education with scroll-through videos offering the highest level
per tweet impressions and case images offering the highest level of
per tweet engagements in their study.8 In a 2018 study from radiol-
ogists at Indiana University School of Medicine, the authors
detailed a departmental social media–based radiology education
initiative, documenting a linear growth trend of increased per-case
Twitter impressions and engagements during its first year of imple-
mentation.13 In comparison, our study shows a growth trend in
both Twitter impressions and engagements over a longer study
duration (3 years), including a statistically significant increase in
Twitter viewership and participation during the COVID-19 pan-
demic compared with prepandemic cases. The reasons for the
increase in #ASHNRCOTW participation during the pandemic
are not resolved by this study but may relate to the transient
decrease in imaging volumes, leading to more available time for
education or an increased desire for professional interaction during
this time of social distancing and isolation. Similar to the results of
the Indiana University study,13 we also found that the unknown
#ASHNRCOTW case tweets had greater mean engagements than

the answer tweets. This difference in overall interaction with the
answer tweets is likely due to the gamified learning fostered by this
educational initiative.

A key element of the #ASHNRCOTW education initiative was
the explicit use of gamification, in this case, soliciting participants to
submit answers to the unknown cases in the form of GIF images,
to increase engagement and improve learning. Gamification refers
to the integration of game elements into a nongaming environment,
a concept that has increasingly been applied to medical education
during the past decade with the goal of improving learning out-
comes.31 A growing body of literature suggests that gamification is a
valuable tool for medical education, contributing to increased
learner engagement, increased use of education resources, increased
learner satisfaction, and improved learning outcomes.31-35 Gamified
learning strategies have made inroads in radiology education,
including such tools as in-lecture audience response systems, resi-
dent or fellow leaderboards, game fiction scenarios and role-
playing, and positive reinforcement with performance rewards for
trainees.36-39

We intentionally gamified the #ASHNRCOTW initiative to
rely on audience submission of GIF images as the primary means
of participation. The benefits of using GIF images are 3-fold: 1)
Participants can drop hints at the correct answer without spoiling
it for other participants, 2) participants weave a storylike tapestry
of memorable GIF images that combine narrative and flashbulb
episodic memory with factual medical information (semantic
memory) to augment learning, and 3) GIF images offer a light-
hearted and often comical vehicle for approaching learning,
which adds to the enjoyment of participation. This unique inter-
active edutainment allows participants to make connections they
might not otherwise contemplate between the unknown cases
and their answers using GIF images, fostering interactivity and
potentially increasing the knowledge retention and understand-
ing of complex head and neck anatomy and pathology. This asyn-
chronous interactivity allows our educational effort to expand
internationally and continuously throughout the year, expanding
our audience from traditional academic radiology in-person an-
nual conferences alone.

This study does have a few important limitations. First, we used
Twitter analytics data to assess #ASHNRCOTW viewership and
engagement but did not explicitly assess learning. Thus, we can
demonstrate significant increases in viewership, engagement, and
account followers after the establishment of the #ASHNRCOTW,
but we cannot be certain that participants improved their head and
neck radiology knowledge base or retention. Second, Twitter view-
ership data may be exaggerated due to the presence of social robots
(“bots”), which are automated programs that generate or share con-
tent on social media with the intent of influencing users. Bots are
estimated to account for 9%–15% of active Twitter accounts,40 creat-
ing uncertainty in the exact number of human eyes our cases
reached. The influence of bots on the niche Twitter demographic of
head and neck imagers is likely small and probably has a limited
effect on #ASHNRCOTW viewership. Third, we did not directly
survey participants about their perceptions of this educational initia-
tive. Thus, we cannot be certain whether participants found
#ASHNRCOTW to be useful for their learning needs, though the
high engagement rate (9.3%) suggests that they found it valuable.
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For reference, Twitter engagement rates of .1% are considered
strong.41 Last, we observed a significant increase in #ASHNRCOTW
Twitter viewership, engagement, and account followers correspond-
ing with the COVID-19 pandemic. We cannot be certain whether
these increases represent durable trends or a transient effect of pan-
demic era learning, which would require long-term studies of post-
pandemic viewership trends.

CONCLUSIONS
Social media affords substantial visibility, engagement, and global
outreach for radiology education. Despite logistic and social chal-
lenges posed by COVID-19, the ASHNR engaged learners during
the pandemic with its Case of the Week edutainment initiative on
Twitter, which significantly increased viewership and learner
engagement during the pandemic. As we evolve into our post-
pandemic “new normal,” social media–based education initiatives
and similar transmedia storytelling efforts may be beneficial for
interactive teaching, learning, and education beyond the tradi-
tional annual conferences of academic medical societies.
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High-Resolution T2-Weighted Imaging for Surveillance in
Postoperative Vestibular Schwannoma: Equivalence with

Contrast-Enhanced T1WI for Measurement and Surveillance
of Residual Tumor

S.B. Strauss, S. Stern, J.E. Lantos, E. Lin, J. Shin, P. Yao, S.H. Selesnick, and C.D. Phillips

ABSTRACT

BACKGROUND AND PURPOSE: Patients with surgically resected vestibular schwannoma will undergo multiple postoperative surveil-
lance examinations, typically including postcontrast sequences. The purpose of this study was to compare high-resolution T2WI
with gadolinium T1WI in the postoperative assessment of vestibular schwannoma.

MATERIALS AND METHODS: This was a retrospective study of patients with a history of resected vestibular schwannoma at a sin-
gle institution. High-resolution T2WI and gadolinium T1WI were independently evaluated for residual disease. In addition, 3D and
2D measurements were performed in the group of patients with residual tumor. Statistical analysis was performed to evaluate the
agreement between sequences on the binary assessment (presence/absence of tumor on initial postoperative examination) and to
evaluate the equivalence of measurements for the 2 sequences on 3D and 2D quantitative assessment in individuals with residual
disease.

RESULTS: One hundred forty-eight patients with retrosigmoid-approach resection of vestibular schwannomas were included in the
final analysis. There was moderate-to-substantial agreement between the 2 sequences for the evaluation of the presence versus
absence of tumor (Cohen k coefficient ¼ 0.78; 95% CI, 0.68–0.88). The 2 sequences were significantly equivalent for 2D and 3D
quantitative assessments (short-axis P value ¼ .021; long-axis P value ¼ .015; 3D P value ¼ .039).

CONCLUSIONS: In this retrospective study, we demonstrate moderate-to-substantial agreement in the categoric assessment for
the presence versus absence of tumor and equivalence between the 2 sequences for both 2D and volumetric tumor measurements
as performed in the subset of patients with measurable residual. On the basis of these results, high-resolution T2WI alone may be
sufficient for early postoperative imaging surveillance in this patient population.

ABBREVIATIONS: Gd-T1WI ¼ gadolinium T1-weighted imaging; HR-T2WI ¼ high-resolution T2-weighted MRI; SSFP ¼ steady-state free precession

Vestibular schwannoma is a benign neoplasm (World Health
Organization I) arising from Schwann cells enveloping the

eighth cranial nerve, usually in the internal auditory canal and cer-
ebellopontine angle, and is the most common benign neoplasm at
these locations. The average rate of growth for vestibular schwan-
noma is 1.2mm/year,1 but a subset may progress more rapidly.
Management recommendations include observation, stereotactic

radiosurgery, and complete, subtotal, or near-total microsurgical

resection.2,3 In the postoperative setting, imaging surveillance is

necessary for at least 10 years postprocedure,4 because reported re-

currence/residual rates range from 0.17% to 7.7%, depending, in

large part, on the completeness of the initial resection.5 Moreover,

as subtotal resection strategies have been increasingly applied for

the purpose of facial nerve and hearing preservation,3 long-term

imaging surveillance has become more integral. In practice, the cri-

terion standard for imaging surveillance remains serial, postopera-

tive, gadolinium T1WI (Gd-T1WI) of the internal auditory canal.4

However, there are concerns within the medical and lay literature

regarding the use of gadolinium-based contrast, particularly linear

and nonionic agents, due to both gadolinium accumulation in

brain tissue and the development of nephrogenic systemic fibro-

sis,6-8 particularly in a population undergoing multiple surveillance

examinations. Moreover, an abbreviated, noncontrast examination

is a more cost-effective approach for posttreatment surveillance.9
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The current recommendations of the American College of
Radiology for screening in patients with asymmetric sensorineu-
ral hearing loss include both MR imaging of the head and inter-
nal auditory canal without and with IV contrast and MR imaging
of the head and internal auditory canal without IV contrast, with
the latter being an acceptable route when there is a contraindica-
tion to contrast administration. There are no existing American
College of Radiology recommendations regarding imaging surveil-
lance in the postoperative setting in patients with vestibular
schwannoma; however, contrast-enhanced sequences are typically
included.10,11 Prior studies have demonstrated the accuracy12-14

and cost effectiveness9,15,16 of T2WI steady-state free precession
(SSFP) alone, without contrast-enhanced T1WI, for vestibular
schwannoma screening in patients presenting with asymmetric
sensorineural hearing loss. Studies have also shown noncontrast
T2WI to be accurate in the detection of interval growth in patients
with known, surgically-naïve vestibular schwannoma.17,18 To our
knowledge, no studies exist examining the use of noncontrast
T2WI for postoperative surveillance.

Steady-state sequences (eg, CISS, driven equilibrium
radiofrequency reset pulse [DRIVE], and FIESTA-C) confers high
spatial resolution using both T2 and T1 contrast, allowing excellent
distinction between CSF and adjacent soft tissue, thereby optimiz-
ing tumor conspicuity above standard T2-weighted sequences. The
purpose of this study was to compare high-resolution T2-weighted
MR imaging (HR-T2WI) with Gd T1WI in the postoperative
assessment of vestibular schwannoma. We hypothesized that HR-
T2WI will be equivalent to contrast-enhanced T1WI in the postop-
erative surveillance of vestibular schwannoma. This equivalence
might ultimately present a cost- and time-effective option to a pop-
ulation undergoing long-term imaging surveillance.

MATERIALS AND METHODS
Patient Selection
This was a Weill Cornell Medicine institutional review board–
approved, Health Insurance Portability and Accountability Act–
compliant retrospective study of patients with a history of vestibular
schwannoma who had undergone surgical resection and postopera-
tive surveillance imaging. Adult patients 18 years of age and older
with a history of vestibular schwannoma treated with surgical man-
agement between September 1, 2007, and April 17, 2018, with an
examination performed within 1 year after surgery were eligible for
inclusion in the study. Subjects were excluded if postoperative
imaging was not available on the PACS (ie, performed at an outside
institution and not uploaded to the hospital’s systems), if examina-
tions were nondiagnostic due to motion degradation or other tech-
nical factors, or if either SSFP and postcontrast T1WI was not
performed. Basic demographic information (age and sex at birth)
was documented.

Imaging Acquisition and Postprocessing
For each subject, Gd-T1WI and HR-T2WI were performed. Gd-
T1WI studies were performed on GE Healthcare (1.5T, 3T) and
Siemens (1.5T, 3T) scanners (TR ¼ 354–973 ms, TE ¼ 7.5–22.02
ms, percentage of phase FOV ¼ 75%–100%, number of excita-
tions¼ 0.5–3, matrix¼ 256� 168–320� 256). HR-T2WI studies
were performed on GE Healthcare (GE LX Excited HDxt 1.5T,

Signa Architect 3T) and Siemens (Aera 1.5T, Skyra 3T, Biograph
MMR 3T) scanners (TR ¼ 5.08–9570 ms, TE ¼ 1.7–269 ms, per-
centage of phase FOV ¼ 75%–100%, number of excitations ¼
0.6–7, matrix ¼ 256 � 128–512 � 312). N4 bias field correction
was applied to images to remove low-frequency intensity and nonun-
iformity. High-resolution T2-weighted images were compared with
and, when applicable, resampled to match the contrast-enhanced
T1-weighted image voxel size, to mitigate section-selection bias.
Gd-T1WI and resampled HR-T2WI were segmented using a combi-
nation of manual contouring and signal-intensity thresholding.

Imaging Assessment
Two coauthors (J.E.L. and E.L.), both Certificate of Added
Qualification–certified neuroradiologists with 10 years of imaging
experience, reviewed Gd-T1WI and HR-T2WI sequences from 1-
year postoperative examinations and classified subjects according to
the presence or absence of residual tumor (dichotomous) on each
of the 2 sequences during separate sessions, blinded to the original
radiology report. In addition, 3D and 2D (short- and long-axis)
measurements were performed on the group of patients determined
to have residual tumor on the basis of the 1-year radiology report.
A team of 4 technologists were trained in identification and seg-
mentation of tumor volume by 3 of the authors (J.S., S.B.S., C.D.P.)
for HR-T2WI and Gd-T1WI separately using the Segment Editor
Module in 3D Slicer (http://www.slicer.org). After the initial seg-
mentation, tumor volumes were reviewed by 2 coauthors (S.B.S.,
S.S.) for accuracy (correct tumor identification and appropriate
exclusion of postoperative changes) and edited as necessary. Long-
and short-axis measurements were performed by 2 neuroradiolo-
gists (J.E.L. and E.L.) on HR-T2WI and Gd-T1WI separately using
3D Slicer; the maximal long-axis axial measurement was identified
and measured, and the short-axis measurement, designated as per-
pendicular to the long-axis, was thereby defined.

Statistical Analysis
Statistical analysis was performed in R Version 4.0.2 (http://www.
r-project.org/) and NCSS 2020, (Version 20.0.7; https://www.
ncss.com/download/ncss/updates/ncss-2020/). The Cohen k

coefficient for agreement between sequences was calculated for
binary assessment (presence versus absence of tumor on the first
postoperative examination). The Wilcoxon signed-rank test for
equivalence was performed as a test for equivalence between Gd-
T1WI and HR-T2WI for the 2D data, given that the data were
not normally distributed, with an equivalence margin of 1.5mm
for short-axis measurements and 4.5 for long-axis measurements.
Paired tests for equivalence (TOST; https://gist.github.com/josef-
pkt/3900314) were performed to test for equivalence between
Gd-T1WI and HR-T2WI for the volumetric measurements, given
that these were normally distributed, with an equivalence margin
of 20 mm3. A paired-sample t test was performed to determine
the significance of the difference in change with time based on
HR-T2WI and Gd-T1WI using both 3D and 2Dmeasurements.

RESULTS
Patient Characteristics
One hundred eighty-four patients were initially identified on the
basis of chart review, of whom 36 were excluded due to the
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aforementioned study criteria. One hundred forty-eight patients
consisting of 75 men and 73 women with mean age of 48.9 years
(range, 13–78 years) were included in the study. The average time
interval between tumor resection and postoperative examination
was 595 days (range, 51–2254 days). None of the included
patients had a diagnosis of type 2 neurofibromatosis, and all sub-
jects underwent surgical resection via a retrosigmoid approach.

Binary Assessment
At 1 year after the operation, 93 patients were classified as having
residual tumor on the basis of HR-T2WI alone, and 90 patients

were classified as having residual tumor
on the basis of Gd-T1WI alone. The
Cohen k coefficient for agreement
(presence versus absence of tumor)
between the 2 sequences was 0.78
(95% CI, 0.68–0.88), indicating mod-
erate-to-substantial agreement. The
Figure shows examples of patients
with prior vestibular schwannoma
resection and representative Gd-T1WI
and HR-T2WI demonstrating resid-
ual/recurrent disease.

2D Assessment
Long- and short-axis measurements
were performed in 81 subjects with re-
sidual tumor on the basis of the radiol-
ogy report from the early postoperative
examination performed at 1 year post-
surgery. Measurements were performed
for the Gd-T1WI and HR-T2WI, sepa-
rately. The mean short-axis measure-
ment was 7.3 mm (range, 1.3–24.5 mm)
on HR-T2WI and 7.3 mm (range, 1.2–
24.3 mm) on Gd-T1WI. The mean
long-axis measurement was 13.0 mm
(range, 2.3–34.8 mm) on SSFP and 13.3
mm (range, 2.2–35.9) on postcontrast
T1WI. The Wilcoxon signed-rank test
for equivalence using TOST showed
that the short-axis measurements for the
2 sequences were significantly equivalent
(P ¼ .021) and the long-axis measure-
ments for the 2 sequences were signifi-
cantly equivalent (P¼ .015).

Volumetric Assessment
Volumetric calculation was performed
in the 81 subjects with residual tumor
on the early postoperative examination
performed at 1 year postsurgery. Tumor
was segmented using the Segmentation
Editor Module in 3D Slicer 4.10.2, and
tumor volumes (cubic millimeters) were
extracted. The mean tumor volume was
1096.7 mm3 (range, 19.7–11,502.1 mm3)

on HR-T2WI and 1106.0 mm3 (range, 24.1–11,578.5 mm3) on
Gd-T1WI. The paired t test for equivalence using TOST showed
that the 2 sequences were significantly equivalent (P¼ .039).

Change with Time
Of the 81 subjects with residual tumor on the early postoperative
examination performed at 1 year postsurgery, residual disease was
measured on a single subsequent follow-up examination in 39 sub-
jects. The mean time interval between the 2 postoperative exami-
nations was 865.6 days (range, 75–2720days). The mean tumor
growth with time was 265.7 mm3 (3D: range, 0–1802.16 mm3),

FIGURE. A and B, A 66-year-old-man with a history of retrosigmoid-approach resection of a left
vestibular schwannoma. Axial Gd-T1WI (A) and HR-T2WI (B) demonstrate postprocedural changes,
including encephalomalacia and gliosis in the left brachium pontis and lateral cerebellar hemi-
sphere. A large-volume tumor is detectable on both the Gd-T1WI and HR-T2WI, as indicated by
the yellow arrow. C and D, A 51-year-old woman with a history of retrosigmoid-approach resec-
tion of a left vestibular schwannoma. Axial Gd-T1WI (C) and HR-T2WI (D) demonstrate residual
disease within the left cerebellopontine angle cistern, detectable on both Gd-T1WI and HR-T2WI,
as indicated by the yellow arrow. E and F, A 60-year-old man with a history of retrosigmoid-
approach resection of a right vestibular schwannoma. Axial Gd-T1WI (E) and HR-T2WI (F) demon-
strate residual disease in the right internal auditory canal, as indicated by the yellow arrow.
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1.3mm (long-axis: range , 0.1–5.8mm), and 1.1mm (short-axis:
range, 0–6mm) on HR-T2WI and 247.6 mm3 (3D: range, 0–
1897.45 mm3), 1.3mm (long-axis: range, 0–7.3mm), and 1.2mm
(short-axis: range, 0–4.4mm) on Gd-T1WI, measured in this
group of patients. The paired-sample t test demonstrated no signif-
icant difference between HR-T2WI and Gd-T1WI in measured
change with time for the 3D (P ¼ .264), short-axis (P ¼ .521), and
long-axis (P¼ .362) measurements.

DISCUSSION
Imaging evaluation of the postoperative vestibular schwannoma
is more complex as compared to untreated vestibular schwan-
noma, as postsurgical changes such as scar tissue formation and
anatomic distortion can make evaluation for residual or recurrent
disease more difficult. This study demonstrates that HR-T2WI is
equivalent to Gd-T1WI in the evaluation of residual vestibular
schwannoma in patients with prior tumor resection. We demon-
strate moderate-to-substantial agreement in the categoric assess-
ment for the presence versus absence of tumor and equivalence
between the 2 sequences for both 2D and volumetric tumor
measurements. On the basis of these results, HR-T2WI alone
may be sufficient for early imaging surveillance in this patient
population.

These findings are consistent with those of previous studies in
patients with surgically-naïve vestibular schwannoma. For
instance, Buch et al19 found no significant difference in the mea-
surement of vestibular schwannoma performed on Gd-T1WI
and HR-T2WI. In a meta-analysis including 10 studies, Kim et
al18 found that T2WI was as accurate as Gd-T1WI in tumor and
showed high inter- and intrarater agreement for HR-T2WI meas-
urements. The current study demonstrates similar findings in a
large sample of postoperative vestibular schwannomas.

We chose to study both 3D assessment in addition to 2D
assessment. Volumetric analysis has been shown to detect changes
in tumor size earlier than linear assessment alone and is more sen-
sitive to the detection of growth in the craniocaudal dimension,
growth of multilobulated tumor, and growth difficult to detect
because of differences in the scan angle between examinations.20

We found both measurement approaches to be statistically equiv-
alent between the HR-T2WI and Gd-T1WI examinations. Future
studies exploring automated approaches to 3D segmentation on
the basis of HR-T2WI might further improve the efficiency of
examination performance and interpretation.

There are several limitations to this study. First, the patient
sample was derived from a single institution and neurotology prac-
tice; therefore, a more diverse sample would be required to increase
generalizability. All subjects in this study underwent resection via a
retrosigmoid approach; thus, it is conceivable that HR-T2WI alone
might be less effective in subjects with resection via middle cranial
fossa (with a potentially larger cerebellopontine angle residual) or
translabyrinthine (in which the postoperative examination is fur-
ther complicated by placement of fat graft material) approaches.
Additionally, we did not specifically explore potential factors such
as cystic vestibular schwannoma, the presence of hemosiderin dep-
osition, or a purely intrameatal remnant in the successful detection
of residual on the noncontrast HR-T2WI examination.

In this study, evaluation for the presence versus absence of
residual tumor was performed by highly experienced neuroradiol-
ogists, and external validation by less-experienced readers might
yield worse results. Finally, the average time interval between the
operation and the initial postoperative imaging examination was
1.6 years; however, imaging surveillance typically continues until at
least 10 years postsurgery. Thus, additional longitudinal imaging
demonstrating equivalence between HR-T2WI and Gd-T1WI is
warranted to support the abbreviated noncontrast examination at
longer-interval follow-up.

CONCLUSIONS
In this retrospective study, we demonstrate HR-T2WI to be equiv-
alent to Gd-T1WI in the evaluation of residual vestibular schwan-
noma in patients with prior tumor resection. These findings
suggest that HR-T2WI alone may be sufficient for early imaging
surveillance in this patient population, thereby reducing examina-
tion time and obviating need for multiple contrast doses with time.

Disclosure forms provided by the authors are available with the full text and
PDF of this article at www.ajnr.org.
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PEDIATRICS

Accelerated Nonenhanced 3D T1-MPRAGE Using Wave-
Controlled Aliasing in Parallel Imaging for Infant Brain

Imaging
S.Y. Yun and Y.J. Heo

ABSTRACT

BACKGROUND AND PURPOSE:MPRAGE is the most commonly used sequence for high-resolution 3D T1-weighted imaging in pedi-
atric patients. However, its longer scan time is a major drawback because pediatric patients are prone to motion and frequently
require sedation. This study compared nonenhanced accelerated MPRAGE using wave-controlled aliasing in parallel imaging (wave-
T1-MPRAGE) with standard MPRAGE in infants.

MATERIALS AND METHODS: We retrospectively evaluated 68 infants (mean age, 1.78 [SD. 1.70] months) who underwent nonen-
hanced standard and wave-T1-MPRAGE. Two neuroradiologists independently assessed each image for image quality, artifacts, mye-
lination degree, and anatomic delineation using the 4-point Likert scale. For diagnostic performance, both observers determined
whether nonenhancing lesions were present in the brain parenchyma in 2 types of nonenhanced MPRAGE sequences.

RESULTS: Wave-T1-MPRAGE showed a significantly lower mean score and lower interobserver agreement for overall image quality
and anatomic delineation than standard MPRAGE (P, .001 for each). However, there were no significant differences between the 2
types of MPRAGE sequences for motion artifacts (P ¼ .90 for observer 1, P ¼ .14 for observer 2) and degree of myelination (P ¼
.16 for observer 1, P ¼ .32 for observer 2). Among the nonenhancing pathologic lesions observed on standard MPRAGE by both
observers, only 2 were missed on wave-T1-MPRAGE, and they were very tiny, faint, nonhemorrhagic WM injuries.

CONCLUSIONS: Although wave-T1-MPRAGE showed lower overall image quality than standard MPRAGE, the diagnostic perform-
ance for nonenhancing parenchymal lesions was comparable. Wave-T1-MPRAGE could be an alternative for diagnosing intracranial
lesions in infants, with marked scan time reduction.

ABBREVIATIONS: wave-T1-MPRAGE ¼ MPRAGE using wave-controlled aliasing in parallel imaging; wave-CAIPI ¼ wave-controlled aliasing in parallel imaging

TheMPRAGE sequence is a widely used sequence for acquisition
of 3D data sets of the pediatric brain because it provides high

contrast between gray and white matter along with excellent spatial
resolution.1 However, it requires a long scan time due to the large
amount of k-space encoding and added T1 required to achieve the
prepared T1-weighted contrast. It is susceptible to motion artifacts
because the conventional Cartesian sampling and long scan time
increase the possibility of patient movement and anxiety. Scan-time
reduction is particularly important for pediatric brain imaging

because it can reduce the need for sedation before performing MR
imaging as well as decrease the chance of motion artifacts.2

Recently, various kinds of accelerated MR imaging techni-
ques3-7 have been applied to adult brain imaging for achieving
scan-time reduction; however, only a few have been applied to
pediatric brain imaging.2,8,9 Synthetic MR imaging enables the
reconstruction of multiple synthetic sequences by simultaneous
quantification of T1/T2 relaxation times and proton density for
achieving whole-brain coverage from a single scan. No significant
difference was found between synthetic and conventional images
in the evaluation of image quality and artifacts in neonatal brain
imaging.10 Wave-controlled aliasing in parallel imaging (wave-
CAIPI; Siemens) is a kind of advanced parallel imaging technique
that combines a corkscrew gradient trajectory with CAIPI shifts
in the ky and kz directions to ensure efficient encoding of k-space
along with an even spread of the voxel aliasing in all dimensions.
It has been applied to various MR images and has been proved to
have relatively preserved image quality and scan-time reduction
compared with standard MR imaging.7,8,11,12
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There are only a few studies on the application of wave-CAIPI
to MPRAGE in pediatric patients.11,13 However, to our knowledge,
no study has evaluated the clinical feasibility of nonenhanced
MPRAGE using wave-CAIPI (wave-T1-MPRAGE) in infants.
Because infants have a different condition during MR imaging and
different brain tissue contrast compared with adults, application of
pediatric neuroimaging (especially for the neonatal brain) can be
more difficult than in adults. Thus, the purpose of our study was to
compare the overall diagnostic image quality of standard MPRAGE
and wave-T1-MPRAGE in infants.

MATERIALS AND METHODS
Patients
This study was approved by the institutional review board of our
hospital and informed consent was not required for reviewing the
images and records due to the retrospective nature of the study. We
retrospectively reviewed the database and identified consecutive
pediatric patients who underwent brain MR imaging between July
2021 and April 2022. The inclusion criteria of this study were con-
secutive patients who underwent standard- and wave-T1-MPRAGE
in the same imaging session and were younger than 1 year of age. A
total of 68 infants (29 boys, 39 girls; 1.78 [SD, 1.70] months of age;
range, 0–9months) were included in this study. The reasons for
brain MR imaging were prematurity (57/68, 83.8%), microcephaly
(4/68, 5.89%), seizure (2/68, 2.94%), fatal asphyxia (2/68, 2.94%),
nystagmus (2/68, 2.94%), and prenatal ventriculomegaly (1/68,
1.47%). All patients were sedated with an oral sedative (chloral
hydrate; Pocral syrup 10%mL).

Image Acquisition
All studies were performed using a 3T MR imaging scanner
(Magnetom Skyra; Siemens) with a 20-channel head coil. Detailed
scan parameters of standard MPRAGE and wave-T1-MPRAGE
are described in the Table. In addition to the standard- and wave-
T1-MPRAGE, a standard MR imaging sequence was obtained
with axial FLAIR, T2-weighted, gradient-echo images. The order
of the sequences was the following: wave-T1-MPRAGE followed

by standard MPRAGE in 65 patients and standard MPRAGE fol-
lowed by wave-T1-MPRAGE in 3 patients.

Image Analysis
Two neuroradiologists, one with 8 years of experience and the
other with 2 years of experience in neuroimaging, independently
reviewed all the standard MPRAGE and wave-T1-MPRAGE
images using the PACS. They were blinded to the clinical infor-
mation to minimize bias. Each MPRAGE sequence was reviewed
at 2 different time points with at least a 4-week interval to avoid
recall bias. The image quality was graded according to the follow-
ing criteria: 1) overall image quality, 2) motion artifacts, 3) degree
of myelination, 4) differentiation of GM-WM at the level of the
lateral ventricles, 5) demarcation of the basal ganglia, and 6)
demarcation of the cerebral sulci. Overall image quality was
graded using the 4-point Likert scale: 1, inadequate (not accepta-
ble for diagnostic use); 2, sufficient (acceptable for diagnostic use
but with minor issues); 3, good (acceptable for diagnostic use);
and 4, excellent (acceptable for diagnostic use). Motion artifacts
were also graded using a 4-point grading system: 1, severe arti-
facts (not acceptable for diagnostic use); 2, moderate artifacts
(sufficient for diagnostic use but with minor issues); 3, mild arti-
facts (acceptable for diagnostic use because minor artifacts do not
adversely affect diagnostic use); and 4, images do not contain visi-
ble artifacts (acceptable for diagnostic use). The degree of myeli-
nation14 was assessed by the signal intensity of myelination and
graded using a 4-point grading system in comparison with the
adjacent GM: 1, low signal; 2, isosignal; 3, slightly high signal;
and 4, prominent high signal intensity. Each criterion for struc-
tural demarcation was graded using the 4-point Likert scale: 1,
not visible; 2, detectable (subtle differentiation from the neigh-
boring structures); 3, easily delineated (easily differentiated from
the neighboring structures); and 4, excellent delineation.

To evaluate the diagnostic performance, we determined whether
nonenhancing pathologic lesions were present in the brain paren-
chyma in bothMPRAGE sequences.

Statistical Analysis
The image-quality assessments of nonenhanced standard
MPRAGE and wave-T1-MPRAGE were assigned numeric val-
ues. We summarized the readers’ ratings for each MPRAGE
sequence and described it as mean (SD). The Wilcoxon signed-
rank test was used to compare the mean values of the readers’
grading, and the McNemar test for evaluating the presence of
pathologic lesions. Interobserver agreement between the 2 read-
ers was calculated by weighted k statistics; 0–0.20, 0.21–0.40,
0.41–0.60, 0.61–0.80, and 0.81–1.00 were regarded as slight,
fair, moderate, substantial, and almost in perfect agreement,
respectively, based on the Landis and Koch method.14 All statis-
tical analyses were performed using statistical software packages
(SPSS, Version 26.0, IBM; MedCalc, Version 19.8, MedCalc
Software), and P value , .05 was considered statistically
significant.

RESULTS
Although the overall image quality of nonenhanced wave-T1-
MPRAGE was significantly lower than that of standard

Image parameters of standard MPRAGE and wave-T1-MPRAGE
Standard
MPRAGE

Wave-T1-
MPRAGE

FOV (mm2) 180 � 180 180 � 80
Voxel size (mm3) 0.8 � 0.8 � 0.9 0.8 � 0.8 � 0.9
TR (ms) 2400 2200
TE (ms) 2.96 3.05
Flip angle 9° 9°
Bandwidth (Hz) 260 260
TI (ms) 1200 1090
Number of excitations 1 1
Parallel imaging method GRAPPAa CAIPIRINHAb

Acceleration factor
(phase)

2 2

Acceleration factor
(section)

– 2

Scan time 4min 55 sec 2min 14 sec

Note:—–indicates none.
a Generalized autocalibrating partially parallel acquisition.
b Controlled aliasing in parallel imaging results in higher acceleration.
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MPRAGE for both observers (P, .001 for each observer)
(Online Supplemental Data), Wave-T1-MPRAGE showed suffi-
cient-to-excellent image quality with a score of .2, except in 1
patient who had poor image quality due to severe motion artifacts
and was scored 1 by observer 1. Nonenhanced wave-T1-MPRAGE
also demonstrated significantly poor differentiation of GM-WM as
well as demarcation of the basal ganglia and cerebral sulci com-
pared with standard MPRAGE for both observers (all, P, .001 for
all parameters and for both observers). Interobserver agreement of
nonenhanced wave-T1-MPRAGE was significantly lower than that
of standard MPRAGE (0.516 versus 0.735 for differentiation of
GM-WM; 0.445 versus 0.538 for demarcation of the basal ganglia;
and 0.425 versus 0.734 for demarcation of the cerebral sulci).
However, motion artifacts and the degree of myelination were not
significantly different between the 2 sequences for both observers
(all, P. .05 for all parameters and for each observer). Furthermore,
the degree of myelination had almost perfect agreement between
nonenhanced standard MPRAGE and wave-T1-MPRAGE for both
observers (0.885 for observer one, 0.916 for observer 2) (P, .001
for each observer).

Of the 68 patients, 19 patients (27.9%) showed nonenhancing
lesions on standard MPRAGE images, including germinal matrix
hemorrhage (6/19, 31.6%), hemorrhagic and nonhemorrhagic
WM injuries (5/19, 26.3%), various types of hemorrhage (2/19,
10.5%), germinal matrix hemorrhage with intraventricular hemor-
rhage (1/19, 5.26%), periventricular leukomalacia (1/19, 5.26%),

congenital anomaly (corpus callosum agenesis) (1/19, 5.26%), con-
atal cyst (1/19, 5.26%), parenchymal atrophy (1/19, 5.26%), and in-
traventricular hemorrhage (1/19, 5.26%) (Figs 1 and 2). Each
observer missed 1 nonenhancing lesion on nonenhanced wave-
T1-MPRAGE, and the 2 lesions were tiny, nonenhancing hyperin-
tensities in the cerebral WM (Fig 3). Visualization of pathologic,
nonenhancing lesions was not significantly different between
wave-T1-MPRAGE and standard MPRAGE (P ¼ 1.000 for each
observer).

DISCUSSION
In the current study, we performed the clinical evaluation of nonen-
hanced wave-T1-MPRAGE by assessing the overall diagnostic
image quality in infants. Several studies have evaluated the clinical
feasibility of wave-T1-MPRAGE;5,11,13 however, only a few stud-
ies11,13 have evaluated the clinical feasibility of wave-T1-MPRAGE
in pediatric patients. To our knowledge, there has been no study on
the application of nonenhanced wave-T1-MPRAGE images only
for infant brain imaging. T1 and T2 properties are known to show
significant changes during the first few months after birth, with a
marked decrease in the brain-water content.15 In the present study,
wave-T1-MPRAGE had inferior image quality and poorer ana-
tomic demarcation than standard MPRAGE. However, there were
no significant differences between wave-T1-MPRAGE and standard
MPRAGE for motion artifacts, degree of myelination, and

FIG 1. Term-equivalent-age MR imaging of a premature infant (29
weeks’ gestation). Nonenhanced standard MPRAGE images (A and C)
show hyperintense germinal matrix hemorrhage (arrows) in the right
caudothalamic groove and cystic changes of germinal matrix hemor-
rhage (arrowheads) in the left caudothalamic groove. Although
wave-T1-MPRAGE images (B and D) demonstrate lower image quality
than standard MPRAGE, both caudothalamic lesions are well-
delineated in nonenhanced wave-T1-MPRAGE images.

FIG 2. Term-equivalent-age MR imaging of a premature infant (31
weeks’ gestation). Nonenhanced standard MPRAGE (A) shows
decreased cerebral WM volume and a focal T1-hyperintense lesion
(arrow) at the left corona radiata. The focal corona radiata lesion
(arrows) demonstrates hypointensity on gradient recalled-echo (B)
and T2-weighted (C) images. Although the wave-MPRAGE image (D)
shows lower image quality than standard MPRAGE, the focal T1-
hyperintense lesion (arrow) at the left corona radiata is also visible
in the wave-MPRAGE image.
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visualization of nonenhancing pathologic lesions. Furthermore, the
use of wave-CAIPI reduced the acquisition time by 45% compared
with standard MPRAGE (2minutes 14 seconds versus 4minutes
55 seconds).

Previous studies11,13 that applied wave-CAIPI to MPRAGE in
pediatric brain imaging protocol also showed a marked reduction
in the total scan time. Tabari et al11 used an even higher accelera-
tion factor than that used in our study (acceleration factor: 6 or 9
versus 4) and reported that wave-T1-MPRAGE had more image
noise and was less preferable for the evaluation of anatomic struc-
tures compared with standard MPRAGE. However, there were
no cases in which enhancing or nonenhancing pathologic lesions
were not visualized on wave-T1-MPRAGE. Their results were
consistent with those of our study showing lower image quality
and poor anatomic demarcation with wave-T1-MPRAGE; how-
ever, the visualization of nonenhancing pathologic lesions was
not significantly different between wave-T1-MPRAGE and stand-
ard MPRAGE.

Unlike our study, Yim et al13 reported that there was no sig-
nificant difference between wave-T1-MPRAGE and standard
MPRAGE for the differentiation of GM-WM and demarcation of
the basal ganglia and cerebral sulci. Although they applied wave-
T1-MPRAGE to pediatric patients, the mean age of their study
subjects was much older than that of the infants in our study
(71.9 [SD, 60.8] months versus 1.78 [SD, 1.70] months); thus, this
factor might account for the different study results. However, the
overall image quality of wave-T1-MPRAGE was also significantly
lower than that of standard MPRAGE, similar to our study.
Furthermore, they showed excellent agreement between wave-
T1-MPRAGE and standard MPRAGE for the detection of
enhancing and nonenhancing lesions.

Lower image quality of wave-T1-
MPRAGE than standardMPRAGEmight
be associated with more noise in wave-
CAIPI images. Previous studies8,12,13 have
reported that the wave-CAIPI images
showed lower SNR in the central coil
area than in the peripheral area, and
decreasing SNR was associated with
an increase in the acceleration factor.
Future technical developments in post-
processing for denoising and image
regularization could minimize the noise
amplification and wave-specific blur-
ring artifacts.

In our study, motion artifacts were
not significantly different between wave-
T1-MPRAGE and standard MPRAGE.
However, 2 cases showed severe motion
artifacts, which are not acceptable for
diagnostic use on standard MPRAGE,
while wave-T1-MPRAGE showed mild
artifacts, which are acceptable for diag-
nostic use (Fig 4). Tabari et al11 also dem-
onstrated 1 case with more severe motion
artifacts on standard MPRAGE com-
pared with wave-T1-MPRAGE. These

cases show the potential for a faster scan to improve the image
quality in motion-prone pediatric patients. According to previous
technical studies,16,17 wave-CAIPI reduces the overall motion
artifacts because it permits each average to be acquired within a

FIG 3. Term-equivalent-age MR imaging of a premature infant (33
weeks’ gestation). Nonenhanced standard MPRAGE images (A and C)
show a focal hyperintense lesion (arrows) in the left periventricular
WM. Although the wave-T1-MPRAGE images (B and D) also show the
focal, hyperintense lesion (arrows) in the left periventricular WM, it is
less prominently visualized than in the standard MPRAGE; thus, 1 ob-
server missed the lesion.

FIG 4. Brain MR imaging of a premature infant (29 weeks’ gestation) 1month after birth.
Nonenhanced standard MPRAGE images (A–C) show severe motion artifacts, which are not
acceptable for diagnostic use, while wave-T1-MPRAGE (D–F) shows mild motion artifacts, which
are acceptable for diagnostic use.
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shorter timeframe. Further studies are needed to validate the
potential for a faster scan to improve the image quality.

This study has several limitations. First, it has an inevitable
selection bias due to its retrospective nature. Future multicenter
studies evaluating the clinical feasibility of nonenhanced wave-
T1-MPRAGE in a larger number of infants are required for vali-
dating our results. Second, we could not randomize the order of
wave-T1-MPRAGE and standard MPRAGE because of the retro-
spective design of the study. Thus, the motion artifacts of wave-
T1-MPRAGE might be underestimated in this study. Future
studies with a randomized order of image acquisition are needed
to validate the results. Third, we could not perform quantitative
analyses for the image quality. Because we performed wave-
T1-MPRAGE in infants younger than 1 year of age, we could not
perform quantitative analyses such as calculating the contrast-to-
noise ratio and contrast ratio between the gray-white matter in
the 2 types of T1-MPRAGE sequences. Furthermore, we could
not perform brain tissue segmentation using commercial soft-
ware. We tried to measure it automatically using NeuroQuant
software (CorTechs Labs), but it was not successful. Because mye-
lination is incomplete and the FOV is relatively small in the
infant period and infants are vulnerable to movement, brain tis-
sue segmentation is more difficult compared with that in older
pediatric patients.18,19

CONCLUSIONS
Although nonenhanced wave-T1-MPRAGE showed lower overall
image quality and anatomic demarcation than standard MPRAGE,
the diagnostic performance for the presence of nonenhancing paren-
chymal lesions was comparable with that of standard MPRAGE.
Therefore, nonenhanced wave-T1-MPRAGE could be an alternative
method for diagnosing intracranial lesions in infants, with the
advantage of marked reduction in the scan time.

Disclosure forms provided by the authors are available with the full text and
PDF of this article at www.ajnr.org.
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CLINICAL REPORT
PEDIATRICS

Imaging Findings in Children Presenting with CNS Nelarabine
Toxicity

B.L. Serrallach, E.S. Schafer, S.K. Kralik, B.H. Tran, T.A.G.M. Huisman, J.N. Wright, L.A. Morgan, and N.K. Desai

ABSTRACT

SUMMARY: Nelarabine is a nucleoside analog critical for the treatment of patients with T-cell acute lymphoblastic leukemia/lym-
phoma. However, clinical peripheral and central neurologic adverse events associated with nelarabine administration have been
reported. Neuroimaging of brain neurotoxicity has only been described in very few reports in pediatric patients so far. Six children
with diagnosed T-cell acute lymphoblastic leukemia who clinically experienced possible, probable, or definite nelarabine-induced toxic-
ity and underwent spine and/or brain MR imaging were reviewed. Neuroimaging findings showed a mixture of patterns including fea-
tures of acute toxic leukoencephalopathy (seen in 6 cases), posterior reversible encephalopathy syndrome (2 cases), involvement of
deep gray structures (1 case) and brainstem (2 cases), cranial and spinal neuropathy (2 cases each), and myelopathy (2 cases). Even
though neuroimaging findings are nonspecific, the goal of this article was to alert the pediatric neuroradiologists, radiologists, and
clinicians about the possibility of nelarabine-induced neurotoxicity and its broad neuroimaging spectrum.

ABBREVIATIONS: aBFM ¼ augmented Berlin-Frankfurt-Münster; AE ¼ adverse event; ATL ¼ acute toxic leukoencephalopathy; PA ¼ post (after) nelarabine
administration; PRES ¼ posterior reversible encephalopathy syndrome; T-ALL ¼ T-cell acute lymphoblastic leukemia; T11C ¼ contrast-enhanced T1WI

Nelarabine is a nucleoside analog and was approved by the US
Food and Drug Administration for the treatment of patients

with relapsed or refractory T-cell acute lymphoblastic leukemia
(T-ALL) and T-cell lymphoblastic lymphoma in October 20051

and is now considered a gold standard therapeutic treatment
option for de novo pediatric T-ALL.2 Clinical peripheral and cen-
tral neurologic adverse events (AEs) associated with nelarabine
administration have been described in both the pediatric and
adult populations.3-6 The exact mechanism of nelarabine-associ-
ated neurotoxicity is still unclear and presumably multifactorial.7

There is only sparse literature addressing neuroimaging findings
in nelarabine-induced neurotoxicity in children and adults.8-16

To the best of our knowledge, only 9 case reports dealt with neu-
roimaging findings in nelarabine-associated neurotoxicity,8-16

with all 9 reports depicting myelotoxicity, and so far, only 2

articles additionally showed intracranial toxicity in pediatric
patients.11,13

Affected patients developed clinical signs and symptoms
such as extremity weakness, reduction or loss of sensation, pain,
ataxia, abnormal reflexes, and bladder or bowel dysfunction.8-17

Devastating and occasionally permanent CNS encephalopathy,
often preceded by somnolence, while rare, has also been
reported.3 However, neither imaging findings nor biomarkers of
toxicity have been comprehensively described. On neuroimag-
ing, an involvement of mainly the dorsal column of the spinal
cord8-10,12,14,16 and cross-sectionally extending myelopathy or
involvement of the lateral column of the myelon have been
reported.8,13 Imaging findings in nelarabine-associated intracra-
nial toxicity have only been rarely described.11,13 Hence, the goal
of this article was to describe the neuroimaging spectrum of
nelarabine-induced neurotoxicity in a pediatric case series to
make the pediatric neuroradiologists, radiologists and clinicians
aware of the existence of nelarabine-induced neurotoxicity.

Case Series
Following institutional review board approval, a retrospective
study was performed on the pediatric neuroradiology database
and electronic health records of 2 quaternary care children’s hos-
pitals (January 1, 2010, to September 30, 2021). Informed consent
was waived for this purely retrospective study. Inclusion criteria
were the following: 1) pediatric cases (, 18 years) with diagnosed
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T-ALL, 2) who received nelarabine, 3) experienced a neurotoxic
event possibly, probably, or definitely nelarabine-related, and 4)
had a spinal and/or brain MR imaging performed within 30days
of the clinical symptoms due to suspected nelarabine-induced tox-
icity. A board-certified pediatric oncologist (E.S.S.) and a board-
certified pediatric neurologist (L.A.M.) reviewed the electronic
health records and graded and assigned attribution to neurotoxic
events on the basis of the current gold standard of AE reporting in
the field of oncology:18 the National Cancer Institute Guidelines
for Investigators: Adverse Events Reporting Requirements.19

Briefly, AEs were identified and graded (1, mild; 2, moderate; 3,
severe; 4, life-threatening; 5, death) for severity using the Common
Terminology Criteria for Adverse Events guide.20 Then attribution
was assigned by the responsible physician using his or her best
judgment based on factors including the subject’s baseline health
status, disease history, comorbidities, and knowledge about the
safety profile of the intervention (both personal and in reference to
the interventions comprehensive AE and potential risks list19) in
question.21

Defined AE categories were the following: “unrelated” (AE is
clearly not related to the intervention), “unlikely” (AE is doubtfully
intervention-related), “possible” (AE may be intervention-related),
“probable” (AE is likely intervention-related), and “definite” (AE is
clearly intervention-related).19 AEs listed as “possibly, probably, or
definitely” related to the investigational agent or intervention are
considered to have a suspected reasonable causal relationship to
the investigational agent/intervention.19 The MR imaging studies
were evaluated by 2 experienced board-certified pediatric neurora-
diologists with .10 years and 10 years of experience, respectively
(N.K.D. and J.N.W.). Each neuroradiologist performed the review
independently at the respective institution. The reviewers, who
were not blinded to the patient’s medical history, performed a
descriptive review of the imaging data. In total 6 patients (6 boys;
mean age, 9.67 years; age range, 6–14 years) were included.

Patient 1 was an 8-year-old boy with de novo T-ALL in induction
failure who received a 5-day pulse of nelarabine before augmented
Berlin-Frankfurt-Münster (aBFM)22 high-risk consolidation.5 In the
evening post (after) nelarabine administration (PA), he developed
an advancing depressed level of consciousness (grade 4, definitely
nelarabine-related) during 48hours, which began with somnolence
and progressed to overt hallucinations, confusion, agitation with-
out focus, and finally frank psychosis for which he was intubated
and sedated. Initial brain MR imaging, 3 days PA demonstrated
mild cerebral volume loss but was otherwise normal. Seizures and
dystonia then became evident. Follow-up MR imaging, 12 days
PA, demonstrated small patchy areas of T2-weighted/FLAIR
hyperintensities in the cortical and subcortical regions of the bilat-
eral posterior temporal and occipital lobes without corresponding
diffusion restriction, paralleling posterior reversible encephalop-
athy syndrome (PRES). There was interval development of
T2-weighted hyperintensities within the splenium of the corpus
callosum, caudate head, and dorsal thalami, with progressive mild
supratentorial volume loss and abnormal T2-weighted/FLAIR sig-
nal in the right pons with restricted diffusion.

Initial spine MR imaging showed mild enhancement of the
cauda equina nerve roots and paraspinal soft-tissue edema.
During this time, the patient became encephalopathic with

progression to coma with minimal brainstem reflexes in addition
to axonal neuropathy. Brain MR imaging after 30 days demon-
strated interval development of multifocal T2-weighted prolonga-
tion in the subcortical WM now involving the bilateral frontal
and parietal lobes and, to a lesser extent, the posterior centrum
semiovale and periatrial WM, with improvement of cortical
edema in the occipital and parietal lobes. Additional T2 hyperin-
tensity was noted within the pons bilaterally and in the medulla
oblongata, without a definitive matching diffusion restriction.
Slight enhancement of cranial nerve II (cisternal portion) and
avid enhancement of cranial nerves III and V were now apparent.

Forty-nine days PA there was progression with confluent non-
enhancing T2-weighted/FLAIR hyperintensity throughout the
entire supratentorial, subcortical, periventricular, and deep WM,
corpus callosum, bilateral caudate head, dorsal thalami, anterior
putamen, insula, pons, and medulla oblongata. Figure 1 summa-
rizes the evolution of the MR imaging findings. Enhancement of
cranial nerves II, III, and V remained present (Fig 2). Spinal MR
imaging showed new abnormal T2 hyperintensity throughout the
spinal cord, most prominent in the dorsal aspects (Fig 3), and
equivocal enhancement of the nerve roots within the cauda equina
as well as paraspinal soft-tissue edema. The CSF examination was
negative for leukemic involvement. The symptoms secondary to
the nelarabine-induced toxicity only minimally improved for
months; without the ability to provide the required aggressive leu-
kemia-directed chemotherapy secondary to his static encephalop-
athy, the patient eventually died of progressive leukemia.

Patient 2 was a 14-year-old boy diagnosed with early T-cell pre-
cursor ALL. Initiation of the best available therapy chemotherapy
with dexamethasone, vincristine, and daunorubicin followed. He
received a 5-day pulse of nelarabine as salvage chemotherapy. PA,
he developed seizures and progressive severe encephalopathy (grade
4, definitely nelarabine-related). Beginning at 9 days PA, neuroi-
maging demonstrated features of PRES, which resolved spontane-
ously by 20days PA. On the day 20 examination and during the
subsequent 5months (6 additional MRIs), the patient developed
progressive leukoencephalopathy with increased T2-weighted signal
and partially transient diffusion restriction starting in the WM of
the bilateral occipital lobes. There was subsequent involvement of
the WM of the pre- and postcentral gyri and posterior corpus cal-
losum, progressing to diffuse WM involvement (Fig 4). In addition,
T2 hyperintensity was seen in the inferior cerebellar peduncles and
along several WM tracts (including the corticospinal tract and
medial longitudinal fasciculus). On contrast-enhanced T1WI
(T11C), enhancement of cranial nerves III, V, VI, VII, VIII, IX,
and XII was noted (Fig 5). Progressive diffuse cerebral volume
loss was evident. In addition, during the course of 5 months, 6
spinal MRIs were performed, showing progressive development
of denervation edema and enhancement of the paraspinal
muscles, increasing nerve root enhancement, and gradual devel-
opment of T2 hyperintensity of the dorsal column, corticospinal
tract, and spinothalamic tract (Fig 6). The CSF examination was
negative for leukemic involvement. The patient died secondary to
end-stage recurrent leukemia that was complicated by severe
chemotherapy-induced encephalopathy.

Patient 3 was a 10-year-old boy with an isolated CNS relapse
of T-ALL. He received 2 doses of high-dose methotrexate,
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followed by the nelarabine, cyclophosphamide, and etoposide
regimen.23 Twenty-one days PA, the patient presented to the
emergency department with somnolence (grade 3, probably
nelarabine-related), nausea, and vomiting. The only confounding
chemotherapy was intrathecal triples (methotrexate, cytarabine,
hydrocortisone). Brain MR imaging showed increased T2-
weighted/FLAIR signal in the periventricular and deep WM (pre-
dominantly frontoparietal) and smaller areas in the left temporal
subcortical WM, without corresponding diffusion restriction.

Two follow-up MRIs 139 and 154 days PA demonstrated moder-
ate progression of periventricular and deep WM elevated signal,
which was now seen in all lobes, suggestive of acute toxic leu-
koencephalopathy (ATL) (Fig 7). There was no corresponding
diffusion restriction. Progressive cerebral volume loss was evi-
dent. At MR imaging, the CSF was negative for leukemic involve-
ment. Nelarabine-induced toxicity fully resolved, but the patient
eventually died of graft failure after undergoing a hematopoietic
stem cell transplant.

Patient 4, a 10-year-old boy, was diagnosed with de novo T-
ALL and CNS involvement and received an intended 5-day pulse
of nelarabine followed by aBFM high-risk consolidation.5 On day
2 of nelarabine administration, he presented to the emergency
department feeling dizzy and falling. Symptoms progressed to
hypersomnia (grade 3, probably nelarabine-related), confusion,
and short-term memory loss (encephalopathy grade 4, probably
nelarabine-related). Brain MR imaging demonstrated subtle
increased T2-weighted/FLAIR signal in the WM adjacent to the
trigones of the lateral ventricles bilaterally. At MR imaging,
the CSF examination was negative for leukemic involvement. The
last nelarabine administration was stopped and symptoms slowly
resolved and he remains in complete leukemic remission.

Patient 5 was a 10-year-old boy with de novo T-ALL and CNS
involvement. He received an intended 5-day pulse of nelarabine
followed by an aBFM high-risk consolidation.5 On day 3, the
patient noted right upper and lower extremity weakness, prompt-
ing nelarabine discontinuation. On neurologic consultation, a

FIG 1. Brain MR images of an 8-year-old boy (patient 1) with definite nelarabine-induced toxicity. The CSF examination was negative for leukemic
involvement. Axial FLAIR images with additional fat saturation (A–C and F–H), axial DWI (D and I), and corresponding ADC maps (E and J). Brain
MR imaging performed 3 days PA demonstrated mild cerebral volume loss, but findings were otherwise normal (not shown). Follow-up brain
MRIs 12 days PA (not shown), 30 days PA (A–E), and 49days PA (F–J) demonstrate increasingly progressive T2-weighted/FLAIR hyperintensity, be-
ginning as patchy areas in the cortical and subcortical regions (arrows in A and B) and expanding to confluent increased T2-weighted/FLAIR sig-
nal throughout the entire supratentorial subcortical, periventricular, and deep WM (arrows in F and G) as well as cortical regions. In addition,
there was development of abnormal T2-weighted/FLAIR signal within the pons bilaterally (arrows in C and H) with transient corresponding dif-
fusion restriction in the pons on the right side (arrows in D and E) and increased diffusion signal in the pons bilaterally (arrows in I) without defi-
nite decreased intensity on the corresponding ADC map on follow-up 49days PA (J).

FIG 2. Brain MR images (49 days PA) of an 8-year-old boy (patient 1)
with definite nelarabine-induced toxicity. The CSF examination was
negative for leukemic involvement. Coronal T11C (A and B) demon-
strates slight enhancement of cranial nerve II (cisternal portion,
arrows in A) and avid enhancement of cranial nerves III and V
(arrows in B). In addition, the confluent leukoencephalopathy and a
slight cerebral volume loss with progressing ex vacuo widening of
the ventricles are evident.

1804 Serrallach Dec 2022 www.ajnr.org



distal ascending peripheral neuropathy was diagnosed (grade 3,
probably nelarabine-related). Spinal MR imaging findings were
unremarkable. Brain MR imaging was additionally performed
and revealed subtle T2-weighted/FLAIR hyperintensities in the
frontal bilateral centrum semiovale with no corresponding diffu-
sion restriction. At the time of the MR imaging, the CSF exami-
nation was negative for leukemic involvement. The patient’s
nelarabine toxicity fully resolved, and he remains in complete leu-
kemic remission.

Patient 6, a 6-year-old boy, was diagnosed with an isolated
CNS relapse of T-ALL after experiencing visual disturbance, head-
aches, and emesis. Neurologic examination noted minimal facial
movements, and an ophthalmologic examination revealed consid-
erable disease involvement of both retinas. He received a 5-day
pulse of nelarabine, followed by an aBFM high-risk consolidation.5

Thereafter, he received 2 additional 5-day nelarabine monotherapy
courses every 28 days. Ten days PA, the patient presented to the
emergency department with encephalopathy and hypersomnia
(grade 3, possibly nelarabine-related). His brain MR imaging
revealed increased T2-weighted signal in the periventricular and
deep WM without corresponding diffusion restriction. Follow-up
MR imaging 25days PA demonstrated progression, now including
T2-weighted signal abnormalities of the brainstem and central
GM. In addition, the MR imaging studies demonstrated bilateral
retinal leukemic involvement and presumed parenchymal, lepto-
meningeal, and pituitary stalk leukemic involvement. The patient’s
toxicity resolved, but he died shortly thereafter secondary to pro-
gressive leukemia.

DISCUSSION
In this case series, we present 6 male pe-
diatric patients with definite (2 cases),
probable (3 cases), and possible (1 case)
nelarabine-induced neurotoxicity. AEs
were acute (during/shortly after) or early
delayed (weeks) after nelarabine treat-
ment, and patients presented with signs
and symptoms of peripheral and central
neurotoxicity. Our cohort showed a
mixture of neurotoxic patterns, includ-
ing imaging features of ATL (seen in 6
cases), PRES (2 cases), involvement of
deep GM structures (1 case) and brain-
stem (2 cases), cranial and spinal neu-
ropathy (2 cases each), and myelopathy
(2 cases).

Neurotoxicity can be seen in a wide
variety of therapies, including immuno-
suppressive, chemotherapeutic, antibi-
otic, and anti-epileptic agents.24-27 There
are known common primary medica-
tion-related neurotoxic injury patterns
on MR imaging and several agents that
follow these pathognomonic patterns,
while other agents lead to mixed or
more enigmatic patterns.24,25,28

A commonwell-defined typical imag-
ing pattern of neurotoxicity is ATL, and

MR imaging findings typically demonstrate nonenhancing diffuse
symmetric T2-weighted/FLAIR hyperintensities within the deep
WM across multiple vascular beds, often associated with restricted
diffusion.24-26,28 The ATL pattern can be seen with a wide spec-
trum of different agents, including, among others, methotrexate,
5-fluorouracil, and fludarabine.28,29 Presenting symptoms include
seizures, encephalopathy, cognitive dysfunctions, and visual
impairment.28,29 ATL is thought to be caused by microvasculature
damage or an excitotoxic effect on the brain.28,30

PRES is another well-known injury pattern to the pediatric
brain. PRES is a clinicoradiologic syndrome, clinically presenting
with headache, seizures, altered mental status, and visual impair-
ments. OnMR imaging, PRES is typically characterized by bilateral
vasogenic edema seen as T2-weighted/FLAIR high signal mainly in
the posterior cerebral cortex and subcortical WM, followed by
involvement of the frontal and temporal lobes.24,25,28-30 The brain-
stem, basal ganglia, or cerebellum is less commonly affected.28,29

Atypical imaging findings include leptomeningeal, cortical, or,
rarely, nodular enhancement, hemorrhage, and restricted diffu-
sion.28,29 Even though PRES is usually reversible on discontinua-
tion of the toxic agent, there are cases with irreversible brain
damage.28-30 Hypertension, induction chemotherapy, and treat-
ment with immunosuppressive agents such as cyclosporine,
tacrolimus, and corticosteroids have been described as risk factors
for PRES.29 Normal blood pressure can be found in cases of
PRES, especially in the context of chemotherapy, immunosup-
pressive therapy, and sepsis.29 The exact pathophysiology is still
not fully understood. PRES is thought to be due to a failure of

FIG 3. Spinal MR images (49 days PA) of an 8-year-old boy (patient 1) with definite nelarabine-
induced toxicity. The CSF examination was negative for leukemic involvement. Axial T2-weighted
images (A and B) at the level of C5 and T10, respectively, and sagittal T2-weighted image (C).
Images show abnormal T2 hyperintensities throughout the spinal cord, most prominent in the
dorsal aspects (arrows in A, B, and C).
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cerebrovascular autoregulation with disruption and leakage of the
blood-brain barrier.24,25,27,28 The paucity of sympathetic innerva-
tion in the vertebrobasilar territory is postulated to be the reason
for the posterior predilection.25,28

Less common patterns include the involvement of the deep
brain structures such as the thalami, basal ganglia, anterior com-
missure, dentate nuclei, brainstem, and corpus callosum and
have already been described with, for example, metronidazole or
vigabatrin and result in T2-weighted/FLAIR increased signal and
occasionally restricted diffusion.25 Myelopathy can result from
different agents, including chemotherapeutics.24 In the acute
phase, MR imaging findings may be normal, followed by focal
cord swelling with T2-weighted/FLAIR hyperintensities and,

potentially, intramedullary enhancement.24 Peripheral and specific
cranial neuropathies are common neurologic complications of cancer
treatment, and if MR imaging is performed, they may be seen as con-
trast enhancement of the nerve root or cranial nerves, respectively.31

DWI plays an important role because lesions in ATL or PRES
may be more conspicuous on DWI than on conventional T2-
weighted/FLAIR images. Although restricted diffusion (cytotoxic
edema) is typically evident in ATL and can be an atypical imaging
feature of PRES, there is mostly clinical improvement, and in
contrast to ischemic-induced cytotoxic edema, a resolution of the
diffusion restriction may be seen (Fig 1).25,28,29

Recognizing the involvement or sparing of the subcortical U-
fibers can be helpful in determining the etiology and extent of the
disease process.32 Subcortical U-fibers, reflecting short associa-
tion fibers, comprise thin bundles of myelinated nerve fibers that
connect the cerebral cortices of adjacent gyri.32 While in the ATL
pattern, seen with different agents including methotrexate, the
subcortical U-fibers are mostly spared, in PRES they are fre-
quently involved.32 In our cohort, 2 patients had a mixture of
neuroimaging findings, including features of PRES and ATL,
resulting in both partial sparing and partial involvement of the
subcortical U-fibers (Figs 1 and 4). In 4 patients, the neuroimag-
ing findings paralleled the ATL pattern, leading to a sparing of
the U-fibers (Fig 7).

Leptomeningeal, cortical, or nodular contrast enhancement may
be the result of neurotoxic-induced disruption of the blood-brain
and blood-nerve barriers.26,31 In our cohort, we found enhancement
of several cranial nerves on T11C (patients 1 and 2), a finding seen
in a wide variety of entities including neurotoxicity.33

A systematic, larger series review of the spectrum of neuroi-
maging findings seen in nelarabine-induced neurotoxicity of the
brain is still lacking. Hartz et al13 reported T2-hyperintense lesions
in the superior cerebellar peduncles, cerebral peduncles, and pons
and within several cranial nerves; postmortem histopathologic
samples revealed further damage in the basal ganglia, thalamus,
mammillary body, and occipital WM. Ewins et al11 found leu-
koencephalopathy with T2-weighted/FLAIR signal increase in the
subcortical and deep cerebral WM. Similar to Hartz et al, they fur-
ther reported T2-weighted/FLAIR hyperintensities in the pons,
middle cerebellar peduncles, and posterolateral aspect of the
medulla oblongata.11

FIG 4. Brain MR images of a 14-year-old boy (patient 2) with definite
nelarabine-induced toxicity. The CSF examination was negative for
leukemic involvement. Axial FLAIR images (A–F and J–L) and axial
FLAIR with additional fat saturation (G–I). During 5 months (exemplary
MR images at 13, 38, 50, and 77 days PA are shown), the patient first
demonstrated features of PRES in the occipital, parietal, frontal, and
temporal lobes (arrows in A–C), followed by progressive leukoence-
phalopathy with increased T2-weighted/FLAIR signal starting occipi-
tally and spreading across the pre- and postcentral gyrus and parietal
and frontal WM to diffusely affect the WM (arrows in D–L). In addi-
tion, progressive global atrophy is clearly evident.

FIG 5. Brain MR images (13 days PA) of a 14-year-old boy (patient 2)
with definite nelarabine-induced toxicity. The CSF examination was
negative for leukemic involvement. Axial T11C (A and B) demon-
strates exemplary enhancement of the cranial nerves III (arrows in A)
and V (arrows in B).
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Neurotoxicity is, after myelosuppression, the second most
dose-limiting factor of cancer treatment.31,34 It is thought to occur
by direct damage to neurons and/or glia or indirectly by modify-
ing the surrounding microenvironment, leading, for example, to
localized vascular injury and resulting in a disruption of the
blood-brain, blood-CSF, and blood-nerve barriers.26,31

All patients in our case series were boys. Interestingly, we found
more case reports describing neurotoxicity in males9,11,13-16 than in
females.8,10,12 The significance of this finding is as yet undeter-
mined. In general, the occurrence of nervous system toxicity is
based on a broad number of different factors including drug dosage,
route of administration, potential interactions with other adminis-
tered agents or pre-existing structural nervous system diseases, and

the individual patient vulnerability such
as, for example, polymorphisms in genes
related to neurogenesis.9,31

There is no strict correlation between
clinical findings of neurotoxicity and
imaging.35 Our case series comprised 1
patient who had only symptoms of
peripheral neuropathy but also demon-
strated mild leukoencephalopathy on
brain MR imaging.

We are aware of several limitations in
our study. First, this case series is based
on a retrospective study design with a
very limited number of pediatric patients
and with MR imaging performed on var-
ious scanners. Second, because nelarabine
is administered as a part of oncologic
treatment regimens, correlated imaging
findings cannot be attributed to nelara-
bine-induced toxicity with absolute cer-
tainty. Third, due to the retrospective
design, we are aware of the lack of statis-
tical data resulting from a prospective
inclusion and subsequent MR imaging of
all patients treated with nelarabine during
the survey period and resulting from a
correlation of imaging findings with the
dosage or interval of nelarabine adminis-
tration as well as clinical signs/symptoms.
Fourth, no postmortem histologic sam-
ples were obtainable for correlation.
Finally, no long-term follow-up was
available, limiting our analysis on the
long-term reversibility of imaging find-
ings as well as limiting the examination
of a possible late impact on brain cogni-
tion. Subsequent future prospective
studies with larger cohorts, standar-
dized imaging protocols, and longitudi-
nal follow-up are needed to answer
these questions.

CONCLUSIONS
With this case series, we present 6 pedi-

atric cases of possible, probable, or definite nelarabine-induced
neurotoxicity. Patients presented with acute or early-delayed AE
after nelarabine treatment with signs/symptoms of peripheral and
central neurotoxicity. We found a wide spectrum of neuroimaging
findings, including features of PRES, ATL, involvement of deep
gray structures and brainstem, cranial and spinal neuropathy, and
myelopathy. Even though the mentioned neuroimaging findings
are completely nonspecific and cannot be attributed to nelara-
bine-induced toxicity with absolute certainty, the goal of this case
series was to alert the pediatric neuroradiologists, radiologists, and
clinicians about the possibility of nelarabine-induced neurotoxic-
ity and its resulting broad neuroimaging spectrum. The awareness
of nelarabine-induced neurotoxicity could assist the monitoring

FIG 6. Spinal MR images (38 days PA) of a 14-year-old boy (patient 2) with definite nelarabine-
induced toxicity. CSF examination was negative for leukemic involvement. Axial T2-weighted
image (A) shows abnormal signal in the bilateral posterior columns (arrow). Axial T11C (B) at the
level of the conus medullaris demonstrates diffuse enhancement of the ventral and dorsal nerve
roots of the cauda equina (arrowheads). In addition, there is diffuse enhancement of the paraspi-
nal musculature reflecting acute denervation edema (arrows in B). Sagittal T2-weighted image (C)
demonstrates longitudinally extensive dorsal column involvement extending from the cervico-
medullary junction through the conus (arrows).
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of therapeutic interventions because dosage adjustment or agent
discontinuation may prevent further neurologic injury.

Disclosure forms provided by the authors are available with the full text and
PDF of this article at www.ajnr.org.
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Expanding the Spectrum of Early Neuroradiologic Findings in
b Propeller Protein-Associated Neurodegeneration

A. Papandreou, A.K.S. Soo, R. Spaull, K. Mankad, M.A. Kurian, and S. Sudhakar

ABSTRACT

BACKGROUND AND PURPOSE: b propeller protein-associated neurodegeneration (BPAN) is the most common neurodegeneration
with brain iron accumulation disorder. Typical radiologic findings are T2 hypointensity in the substantia nigra and globus pallidus, as
well as a T1 halolike substantia nigra hyperintense signal surrounding a hypointense central area. However, these findings are often
subtle or absent on initial scans, risking diagnostic delay. In this study, we sought to investigate radiologic findings that could aid in
the early diagnosis of BPAN.

MATERIALS AND METHODS: A retrospective cohort study was performed in a national referral center, including all pediatric
patients with confirmed pathogenic WDR45 mutations and consistent clinical semiology. MR imaging findings were independently
reported by 2 pediatric neuroradiologists.

RESULTS: Fifteen patients were included in the study, and 27 scans were available for review. The initial neuroimaging study was
undertaken at a mean age of 3.2 years. Iron deposition was uncommon in patients younger than 4 years of age. Neuroradiologic
features from very early on included dentate, globus pallidus, and substantia nigra swelling, as well as a thin corpus callosum and
small pontine volume. Optic nerve thinning was also present in all patients.

CONCLUSIONS: Our study highlights the key early MR imaging features of BPAN. Iron deposition in the globus pallidus and sub-
stantia nigra is not common in children younger than 4 years of age; clinicians should not be deterred from suspecting BPAN in the
presence of the findings described in this study and the appropriate clinical context.

ABBREVIATIONS: BPAN ¼ b propeller protein-associated neurodegeneration; GP ¼ globus pallidus; NBIA ¼ neurodegeneration with brain iron accumulation;
SN ¼ substantia nigra

b propeller protein-associated neurodegeneration (BPAN)
is emerging as the most common neurodegeneration

with brain iron accumulation (NBIA) disorder.1 It is caused by
mutations in WDR45, an X-linked gene with a role in early
autophagy.2,3 Clinically, it typically manifests in infancy with
neurodevelopmental delay, epilepsy, autistic-like features,
other behavioral issues, stereotypies, and sleep disturbance.

Following a relatively stable course in childhood, BPAN pro-
gresses in adolescence or early adulthood with motor regres-
sion, dementia, and parkinsonian features.1-3 A core radiologic
and neuropathologic hallmark is brain iron accumulation,
most prominently in the substantia nigra (SN) but also in the
globus pallidus (GP).1,3,4 The classically reported MR imaging
findings are SN and GP hypointensity on T2-weighted sequen-
ces, as well as a halolike SN hyperintensity with a central hypo-
intense band on T1-weighted images.3,5,6 Case reports and
small cohort studies have described additional BPAN-related
findings such as SN swelling, delayed myelination, corpus cal-
losum thinning, deep cerebellar nuclei T2 hyperintensities,
and cerebellar atrophy.5,7 However, these features are often
either absent on initial scans or not specific enough to aid the
diagnosis.

BPAN is a rare disease, with an estimated prevalence of 1 in
2–3 million individuals.1 Due to this rarity and nonspecific clini-
cal presentation at disease onset, the diagnosis is frequently not
suspected and only made when nonselective genetic testing (gene
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panel, exome, or genome sequencing) reveals a WDR45 patho-
genic variant. Prompt establishment of a BPAN diagnosis is cru-
cial for accurate prognosis, genetic counseling, and appropriate
multidisciplinary management.1 Should disease-specific therapies
emerge in the future, as has recently happened for many neuro-
metabolic conditions,8 the need for an accurate diagnosis will
become even more pertinent. However, there are currently no
BPAN-specific biochemical or early radiologic markers,1,9 and
genetic variants of unknown significance can be very difficult to
interpret.

In this study, we evaluated a cohort of children with BPAN pre-
senting to a single pediatric center and identified several neurora-
diologic keys that may facilitate early diagnosis of this disease.

MATERIALS AND METHODS
The study was approved by the Great Ormond Street Hospital
Research and Development Audit Department (reference: 3261).
All data were anonymized by the lead care teams at the point of
collection, so the study did not otherwise require ethics approval.

We undertook a single-center cohort study in patients with an
established diagnosis of BPAN attending a UK pediatric neuroge-
netic clinic. Inclusion criteria were a disease of childhood onset (0–
18 years of life), the presence of a pathogenic WDR45 genetic vari-
ant, and clinical semiology consistent with BPAN. Characterization
of the clinical phenotype was undertaken by direct clinical examina-
tion and case note review.

Brain MRIs had been performed at either Great Ormond
Street Hospital or the referring local hospital and subsequently
transferred for neuroradiology review. Different machine models
and specifications were used for image acquisition. Brain MRIs
were individually reviewed for quality and read by 2 of the
authors (K.M. and S.S.), with subsequent discussion for disparate
opinions to reach consensus agreement. Specifically, T2-weighted
signal intensity and swelling of the dentate nuclei, GP, and SN;
T1-weighted signal of the SN; SWI signal changes when available;
morphology and size of the brainstem; and the rest of the brain
parenchyma were assessed. Optic nerves were also assessed and
measured in the prechiasmatic segments on T2- and T1-weighted
axial sequences; for this assessment, 3- to 5-mm section-thickness
images were used, depending on the availability, while other
planes were also used for correct localization. Cerebral and cere-
bellar atrophy was subjectively graded as mild, moderate, and
severe. Cerebellar atrophy was further qualified as vermian
(including the gradient, if any), hemispheric, or both. Volumetric
analysis was not performed due to insufficient number of cases
with volume data. Data were analyzed with descriptive statistics.

RESULTS
Patient Cohort
Sixteen pediatric patients were identified. Some cases have previ-
ously been reported (Online Supplemental Data).10 Neuroimaging
was available for 15/16 patients. Mean and median ages at last

FIG 1. BPAN early radiologic signature. At 12months of life, axial and coronal T2 (A and B) images show bilateral symmetric dentate nucleus
hyperintensity and swelling (white arrows). Axial T2 (C) shows bilateral GP swelling and mild hyperintensity (white arrow). Bilateral SN swelling
and T2 hyperintensity are demonstrated on D (white arrow). At 17months, midsagittal T1 (E) shows diffuse callosal thinning (white arrow), a small
pons (dotted arrow), and superior vermian volume loss (double arrow). Axial T2 (F) shows diffuse myelin reduction (white arrow) and prominent
lateral ventricles (double arrow). Delayed myelination was infrequently seen in our cohort (1/15 patients). At 10 years of age, T2 axial image (G) in
an older child shows GP iron deposition, which is confirmed on SWI (H). H, Increased iron deposition in the SN. The typically reported T1 halo
sign was not seen in our pediatric cohort.
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clinical review for patients having undergone neuroimaging were
10.5 and 9.95 years, respectively (age range, 3.9–22 years). Mean
and median ages at MR imaging were 4.3 and 3 years, respectively.
As expected, most (13/15) patients were female. Common clinical
manifestations included early infantile-onset developmental delay
(15/15), epilepsy (13/15), sleep disturbances (5/15), stereotypies
(5/15), and febrile seizures (2/15). Nonstereotypy movement dis-
orders were uncommon, as expected in this age group,1 with par-
kinsonian features (1/15), tremor (1/15), dystonia (2/15), and
spasticity rarely described.

A single MR imaging brain scan was available for 5/15 cases,
whereas 8/15 had 2 scans, and 2/15 had 3 scans in total. Age at
scanning ranged from 0.8 to 14 years (mean and median, 3.9 and
3 years, respectively). The first MR imaging was undertaken at a
mean age of 3.2 years, whereas the second and third were per-
formed at mean ages of 5.6 and 5.8 years, respectively. The time
between follow-up scans ranged from 1.1 to 9.1 years.

Radiologic Findings
Twenty-seven MR imaging scans were available from 15 children
(Figs 1–2 and Online Supplemental Data).

First, dentate nucleus abnormalities with T2-weighted hyperin-
tensity and swelling or prominence were seen in 26/27 scans, all
except in patient B9 who had only a single scan at 14 years of age.

Regarding the GP, swelling was seen in 26/27 scans, all except
in patient B14’s second scan at 3 years of age. GP signal T2-hyper-
intensity was observed in 11/27 scans but mostly in the younger
age groups (oldest age at scan: 5 years 5months of age). In children
older than 5 years of age, the GP was either isointense or hypoin-
tense compared with the striatum and red nucleus. T1-weighted
hyperintensity of the GP was appreciated on only 1 scan at 14 years
of age.

Examination of the SN revealed swelling in 22/27, with T2-
weighted hyperintensity in 14/27 cases and T2-weighted

hypointensity in 12/27. SN hyperinten-
sity was more common at a younger age
(ie, evident in all MR images of children
younger than 2 years of age), whereas
hypointensity was more prevalent in
older patients (ie, in all scans of patients
older than 6 years of age). On T1-
weighted imaging, SN central hyperin-
tensity was seen in 10/27, whereas pe-
ripheral hyperintensity was only present
in 1/27 scans at 5 years of age.
Progressive findings suggestive of SN
iron accumulation, such as evolving T2-
weighted hypointensity and T1-
weighted central hypointensity with or
without peripheral hyperintensity, were
evident in 5/15 follow-up scans. The
typically reported “T1 halo” sign was
not seen in our cohort.

SWI sequences were available in
19/27 scans. Features consistent with
iron deposition (eg, hypointensity in
minimum-intensity projection algo-

rithm images11) were seen in 12/19 scans, the earliest noted in a
patient (B06) at 3 years of age (range, 3–14years; mean age,
6.8 years; median, 6 years). All cases with features consistent with
GP iron deposition (12/19) also showed SN iron deposition.
Moreover, iron deposition was not detectable by SWI in early child-
hood (only evident in 2/12 children younger than 4 years of age,
and in 2/15 scans in this age group overall). Conversely, iron was
seen on SWI in 6/7 patients (7/8 scans total) imaged at 5 years of
age or older. When we compared the GP and SN, the SWI hypoin-
tensity was not obviously more prominent in either region. Notably,
there were no demonstrable features consistent with iron deposition
in the dentate nuclei.

Furthermore, cerebral volume reduction was subjectively seen
in 23/27 scans; it was mild in 14/27 (mean age, 4.7 years) and mod-
erate in 9/27 (mean age, 3.6 years) scans. Bicaudate ratio measure-
ments were often high (97th percentile or higher for age and sex12

in 22/27 scans), confirming the above subjective findings and indi-
cating subcortical WM atrophy (Online Supplemental Data).13

Progression of cerebral volume reduction was seen in 1 child (B08,
age at the first, second, and third imaging was 3, 6.5, and 7.5 years,
respectively). Corpus callosum thinning was evident in all (27/27)
patients; this was mainly diffuse but sometimes with body and pos-
terior predominance. Cerebellar atrophy was subjectively seen in
24/27 scans (13/15 patients); it was mild in 15/27 scans, moderate
in 9/27 scans, and progressive in 1 of the 11 children (B08) who
had serial imaging. The volume reduction was restricted to the
superior vermis and superior aspect of the hemispheres in all cases.

Brainstem findings included a small midbrain (less than the first
percentile) in all (27/27) scans; a small pons (10th percentile or
smaller) in 13/27; and relatively large medulla (75th percentile or
larger) in 19/27 scans, compared with reference ranges for age and
sex (Online Supplemental Data).12 In all 27 scans, claval measure-
ments were between 4 and 5mm; claval prominence was evident in
6/27 scans.

FIG 2. MR imaging findings in relation to age. GP iron deposition is not detectable early on but
becomes more prominent after 4 years of age. Conversely, GP and SN swelling are findings pres-
ent in young patients and persistent later on. GP swelling was absent in 1 patient (B14, 2 scans at
1.5 and 3 years of age) but was otherwise consistently present in all patients and all scans.
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Optic nerve measurements in prechiasmatic segments
were lower than the mean expected for age14 in all children
(0–18months: mean 1.76mm; 1.5–3 years: mean, 1.8mm;
older than 3 years: mean 2mm; reference: mean values 2.92mm,
3.08mm,.3.2mm, respectively).

Finally, infrequent MR imaging findings consisted of reduced
myelination15,16 (patient B07, age 1.3 and 5.4 years at first and
second scanning, respectively), large cerebellum (patient B04),
and hippocampal sclerosis (patient B14) (n ¼ 1 child, each). CT
was available in 3 children and showed no pallidonigral calcifica-
tion (data not shown).

DISCUSSION
BPAN is an X-linked progressive neurodegenerative condition
characterized by brain iron accumulation across time; it initially
manifests with nonspecific clinicoradiologic features, including
absence of iron accumulation in the basal ganglia. Here, we
sought to establish an early neuroradiologic signature that could
prompt physicians to consider a diagnosis of BPAN. For this pur-
pose, we analyzed MR imaging findings from a pediatric BPAN
cohort; to our knowledge, this is the largest single-center pediat-
ric BPAN neuroradiologic study to date.

First, we confirmed the existing literature data that radiologic
features consistent with brain iron accumulation were not com-
monly detectable in early childhood.1,5-7 Features of iron deposition
were evident in only 2 children younger than 4 years of age (2/15
scans performed at this age) but were seen on SWI in 6/7 patients
(7/8 scans total) imaged at 5 years of age or older. Moreover, typi-
cally reported findings of T2-weighted GP/SN hypointensity and
T1-weighted SN hyperintensity only evolved in a minority of chil-
dren (and mostly when there were large intervals between follow-
up scans). The typically associated hyperintense halo sign was not
seen in our cohort.

Conversely, findings present in early disease and in almost all
scans analyzed included dentate, GP, and SN T2-weighted hyper-
intensities and swelling; optic nerve thinning; as well as cerebral
and cerebellar atrophy. Delayed myelination was only rarely evi-
dent (1/15 patients, consistent with other studies suggesting
abnormal myelination in only a minority of patients [28%]).6

Additionally, other case reports and small case cohort studies (#4
patients) have also reported GP, SN, and deep cerebellar nuclei T2
hyperintensity and swelling in BPAN, which can be transient and
possibly related to pyrexia and seizures.5,17 In our cohort, these
features tended to persist, with reversal of GP swelling in only
1/11 patients with follow-up imaging.

Although individually nonspecific, the constellation of these
neuroimaging findings in the appropriate clinical background is
highly suggestive of BPAN, which should be suspected. However,
similar findings have recently been reported in patients with bial-
lelic WIPI2 mutations.18 Most interesting, WIPI2 and WDR45
(also known as WIPI4) both belong in the family of WD-repeat
proteins interacting with phosphoinositides (WIPI) and have an
essential role in the early stages of autophagy.19 Hence, it would be
interesting to see whether similar radiologic patterns emerge in
other congenital disorders of autophagy in the future. Moreover,
the differential diagnosis should also include other infantile

epileptic encephalopathies, other NBIAs, and mitochondrial
disorders.20,21

From a pathophysiologic perspective, it is unclear why GP
and SN swelling and T2 hyperintensity predominate early on,
with iron deposition becoming obvious at a later age.WDR45 has
a role in early autophagy, and it has been postulated that dysfunc-
tion in the autophagosome-lysosome degradation pathway might
lead to chronic inflammatory changes (that might account for the
swelling) and gradual iron deposition in susceptible brain areas.7

Overall, more research is needed to better understand the under-
lying mechanisms linking autophagy, iron metabolism, and neu-
rodegeneration in BPAN.

Other radiologic findings typically associated with other NBIA
disorders were also evident in our cohort. First, optic thinning was
present in all patients across all scans, and optic nerve measure-
ments were less than the mean expected for age in all cases.14 Optic
nerve thinning has previously been associated with other NBIA dis-
orders, but not specifically with BPAN.1,22 Moreover, optic atrophy
is only rarely reported in BPAN,9,23 and visual electrophysiologic
testing has not been systematically reviewed. It is possible that these
optic nerve abnormalities might contribute to the visual impair-
ment frequently reported in patients with BPAN in the clinic.1,3,9

Second, cerebellar atrophy was a prominent feature in.85% of our
patients; similar findings have been reported in other studies,6,7,17

though at much lower frequency (eg, 23% in 1 study).6 Cerebellar
atrophy is also a well-defined radiologic feature of other NBIA dis-
orders such as PLA2G6-associated neurodegeneration and fatty
acid hydroxylase-associated neurodegeneration.22 Finally, claval
prominence was encountered in 4/15 cases (6/27 scans), which has
not previously been reported in BPAN and is more typically associ-
ated with PLA2G6-associated neurodegeneration.22 Notably, the
claval prominence in our cohort was milder than that seen in
PLA2G6-associated neurodegeneration. Overall, the findings of
optic nerve thinning, claval hypertrophy, and cerebellar atrophy
provide interesting radiologic links with other NBIA disorders.1,22

More research is warranted to further characterize these links and
elucidate the pathophysiologic mechanisms linking BPAN with
other NBIAs.

CONCLUSIONS
We describe the largest single-center pediatric neuroimaging study
in BPAN. We report a distinct early radiologic signature, with den-
tate, GP, and SN swelling and T2 hyperintensity, a thin corpus cal-
losum, cerebellar atrophy, optic nerve thinning, and a small pontine
volume. The early disease neuroradiologic features described in this
study, even in the absence of iron accumulation, should prompt
clinicians to include BPAN in the differential diagnosis, especially
in the appropriate clinical context. Specifically, lack of iron deposi-
tion early in the disease course does not negate the validity of a
WDR45 pathogenic variant identified through genetic testing.

Disclosure forms provided by the authors are available with the full text and
PDF of this article at www.ajnr.org.
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COMMENTARY

Early Neuroimaging Markers in b Propeller
Protein-Associated Neurodegeneration

Neurodegeneration with brain iron accumulation (NBIA)
encompasses a heterogeneous group of rare diseases charac-

terized by abnormal progressive iron accumulation in the basal
ganglia (BG), movement disorders, and cognitive disability.1 b

propeller protein-associated neurodegeneration (BPAN) is, to
date, the most common NBIA disorder.2 It is caused by mutations
in an X-linked gene, WDR45, which has an important role in
autophagy.3-5 The disease is more common in females and typi-
cally presents with global developmental delay, speech impairment,
abnormal gate, sleep disturbances, and epilepsy in childhood fol-
lowed by severe dystonia, parkinsonism, and progressive dementia
in young adulthood, though the phenotypic spectrum is broader
and includes Rett syndrome, developmental and epileptic ence-
phalopathy, and intellectual disability.6-8 The distinctive BPAN
neuroradiologic findings are well-known in adolescence and adult-
hood and include the following: T2, T2*, and SWI hypointensity
in the substantia nigra (SN) and GP; the “halo sign” on T1WI (ie,
a symmetric hyperintense signal surrounding a thin, dark, central
band in the SN and cerebral peduncles), which is pathognomonic
for BPAN; a normal or thinned corpus callosum; and mild-to-
moderate global cerebellar and cerebral atrophy.5,6,9,10 Findings of
neuroimaging performed during early childhood are nearly all
normal. In some cases, delayed myelination, nonspecific cerebellar
and cerebral atrophy, and a thin corpus callosum have been
described.2,11 Because the clinical features are not specific and
imaging may not demonstrate the classic findings at a young age,
the diagnosis is often made with gene panel or exome sequencing,
which reveals a mutation inWDR45.7

The article by Papandreou et al,12 published in the current
issue of the American Journal of Neuroradiology, represents an
important retrospective cohort study of 15 pediatric patients with
a confirmed pathogenetic WDR45 variant, focusing on early MR
imaging features. The authors took into account a vast amount of
neuroimaging findings and reported that early neuroradiologic
features, in most cases, included dentate nuclei hyperintensity,
GP and SN swelling and hyperintensity, as well as a thin corpus
callosum and cerebral and cerebellar atrophy of various degrees.
They also observed optic nerve thinning and an unusually small
midbrain. Iron deposition was uncommon in patients younger

than 4 years of age and was never present in children younger
than 3 years of age but was evident in almost all patients scanned
at 5 years of age or older.

A minor criticism of the present work12 was that the assess-
ment of cerebral volume reduction, detected in most of the cases,
was subjective and is actually unreliable due to lack of age-matched
controls. Indeed, in children, subjective assessment of brain atro-
phy can be difficult because of craniocerebral disproportion.
Furthermore, the authors report midbrain atrophy in all cases,
whereas no obvious midbrain atrophy is observed in Fig 1 and, in
general, in any of the other cases reported.13-16 Another critical
issue concerns the assessment of optic nerve atrophy in axial sec-
tions, which we do not consider correct because in general, errors
occur when measuring optic nerve diameter on axial images.

If one focuses on the GP and SN and on the iron-sensitive
sequences (T2WI, T2*WI, and SWI), the most relevant evidence
is that iron deposition is not present early in the course of the dis-
ease but accumulates with time. In particular, there is some sort
of evolution of signal abnormalities in these structures from early
childhood to early adulthood that could be considered highly spe-
cific for BPAN and that is represented by an early, enlarged GP
and SN appearance, with slight T2 hyperintenisty and subsequent
progressive iron accumulation. SWI sequences can detect very
early iron deposition. Iron accumulates in the SN, emerging as
the most affected nucleus and, to a lesser extent, in the GP. On
T2WI or SWI, the SN results are usually more hypointense com-
pared with the GP, a feature that may help distinguish BPAN
from other forms of NBIA.9 Sometimes, on the T1WI the halo
sign is evident in the SN.2,5 This is a late sign, and its absence in
the article by Papandreou et al12 could be related to the young
age of their patients (0–18 years of life).

Most interesting, it is not entirely clear why GP and SN
enlargement and T2 hyperintensity predominate early. In four of
our cases,15 we interpreted the swelling as a very early inflamma-
tion caused by dysfunction in the autophagy-lysosome complex.
The authors12 also noted that similar neuroimaging findings have
been reported in cases with biallelic WIPI2 mutations,17 which,
similar to WDR45 (also known as WIP14), belong to the family
of WD-repeat proteins, which have an essential role in the early
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stages of autophagy. We agree that it would be interesting to ascer-
tain whether a similar neuroimaging pattern is present in other
congenital autophagy disorders. It is certain, however, that neuro-
inflammation evolves rapidly in neurodegeneration and progres-
sive iron deposition,18,19 highlighting how the first abnormality is
due to cellular damage, while the accumulation of iron is probably
only a late epiphenomenon of the degenerative process.20,21

Concerning other characteristic imaging signs, in all the cases
reported by Papandreou et al12 and, in general in most of the cases
reported in the literature,13-16 transient or persistently observed
T2-hyperintense signal in the dentate nuclei is a typical finding
that helps suggest the diagnosis. This is a finding not seen in other
NBIA disorders and, from a pathophysiologic point of view, also
probably related to chronic inflammatory changes.12 Delayed mye-
lination is a transient, frequent finding that normalizes during the
follow-up MR imaging;11,14 thin corpus callosum and cerebellar
atrophy (present in other NBIA disorders) are prominent features
frequently seen in early childhood11 but are nonspecific signs.

We believe one of the major merits of the present study is stress-
ing the important role of early MR imaging findings to reach an
accurate and early BPAN diagnosis for the best multidisciplinary
management of these patients. Even though normal brain MR
imaging findings do not exclude BPAN in a young child, early neu-
roimaging markers highlighted by Papandreou et al,12 such as GP
and SN swelling, dentate nuclei T2 hyperintensity, corpus callosum
thinning, and cerebral and cerebellar atrophy in the appropriate
clinical context, may strongly suggest the diagnosis. In agreement
with the authors, we believe that it is important to not discard a var-
iant of WDR45 in the absence of iron accumulation in the basal
ganglia in the early stages of the disease.
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ORIGINAL RESEARCH
PEDIATRICS

Synthetic MR Imaging–Based WM Signal Suppression
Identifies Neonatal Brainstem Pathways in Vivo

V.U. Schmidbauer, M.S. Yildirim, G.O. Dovjak, M. Weber, M.C. Diogo, R.-I. Milos, V. Giordano, F. Prayer,
M. Stuempflen, K. Goeral, J. Buchmayer, K. Klebermass-Schrehof, A. Berger, D. Prayer, and G. Kasprian

ABSTRACT

BACKGROUND AND PURPOSE: Multidynamic multiecho sequence–based imaging enables investigators to reconstruct multiple MR
imaging contrasts on the basis of a single scan. This study investigated the feasibility of synthetic MRI-based WM signal suppression
(syWMSS), a synthetic inversion recovery approach in which a short TI suppresses myelin-related signals, for the identification of
early myelinating brainstem pathways.

MATERIALS AND METHODS: Thirty-one cases of neonatal MR imaging, which included multidynamic multiecho data and conven-
tionally acquired T1- and T2-weighted sequences, were analyzed. The multidynamic multiecho postprocessing software SyMRI was
used to generate syWMSS data (TR/TE/TI ¼ 3000/5/410ms). Two raters discriminated early myelinating brainstem pathways (decus-
sation of the superior cerebellar peduncle, medial lemniscus, central tegmental tract, and medial longitudinal fascicle [the latter 3
assessed at the level of the pons]) on syWMSS data and reference standard contrasts.

RESULTS: On the basis of syWMSS data, the decussation of the superior cerebellar peduncle (31/31); left/right medial lemniscus (31/
31; 30/31); left/right central tegmental tract (19/31; 20/31); and left/right medial longitudinal fascicle (30/31) were reliably identified
by both raters. On the basis of T1-weighted contrasts, the decussation of the superior cerebellar peduncle (14/31); left/right medial
lemniscus (22/31; 16/31); left/right central tegmental tract (1/31); and left/right medial longitudinal fascicle (9/31; 8/31) were reliably
identified by both raters. On the basis of T2-weighted contrasts, the decussation of the superior cerebellar peduncle (28/31); left/
right medial lemniscus (16/31; 12/31); left/right central tegmental tract (23/31; 18/31); and left/right medial longitudinal fascicle (15/31;
14/31) were reliably identified by both raters.

CONCLUSIONS: syWMSS data provide a feasible imaging technique with which to study early myelinating brainstem pathways. MR
imaging approaches that use myelin signal suppression contribute to a more sensitive assessment of myelination patterns at early
stages of cerebral development.

ABBREVIATIONS: CTT ¼ central tegmental tract; DSCP ¼ decussation of superior cerebellar peduncle; FGATIR ¼ fast gray matter acquisition T1 inversion
recovery; GA ¼ gestational age; ICC ¼ intraclass correlation coefficient; MDME ¼ multidynamic multiecho; ML ¼ medial lemniscus; MLF ¼ medial longitudinal
fascicle; syWMSS ¼ synthetic MRI-based WM signal suppression

At early stages of brain maturation, myelination proceeds in a

stepwise manner.1 In the fetal period, myelin is first detecta-

ble in the spinal cord at about 16weeks of gestation, followed by

its developmental course cephalad along the projection tracts.1

Thus, postnatally, the brainstem has the most myelinated tissue,

while brain myelination is relatively scarce supratentorially.1,2

Prematurity is considered a matter of increasing interest in

the medical field.3 Because preterm birth interferes with the nor-

mal brain maturation processes, imaging modalities that enable a

reliable assessment of the structural and biochemical aspects of

cerebral development are greatly needed.4-8 Currently, MR imag-

ing is considered the diagnostic mainstay for the assessment of

human brain myelination in vivo.9,10 However, the subtle effects

of small myelin quantities on conventional T1- and T2-weighted

MR imaging contrasts currently limit qualitative evaluations and,

therefore, impede insight into certain pathologic conditions

linked to myelin delays in the neonatal period.1
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Recent advances in synthetic imaging provide multiple con-
trasts (ie, TR, TE, and TI are synthetically defined in retrospect)
based on the tissue-specific properties (ie, relaxation time and
spin density) determined via a single multidynamic multiecho
(MDME) sequence.8,11-16 Novel inversion recovery acquisition
strategies (ie, fast gray matter acquisition T1 inversion recovery
[FGATIR]) use a short TI to suppress the myelin signal, therefore
improving discrimination of brainstem pathways and identifica-
tion of myelinated tissue.17 While this approach has proved bene-
ficial primarily in a neurosurgical imaging setting, there is a lack
of information on the applicability of such contrasts for the
assessment of neonatal brain myelination.17-19

This study aimed to investigate the feasibility of synthetic
MRI-based WM signal suppression (syWMSS) for the qualitative
evaluation of neonatal brainstem anatomy and brain myelination
in vivo. Thus, 2 raters independently analyzed brainstem path-
ways on syWMSS data and conventionally acquired, standard-of-
reference, T1- and T2-weighted MR imaging contrasts. In addi-
tion, brain myelination was assessed semiquantitatively on both
imaging modalities (MDME-based versus conventionally acquired
MR imaging contrasts). The results based on syWMSS data and
conventionally acquired MR imaging contrasts were compared.

MATERIALS AND METHODS
Ethics Approval
The local ethics commission approved the protocol of this retro-
spective study. All guardians provided written, informed consent
for neonatal brain MR imaging before scanning and agreed to the
scientific use of the acquired imaging data.

Study Cohort
Between January 2018 and September 2020, forty-three cases of
neonatal MR imaging (without detectable intracranial pathology),
which included MDME data and conventionally acquired T1- and
T2-weighted MR images, were collected. Neuroimaging was per-
formed at the Department of Neuroradiology of Vienna General
Hospital, Medical University of Vienna. All neonates were referred
for brain MR imaging by the Department of Pediatrics and
Adolescent Medicine of the same tertiary care center. Indications
for MR imaging included routine imaging in former preterm
infants at approximately term-equivalent ages and clinical suspicion
of cerebral injury. However, only neonates in whom MR imaging
ruled out pathologic abnormalities were included in this research.
Studied patients (Table 1) have been reported previously. However,
these studies focused on different research objectives.8,11,15,16

Neonatal MR Imaging, MDME Sequence, and MR Imaging
Data Postprocessing
MR imaging was performed according to the institutional feed-
and-wrap protocol, and infants were bedded on a vacuum mat-
tress to reduce motion-related artifacts. All infants were imaged
using a standardized neonatal MR imaging protocol (Online
Supplemental Data) on an Ingenia (Philips Healthcare) 1.5T MR
imaging system. The MDME sequence (axial plane, acquisition
time ¼ 5minutes 24 seconds, TR ¼ 3309ms, TE ¼ 13/100ms,
voxel ¼ 0.9 � 1 � 4 mm, FOV ¼ 200 � 165 � 109 mm; section
number ¼ 22, gap ¼ 1mm, echo-train ¼ 10, pixel/Hz ¼ 1.366/
159.0; sense factor ¼ 2) uses 2 repeat acquisition phases to derive
information about tissue-specific relaxation time properties and
proton density (phase a: application of a section-selective satura-
tion pulse [flip angle ¼ 120°] to saturate 1 section; and phase b:
application of section-selective refocusing pulses [flip angle ¼
80°] and section-selective excitation pulses [flip angle ¼ 90°] to
generate a series of spin-echoes for another section).14,20,21 The
MDME data postprocessing software SyMRI (Version 11.2;
SyntheticMR) was used to generate syWMSS data. Although the
acquisition procedures for the original FGATIR sequences and
MDME data differ, the contrast parameters to suppress myelin-
related signals synthetically were applied according to the
descriptions by Sudhyadhom et al22 and Shepherd et al17 (TR/
TE/TI¼ 3000/5/410ms).

Assessment of Brainstem Pathway Anatomy and
Semiquantitative Evaluation of Myelination
Before evaluating MR imaging data, a critical visual review was
performed by 1 neonatal imaging expert with 15 years of experi-
ence. Imaging data of inferior quality (ie, motion-degraded MR
imaging acquisitions) were excluded from this investigation. In
case multiple sequences were available (eg, multiple T1-weighted
contrasts and so forth), those that provided the best image quality
were used for further analysis. Two readers (observer 1 with 4
years of experience and observer 2 with 2 years of experience
with neonatal MR imaging) independently discriminated early
myelinating brainstem pathways at a given level on the basis of
syWMSS data and conventionally acquired T1- and T2-weighted
contrasts. Before the analysis, an evaluation was performed
regarding the identifiability/ability to discriminate various brain-
stem tracts in terms of spatial resolution. Accordingly, the follow-
ing anatomic tracts were defined for qualitative assessment:
decussation of superior cerebellar peduncle (DSCP); left/right
medial lemniscus (ML) (for the readers to identify separately at
the level of the medulla oblongata [decussation of the ML], pons,
and midbrain); left/right central tegmental tract (CTT) (for the
readers to identify at the level of the pons); and left/right medial
longitudinal fascicle (MLF) (for the readers to identify at the level
of the pons).

Furthermore, both readers assessed myelination of the brain-
stem (ie, medulla oblongata, pons, and midbrain) and the posterior
limb of the internal capsule semiquantitatively on syWMSS data
and conventionally acquired T1- and T2-weighted contrasts using
a previously described scoring system (Online Supplemental
Data).8 The allocated points for each region were totaled, resulting
in a myelin total score.8

Table 1: Study sample
Neonates n = 31

GA
Born ,281 0a n ¼ 23
Born 281 0–361 6a n ¼ 3
Born $371 0a n ¼ 5

Characteristics
Female/male 13:18
GA at birthb 271 0 (231 4–411 6)
PMA at MR imagingb 371 3 (341 5–471 2)

Note:—PMA indicates postmenstrual age (ie, GA plus chronologic age37).
a Data (weeks 1 days) presented as total number.
b Data (weeks 1 days) presented as median and range (in parentheses).
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A window center/width default setting was defined at 26.0/
26.0 for syWMSS data. For the discrimination of brainstem path-
way anatomy, the readers had the opportunity to adjust the win-
dowing at their discretion. Semiquantitative assessment of
myelination was performed at a baseline setting with a narrowed
center/width range to keep myelin-related signal intensity differ-
ences perceivable and objective across the cohort.

Statistical Analysis
SPSS Statistics for Macintosh (IBM; Version 25.0) was used
for statistical analyses at a significance level of a ¼ 5%
(P, .05). All analyses were performed as proposed by 1 expert
in biomedical statistics with 30 years of experience in the field.
For the analysis of brainstem pathway anatomy, the percent-
age of interrater agreement (ie, total percentage agreement
regardless of whether tracts had been correctly or not cor-
rectly identified) and the total number of tracts reliably identi-
fied by both observers (ie, only the number of tracts that had
been correctly identified by both raters) were reported. To
summarize overall agreement for the semiquantitative scoring

(myelin total score) of neonatal brain myelination, we calcu-
lated an intraclass correlation coefficient (ICC). ICC values
were interpreted as proposed by Koo and Li23 (,0.5, poor;
0.5–0.75, moderate; 0.75–0.9, good; and .0.9, excellent). In
addition, a Pearson correlation analysis was performed to
detect relationships between semiquantitative myelin assess-
ment (myelin total score) and gestational age (GA) at birth.

RESULTS
Non-motion-degraded syWMSS data were provided in 31/43
(72.09%) cases (Table 1). In 12/43 (27.91%) neonatal MDME
sequence acquisitions, image quality was not sufficient for further
analysis due to severe movement-related artifacts.

Assessment of Brainstem Pathway Anatomy
On the basis of syWMSS data, the percentage agreement between
both raters for the discrimination of brainstem pathway anatomy
ranged between 74.19% and 100% (number of tracts correctly
identified by both readers; range, 18–31).

FIG 1. Neonatal brainstem anatomy is shown in an infant born at 241 3weeks’ GA (MR imaging at 381 0weeks postmenstrual age) at the level
of the midbrain (A, D, and G), pons (B, E, and H), and the medulla oblongata (C, F, and I) on syWMSS data (A, B, and C), conventional T2-weighted
contrasts (D, E, and F), and conventional T1-weighted contrasts (G, H, and I). syWMSS data (A, B, and C) depict early myelinating structures: DSCP
(double arrow in A); ML (arrows in A; thin arrows in B) and its decussation (double arrow in C); inferior colliculus (dotted arrows in A); CTT (dot-
ted arrows in B); MLF (arrows in B); amiculum of the inferior olivary nucleus (dotted arrows in C); and inferior cerebellar peduncle (arrows in C).
Pontine bundles are depicted sufficiently on T2-weighted imaging data (D, E, and F) (CTT [dotted arrow in E] and MLF [arrows in E]). On the basis
of T1-weighted contrasts, a reliable delineation of brainstem pathways is limited (G, H, and I). Center/width at the reader’s discretion.
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On the basis of conventionally acquired T1-weighted con-
trasts, the percentage agreement between both raters for the dis-
crimination of brainstem pathway anatomy ranged between
48.39% and 80.65% (number of tracts correctly identified by both
readers; range, 0–22).

On the basis of conventionally acquired T2-weighted con-
trasts, the percentage agreement between both raters for the dis-
crimination of brainstem pathway anatomy ranged between
45.16% and 93.55% (number of tracts correctly identified by both
readers; range, 3–28) (Fig 1 and Online Supplemental Data).

Semiquantitative Evaluation of Myelination
Significant correlations were observed between semiquantitative
myelin scorings based on syWMSS data and GA at birth: r¼ 0.887
(P, .001) (rater 1); r¼ 0.737 (P, .001) (rater 2).

Significant correlations were observed
between semiquantitativemyelin scorings
based on conventionally acquired T1-
weighted contrasts and GA at birth: r ¼
0.546 (P¼ .002) (rater 1); r¼ 0.495 (P¼
.005) (rater 2).

Insignificant correlations were
observed between semiquantitativemyelin
scorings based on conventionally acquired
T2-weighted contrasts and GA at birth:
r ¼ 0.117 (P ¼ .530) (rater 1); r ¼ 0.039
(P¼ .837) (rater 2) (Figs 2 and 3).

The ICC analysis for semiquantita-
tive myelin scoring is shown in Table 2.

DISCUSSION
In this investigation, the neonatal brain-
stem anatomy of early myelinating path-
ways was studied using synthetically
generated MR imaging contrasts in
which a short TI suppresses the signal of
myelinated tissue.17 Furthermore, semi-
quantitative assessment of myelination
was performed. This study demonstrates
the feasibility of syWMSS data for the
identification of infratentorial WM tracts
and the assessment of myelination at
early developmental stages. While this
novel imaging approach depicts neona-
tal brainstem bundles and myelinated
tissue in excellent detail, conventionally
acquired, standard-of-reference, T1- and
T2-weighted MR imaging contrasts did
not approach a similar performance.

In the second trimester, myelin
becomes histologically detectable in
numerous brainstem tracts.1 While sev-
eral rules govern the patterns of myelin
development, the fact that tract myeli-
nation initiates according to its func-
tionality is of note.1 Thus, myelin
deposition in neonatal brainstem path-

ways corresponds to essential functional circuits that ensure sen-
sory processing and general movement at early developmental
stages.1,2 Even in the absence of gross brain damage, prematurity
interferes with the regular brain-maturation processes.24 In
patients with a preterm birth history, the GA at birth correlates
with the neurologic outcome, characterized by more severely
impaired development in subjects born extremely prematurely (ie,
,28weeks of gestation).6,7 Therefore, delayed myelination of
brainstem pathways and disturbances in neuronal circuit integrity
are associated with future neurologic deficits.6,7,25-29 Moreover,
certain pathologic conditions in the neonatal period appear
directly linked to maturational delays of brainstem structures.30-32

Evidence suggests myelination deficits and maturational delay as
the potential risk factors for sudden infant death syndrome in pre-
term neonates.32,33 Thus, the detection of myelin delay and the

FIG 2. Myelin-related signal intensity differences between preterm-born neonates and term-
born infants are demonstrated. The midbrain is shown in a neonate born at 271 0weeks’ GA
(MR imaging at 371 0weeks postmenstrual age) (A, B, and C) and an infant born at 401 5weeks’
GA (MR imaging at 411 4weeks postmenstrual age) (D, E, and F) on syWMSS data (A and D), con-
ventional T2-weighted contrasts (B and E), and conventional T1-weighted contrasts (C and F).
While proceeding myelination is perceivable on conventional T1-weighted MR contrasts (DSCP,
double arrows in F), the information provided by conventional T2-weighted MR imaging con-
trasts regarding myelin-related signal alterations is limited. In contrast to standard-of-reference
MR imaging acquisitions, WM signal suppression enables a reliable identification and assessment
of progressively myelinating structures in the course of brain development (DSCP, double arrows
in A and D and ML, dotted arrows in D). Center/width at the default setting.
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identification of damage to these early myelinating brainstem
tracts are of clinical relevance.

In this study, early myelinating brainstem pathways were
more reliably identified on the basis of syWMSS data compared
with the current standard-of-reference. Furthermore, assessment
of brain myelination on the basis of syWMSS data revealed
higher interrater agreement and stronger correlation with GA at

birth than conventional MR imaging contrasts, suggesting a more
reliable evaluation of cerebral development. While the potential
of this sophisticated inversion recovery approach has not yet
been fully investigated in pediatric cohorts, studies in the adult
human brain have already revealed remarkable results. As dem-
onstrated by Shepherd et al,17 the suppression of myelin-related
signals improves the identifiability of brainstem pathway anat-
omy and highly myelinated structures. Therefore, such contrasts
have proved beneficial before neurosurgical interventions (eg,
deep brain stimulation) because these data allow a more reliable
targeting of anatomic structures.18,19,22 The data presented here
suggest that myelin signal suppression represents a feasible imag-
ing approach for the in vivo tracking of WM pathway matura-
tion, which is key to obtaining knowledge about normal and
aberrant myelination processes throughout development.

Premature delivery accounts for approximately 7% of all
births.34 Neonatal brain MR imaging can provide biomarkers for
future development.35 However, conventional, MR imaging–
based neuroimaging currently lacks sensitivity for the evaluation
of delayed brain myelination.8 The investigated imaging approach
provides the opportunity to reliably characterize myelin develop-
ment in vivo and may help to identify patients in need of special
postnatal effort to prevent adverse future outcomes. However, this
prospect was outside the scope of the present study and needs to
be elucidated in future investigations.

This study has several limitations. Due to the retrospective
design, the included sample size was small. In addition, most
included infants were born extremely prematurely, limiting selective
investigations of this imaging approach in infants born at different
gestational stages. Furthermore, there was no possibility of perform-
ing a blinded data analysis. While myelin signal suppression was
applied using a synthetic MR imaging–based approach, no original
sequences were used to acquire imaging data in which WM-related
signals are suppressed (ie, FGATIR).17,22 Thus, the comparison of
conventional and synthetic WM signal suppression was not possi-
ble. Nonetheless, as demonstrated previously, SyMRI-based imaging
data provide a diagnostic accuracy comparable with that of conven-
tionally acquired sequences.11 However, the technical features (eg,
resolution, section thickness, acquisition time, and so forth) of con-
ventional T1- and T2-weighted imaging data and MDME sequence
acquisitions differed (synthetic MR imaging–based data versus con-
ventionally acquired sequences). Thus, partial volume effects may
have increased the identifiability of certain brainstem pathways in
various areas of interest, while several fibers could not be reliably
identified (eg, limited identifiability of the MLF at the level of the
midbrain), most likely due to resolutional issues.

Furthermore, although only MR imaging acquisitions of supe-
rior quality were included, small movement-related artifacts were
still present in most of the cases. However, subject motion is still a
pervasive and difficult-to-manage issue in neonatal neuroimaging.

Nonetheless, overall, these limitations
did not affect the primary outcome of
this investigation. Finally, this study
did not elaborate on the correlations
between diffusion tensor–based assess-
ments of brainstem pathway anatomy
and the presented imaging approach.

FIG 3. Pearson correlations between GA at birth (x-axis) and myelin
scorings (performed by rater 1) (y-axis) based on syWMSS data (r ¼
0.887, P , .001) (A), conventionally acquired T1WI contrasts (r ¼ 0.546,
P ¼ .002) (B), and conventionally acquired T2WI contrasts (r ¼ 0.117,
P¼ .530) (C).

Table 2: ICC for semiquantitative myelin scoringa

ICC
syWMSS Moderate agreement: 0.535 (0.032–0.788)
Conventional T1-weighted Poor agreement: 0.404 (–0.034–0.694)
Conventional T2-weighted Poor agreement: �0.050 (�0.315–0.259)

a Numbers in parentheses are 95% confidence intervals.
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However, currently, the applicability of neonatal brainstem trac-
tography is limited, foremost due to motion-related issues.36

Nonetheless, the relationship between advanced diffusion MR
imaging fiber-tracking and MDME-based mapping is of highest
interest and need to be assessed in future works.

CONCLUSIONS
Synthetically generated MR imaging contrasts with suppressed
myelin-related signals provide a feasible imaging technique for
the in vivo study of neonatal brainstem pathway anatomy.
Furthermore, the presented MR imaging approach enables a more
reliable evaluation of postnatal brain maturation compared with
conventionally used, standard-of-reference, sequence-derived T1-
and T2-weighted contrasts. WM signal suppression contributes to a
more sensitive neuroradiologic assessment of myelination at a very
early stage of cerebral development.

Disclosure forms provided by the authors are available with the full text and
PDF of this article at www.ajnr.org.
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BRIEF/TECHNICAL REPORT
SPINE

Sacral CSF-Venous Fistulas and Potential Imaging Techniques
I.T. Mark, P.P. Morris, W. Brinjikji, A.A. Madhavan, J.K. Cutsforth-Gregory, and J.T. Verdoorn

ABSTRACT

SUMMARY: This is the first study to describe CSF-venous fistulas involving the sacrum, a location that may be underrecognized on
the basis of current imaging techniques. We describe a delayed decubitus flat CT myelogram technique that may be useful to
identify sacral CSF-venous fistulas.

ABBREVIATIONS: CTM ¼ CT myelography; CVF ¼ CSF-venous fistula; DAVF ¼ dural arteriovenous fistula; DECT ¼ dual-energy CT; DSM ¼ digital subtrac-
tion myelography

Spontaneous intracranial hypotension can cause debilitating
headaches and other symptoms. One cause, which likely repre-

sents at least 25% of cases of spontaneous intracranial hypotension,
is a CSF-venous fistula (CVF).1 CVFs are occult on conventional
MR imaging and CT. Diagnosis thus depends on myelography,
most commonly with lateral decubitus digital subtraction myelog-
raphy (DSM) and dynamic CTmyelography (CTM).2,3

CVFs are usually found in the thoracic spine, less often in the
lower cervical or upper lumbar spine,4 but not previously
reported in the sacrum. We present 2 patients with sacral CVFs.
Our aim was to promote awareness of sacral CVFs and present a
potential myelographic technique to aid in their discovery.

Cases
Two cases of sacral CVF and the myelographic techniques used
to find them are described below.

Patient 1
A 56-year-old woman presented with 2 years of orthostatic head-
aches, brain fog, and nausea. Brain MR imaging demonstrated
effacement of the suprasellar cistern and narrowing of the

mamillopontine distance (Bern score ¼ 3/9).5 Spine MR imaging
did not demonstrate extradural fluid. Lateral decubitus DSM
showed a possible left T5 CVF, and she underwent a left T5 trans-
venous catheter embolization, after which symptoms improved
but did not resolve.

Six months after her initial DSM, repeat left lateral decubitus
DSM was performed. The thecal sac was accessed at L2–L3, and
11mL of Omnipaque 300 (GE Healthcare) was injected with the
patient in the Trendelenburg position. The DSM inferior FOV
extended to the needle-access site. Following the DSM, per our
standard technique, the patient was kept in the left lateral decubi-
tus position and imaged with dual-energy CT (DECT) approxi-
mately 30minutes after the DSM. The CT included nearly the
entire sacrum in the FOV (below the S3 neural foramen). DECT
images revealed a CVF originating from a left S2 diverticulum
that extended to the left internal iliac vein (Fig 1), outside the
DSM FOV. She was treated with a transvenous catheter emboli-
zation. One month later the patient had modest improvement in
headache and brain fog, and resolution of the nausea.

Patient 2
A 48-year-old man presented with 2 years of nonorthostatic
headaches, which were exacerbated by straining. Brain MR imag-
ing was highly suggestive of a CSF leak (Bern score ¼ 8/9). Spine
MR imaging did not show extradural fluid. A nuclear medicine
cisternogram showed radiotracer accumulation in the kidneys
and bladder at 1 hour and failure of radiotracer ascent at 6 hours,
suggestive of a CSF leak.

Conventional CTM was performed and read as having nega-
tive findings. Further work-up continued with a right-side-down
DSM, with imaging down to the lumbar puncture level at L3–L4.
A right lateral decubitus DECT extending to the sacrum was
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performed approximately 20minutes after the DSM. On the infe-
rior-most images, a CVF arising from a right S3 diverticulum was
partially visualized, which, in retrospect, could be seen on the
conventional CTM. A repeat DSM was performed several days
later, this time with the patient in the reverse Trendelenburg posi-
tion to opacify the CVF (Fig 2). Immediate post-DSM DECT in a
flat right lateral decubitus position depicted the CVF as it arose
from a complex multilobulated right S3 diverticulum and con-
nected to the ipsilateral internal iliac vein. The patient encounter
occurred before the advent of transvenous embolization, and the
patient underwent a CT-guided epidural blood patch with fibrin
glue. The patient had symptom relief for 1.5 years and is currently
undergoing evaluation for a recurrent CSF leak.

DISCUSSION
We present our technique to identify sacral CVFs in 2 patients
involving reverse Trendelenburg positioning during DSM and
delayed decubitus CTM including the sacrum. To our knowledge,
these are the first reported cases of sacral CVF. This report is
important because the sacrum has not previously been described
as a location for CVF and is not well-evaluated by current
dynamic myelographic techniques, which typically involve a lum-
bar puncture with imaging superiorly from that site as contrast
flows superiorly with the patient in the Trendelenburg position.

Prior work, including a systematic review, described most
CVFs in the thoracic spine, with rare occurrence in the cervical or
upper lumbar spine, without prior description of a sacral CVF.4,6-8

To perform decubitus myelography, either DSM or CTM, contrast
is injected via lumbar puncture and the patient must be in the
Trendelenburg position for cranial flow of contrast. Therefore, this
technique draws contrast away from the sacrum and negates the
possibility of detecting a sacral CVF. Our technique involves a
post-DSM CT in the flat (non-Trendelenburg) lateral decubitus
position, allowing contrast to redistribute caudally and thereby
opacify the sacral CSF, and could be performed after DSM or
dynamic CTM.

While dynamic myelography is the preferred work-up for a
CVF, CVF can occasionally be detected on conventional (nondy-
namic) myelograms.9 In retrospect, the sacral CVF was present on
the conventional myelogram of patient 2. Important features of
imaging for sacral CVF include patient positioning that allows
contrast to distribute caudally to the sacrum and imaging through
the inferior aspect of the sacrum. An additional option to interro-
gate the sacrum includes injecting contrast with the patient in the
reverse Trendelenburg position during lateral decubitus DSM, as
in patient 2.

Despite a clear thoracic predominance of CVF, the sacrum
may be an underrecognized site of CVF, like what has been sug-
gested with a dural arteriovenous fistula (DAVF). The sacrum
has traditionally been thought to account for only 5%–10% of
DAVFs, but Gioppo et al10 reported a sacral DAVF in 14% of
cases. Lack of awareness may similarly cause sacral CVFs to be
underrecognized.

Our standard practice includes lateral decubitus DSM from the
cervicothoracic junction to the needle-insertion site in the lumbar

FIG 1. Left S2 CVF in patient 1. A–C, Axial images from a flat left-side-down CTM after DSM show a CVF (arrows) that arises from a left S2 nerve
sheath diverticulum that empties into the left internal iliac vein. These images were reconstructed into 0.625-mm-thick slices from the 50-keV
monoenergetic reconstructions from DECT. D and E, Multiplanar reformatted images from the CTM highlight the CVF (arrows). F,
Postprocedural frontal projection image from transvenous catheter Onyx (Covidien) embolization of the CVF. The left S2 vein (double-line
arrow), left S3 vein (broken arrow), and the pelvic epidural venous plexus (solid arrow) are opacified.

AJNR Am J Neuroradiol 43:1824–26 Dec 2022 www.ajnr.org 1825



spine. We then perform a post-DSM lateral decubitus DECT of the
entire spine, including the inferior aspect of the sacrum. This series
is performed during 2 days, with the right side on day 1 and the
left side on day 2. A nuclear medicine cisternogram is performed
in cases of “low probability” Bern scores5 on brain MR imaging.

This study is limited by its small size. Nonetheless, these 2 cases
highlight the sacrum as a potential location of a CVF that is typically
not investigated during a CVF work-up. A sacral CVF may account
for an undiagnosed source of CSF leak in some patients who have
undergone extensive work-up, and various technical modifications
that we have described may be needed for its identification.

CONCLUSIONS
We describe 2 modifications to dynamic myelography that may
aid in the detection of sacral CVFs, namely a delayed flat lateral
decubitus DECT imaging inferiorly through the sacrum and

reverse Trendelenburg positioning dur-
ing DSM while imaging the sacrum.
These were instrumental in identifying
sacral CVFs.

Disclosure forms provided by the authors are
available with the full text and PDF of this
article at www.ajnr.org.
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How Are We Handling Fluoroscopy-Guided Lumbar Puncture
Requests? A Nationwide Survey of Practice Trends

T.J. Richards, J.C. Durieux, and A.P. Nayate

ABSTRACT

BACKGROUND AND PURPOSE: Referrals to perform fluoroscopy-guided lumbar punctures by neuroradiologists have increased. The
purpose of our study was to determine the management of fluoroscopy-guided lumbar puncture referrals in different practice
settings.

MATERIALS AND METHODS: We sent an online questionnaire to neuroradiologists and radiology trainees between May and June
2020 to survey their handling of fluoroscopy-guided lumbar puncture requests, preprocedural work-up, and the use of physician
extenders/trainees to perform fluoroscopy-guided lumbar punctures, among other questions. Categories were compared using
ORs.

RESULTS: Of the 123 US respondents, 81.3% were in combined academic and 18.7% in combined private practice groups. Regarding fluo-
roscopy-guided lumbar puncture referrals, 27.6% of respondents did not require a bedside lumbar puncture attempt before a fluoros-
copy-guided lumbar puncture. Of private practice, 95.7%, and of academic respondents, 85.0%, were often asked to perform
fluoroscopy-guided lumbar punctures by clinicians because of the clinician’s lack of procedural competence. Of those, 74.8% stated that
they always or sometimes agreed to the request. 41.5% of respondents stated that they would always comply with patients’ requests for
a fluoroscopy-guided lumbar puncture without a bedside lumbar puncture attempt, a 5.26 times higher likelihood (95% CI, 2.04–14.29) for
private practice respondents. To perform fluoroscopy-guided lumbar punctures, 32.0% of academic respondents and 47.8% of private
practice respondents use physician extenders. 75.0% of academic respondents reported that trainees perform .50% of their fluoros-
copy-guided lumbar punctures.

CONCLUSIONS: This survey demonstrates that many academic and private practice neuroradiologists engage in practices that may
promote an increase in fluoroscopy-guided lumbar puncture referrals including not requiring a non-image-guided lumbar puncture
attempt, complying with clinicians’ requests for a fluoroscopy-guided lumbar puncture due to lack of competence in performing
lumbar punctures, and fulfilling patient requests for fluoroscopy-guided lumbar punctures.

ABBREVIATIONS: FGLP ¼ fluoroscopy-guided lumbar puncture; LP ¼ lumbar puncture

During the past few decades, there has been a large shift in the
lumbar puncture (LP) volume to radiologists, and now radi-

ologists are the primary performers of LPs in both Medicare
inpatients and outpatients.1 Performing LP under image guid-
ance, usually using fluoroscopy, allows the radiologist to directly
visualize the needle, which is especially useful in challenging

cases, including patients with extensive spinal hardware, scoliosis,
or morbid obesity, among others. These advantages likely play a
large role in the increased rates of referrals to radiology for fluo-
roscopy-guided lumbar punctures (FGLPs), but we believe other
factors also contribute, including the time required of the
patient’s primary clinical provider, poor monetary reimburse-
ment, incomplete mastery of the LP technique by the provider,
and disruption of the provider’s workflow.2,3 Performing FGLPs
also creates difficulty for radiologists, including disrupting the
flow of the normal workday, which is of growing concern espe-
cially because the diagnostic imaging workload continues to
increase.4 In addition, performing emergent after-hours FGLPs is
often medically necessary and can further challenge radiology
departments because after-hours radiology technologists and FGLP
operators are required. Many academic radiology departments rely
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on trainees (residents/fellows) to perform FGLPs, while other prac-
tices, both academic and private, rely on assistance from physician
extenders (such as physician assistants and nurse practitioners). To
our knowledge, there is not much information available on the use
of trainees or physician extenders in academic or nonacademic
groups.

LPs are considered a moderate-risk procedure due to the low
incidence of complications, and there are societal recommenda-
tions for preprocedural work-up before performing LPs.5,6

However, in our experience, there is institutional variability on
obtaining pre-LP head imaging and laboratory values.

The purpose of this investigation was to survey US and inter-
national neuroradiologist FGLP practices, including handling
requests from providers, preprocedural work-up, and use of phy-
sician extenders and trainees to perform FGLPs.

MATERIALS AND METHODS
The study was approved by the University Hospitals Cleveland
Medical Center institutional review board. The link to participate in
a voluntary online survey was included in a monthly newsletter (May
2020) for members of the American Society of Neuroradiology. Due
to an initial low response rate, a brief description of our aims (Online
Supplemental Data) and the link to the survey were also e-mailed to
a LISTSERV for neuroradiology section chiefs and neuroradiology
fellowship directors of academic practices in the United States. Also,
given the initial low response rate of private practice radiologists and
to obtain a comparison nonacademic group, the survey invitation
was also e-mailed to neuroradiology fellowship alumni (practicing in
the United States and internationally in varying types of practices) of
both the first and last authors. The survey was launched on May
7, 2020, and was closed on June 30, 2020. The survey included
responses from both practicing board-certified radiologists and cur-
rent radiology trainees (distinction between neuroradiology fellow or
radiology resident was not made) both within the United States and
internationally. Except for the initial e-mail, no further contact
occurred between the authors and the survey respondents. There was
no reward for completing the survey and no provided incentive to
answer questions in a particular manner.

The survey (Online Supplemental Data) included 13 questions,
and responses were collected electronically using an online survey
tool that allows viewing of the responses by the owner of the survey
(first author). Other than respondents’ answers to the type of prac-
tice setting in which they worked and their geographic location, no
identifiable data about the respondents, including the respondent’s
name, e-mail, or practice/hospital name, were obtained. Data were
exported from the online survey manager for advanced statistical
analysis.

Subgroup analysis was performed evaluating responses on
the basis of practice type, practice location, and the use of physi-
cian extenders and trainees for performing FGLPs. To simplify
analysis by practice type, we grouped together respondents that
identified as “academic” and “hybrid academic and private prac-
tice,” single respondents that identified as “other: hospital-based
and academic,” and 3 trainee respondents grouped together
under “combined academic.” Respondents who identified as
“private practice” or “hospital-based radiology practice” were
grouped together under “combined private practice.” “Hospital-

based radiology practice” was grouped with the combined pri-
vate practice group on the basis of our experience that many of
these practices essentially function as a private practice (ie, lim-
ited academic and teaching responsibilities) and that only 2 of 7
respondents within this group stated that trainees perform
FGLPs in their practice. Unadjusted ORs and 95% confidence
intervals were calculated to quantify responses by practice type.
P values, .05 were considered statistically significant.

RESULTS
Respondents
The survey was distributed to 7028 American Society of
Neuroradiology members as a part of their May 2020 e-newslet-
ter, and 2734 individuals opened the e-mails. An invitation to
take the survey was also sent to 44 neuroradiology fellowship
directors, 82 neuroradiology section chiefs, and 78 neuroradiol-
ogy fellowship alumni of the first and last authors for a total of
7232 invited individuals. There were a total of 131 responses for a
response rate of 1.8%.

Of the respondents, 6.1% (n¼ 8) were from outside the United
States. Given that the low number of responses was unlikely to
accurately reflect FGLP practices outside the United States, these
responses were excluded from analysis but were included in the
Online Supplemental Data. Of the remaining 123 responses limited
to the United States, 81.3% (n ¼ 100) were in the combined aca-
demic group, which included 89 respondents (72.4% of total) iden-
tifying as an academic practice; 10 respondents, as “hybrid
academic/private” practice (8.1%); and 1 respondent, as “trainee”
(0.8%). Of respondents, 18.7% (n ¼ 23) were in the combined pri-
vate practice group, including 16 as “private” practice (13.0%) and
7 as “hospital-based private” practice (5.7%). Of respondents,
84.6% (n ¼ 104) interpreted only neuroradiology studies in adults
and/or pediatric patients, 11.4% (n ¼ 14) interpreted a mixture of
neuroradiology and non-neuroradiology studies, and only 1.6%
(n ¼ 2) of respondents interpreted mostly non-neuroradiology
studies. Of those that chose academic for practice, 3 respondents
(2.4%) chose trainee for the type of studies read.

The highest number of respondents were from the Northeast
at 36 (29.3%), and lowest, from the Southwest at 12 (9.8%) (Fig 1
shows depiction of geographic locations and the geographic dis-
tribution of US respondents). Of the combined private practice
respondents, 52.2% (n¼ 12) were from the West. Respondents in
the United States were from 31 of the 50 states, and 4 respondents
were from the District of Columbia.

FGLP Operators
Trainees. The subgroup of the combined academic group that
described their practice as academic had the highest overall pro-
portion of FGLPs performed by trainees, with 80.9% indicating
that trainees performed at least half of the FGLPs. For those
who identified with practicing in an academic private practice
hybrid, only 20.0% (n ¼ 2) responded that trainees perform at
least half of their FGLPs, but 80.0% stated that trainees do per-
form FGLPs at their institution. In the combined private prac-
tice group, 8.7% (n ¼ 2) stated that trainees perform FGLPs at
their practice; both of these respondents were in the hospital-
based practice group. Figure 2 shows a comparison of FGLPs
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performed by trainees and physician extenders in the com-
bined-academic-versus-combined-private practice groups.

Physician Extenders. The combined private practice group had
more respondents state that physician extenders perform any
FGLPs at their institution compared to the academic group
(47.8% compared with 32.0%, respectively). Private practice radi-
ologists are 4.54 times (95% CI, 1.20–16.67) more likely to have

all or nearly all (75%–100%) FGLPs performed by physician
extenders compared with academic practice radiologists.

Regional Variation. By region, the Northeast had the lowest use of
physician extenders performing FGLPs, with only 33.3% stating
that physician extenders performed any FGLPs, while the Midwest
had the highest at 42.9%. The West had the highest percentage of
respondents stating that physician extenders performed at least
half of the FGLPs (27.6%).

Bedside Lumbar Puncture Attempt Requirements. Compared
with private practice, respondents from an academic type of prac-
tice were 5.99 times (95% CI, 2.35–16.01 times) more likely to
require a bedside LP attempt before an FGLP. In practices in which
neither physician extenders nor trainees performed FGLPs, only
25% required a bedside attempt. When asked about possible rea-
sons that a patient could skip undergoing a bedside LP and go
directly to FGLP, the 2 most common reasons were morbid obesity
in which the bony landmarks (81.3%) cannot be palpated and sur-
gical wound or infection limiting access (75.6%). Figure 3 shows
additional responses.

Clinician Requests Due to Lack of LP Competency
Of combined private practices, 95.7% and 85.0% of combined aca-
demic respondents were often asked to perform FGLPs by clini-
cians because the clinician did not feel competent performing LPs.
Of those, combined private practice respondents more commonly
stated that they would either “always” or “sometimes” oblige this
request compared with combined academic respondents (86.3%

FIG 1. US map demonstrating the regional divisions for subgroup
analysis. This pie chart demonstrates the proportion of respond-
ents in the combined academic group (blue) compared with the
combined private practice group (orange). The size of the pie
chart is scaled according to the proportion of the total respond-
ents from each region.

FIG 2. Column graph demonstrating the percentage of FGLPs performed by trainees and physician extenders according to the survey respond-
ents in the combined academic compared with private practice groups.
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compared with 71.8%, respectively). The Online Supplemental
Data give additional FGLP practice requirements.

Patient FGLP Requests. Overall, 41.5% (n ¼ 51) of respondents
stated that they would always accommodate a patient request for
FGLP before a bedside attempt. Compared with respondents from
an academic-type practice, private practice radiologists were 5.26
times (95% CI, 2.04–14.29 times) more likely to accommodate a
patient’s request for FGLP. The subgroup in which physician
extenders performed at least half of the FGLPs had the highest per-
centage of refusing this patient request, at 13.0%.

Outpatient FGLP Requests. When an outpatient is referred for an
FGLP, none of the combined private practice groups stated that
they always required a beside LP attempt compared with 13.0% of
the combined academic group.

Laboratory and Imaging Requirements. Pre-FGLP coagulation
test requirements were very similar between the combined private
practice and academic groups, with 39.0% and 39.1% (respectively)
always checking preprocedural coagulation test results and platelet
counts. Of the respondents that did not require all patients to get
coagulation tests before an FGLP, most checked these labs in
patients with an increased risk of coagulopathy (92.0%). Figure 4
shows additional details.

Of all respondents, most (82.9%) stated that patients are
required to get a CT of the head before an FGLP only if there is
high suspicion of increased intracranial pressure and CSF is being
removed. More respondents in the combined private practice group
always required head imaging compared with the combined

academic group (17.4% compared with 8.0%, respectively). Figure 5
shows response data for additional head imaging requirements.

After-Hours Emergent FGLPs. Overall, 83.7% of respondents
(78.3% of the combined private practice group and 85.0% of the
combined academic group) stated that they performed emergency
FGLPs after regular work hours. The subgroup with the lowest
proportion that performed emergent after-hours FGLPs was
respondents (both academic and private practice) where neither
physician extenders nor trainees performed any FGLPs. In this
subgroup, only 66.7% performed emergent FGLPs.

DISCUSSION
This article presents the only published survey on FGLP practice
trends among neuroradiologists across the United States. The
survey evaluated expectations for bedside LP attempts before
FGLP as well as exceptions to this expectation, including patient
and referring clinician requests and complicating patient factors
including surgical hardware or variant anatomy. The survey also
investigated the primary operators of FGLPs, preoperative imag-
ing and laboratory requirements, and the availability of FGLPs
performed as an emergent after-hours procedure.

Bedside LP Attempt Requirements
Most respondents (72.4%) stated that they required a bedside LP
attempt by a clinician for inpatients before referral for an FGLP.
Respondents who stated that this was their standard practice were
approximately 6 times more likely to come from an academic-type
practice compared with a private-type practice. When clinicians
requested a radiologist to perform an FGLP without a bedside LP
attempt due to lack of competence in performing bedside LPs, only

FIG 3. Bar graph demonstrating the percentage of respondents that chose each possible contraindication to a bedside LP and having the
patient go directly to a FGLP according to all respondents, combined academic, and combined private practice groups.

1830 Richards Dec 2022 www.ajnr.org



25.2% of respondents typically refused. Furthermore, when patients
requested going directly to FGLP, private practice respondents were
approximately 5.3 times more likely to always accommodate the
request compared with academic respondents. We believe the dra-
matic differences between the responses by private practice–versus-
academic radiologists are at least partially related to the different
practice models. Overall, the high proportion of survey respondents
who appease patients and hospitalists with these requests demon-
strates the shift in both radiology and medicine as a whole toward a
service industry targeted toward patient satisfaction. Despite this
shift, it is important to balance the desire to please the patient and
referring clinician with doing what is best for the patient and using
costs and resources responsibly. FGLPs potentially add unnecessary
ionizing radiation and have added cost compared with bedside LPs.
Furthermore, FGLPs can be disruptive to both trainees in academic
practices and radiologists.7,8

Performing FGLPs on outpatients without a bedside attempt
also appears to be common practice, with only 10.6% of respond-
ent indicating that they always require a bedside attempt before
performing an FGLP on outpatients. FGLPs have a high success
rate, and we suspect that FGLPs are requested by outpatient clini-
cians to potentially decrease the inconvenience of a longer proce-
dure and possibly requiring a return for a second attempt if the
bedside LP is unsuccessful.

Procedural hesitancy is especially of concern because many
clinicians do not feel competent in performing LPs.3,9 For the in-
ternal medicine physician, this problem is, in part, related to their
performing fewer bedside LPs10 and bedside LP procedural skills
are no longer considered necessary for certification by the Board
of Internal Medicine.11 While it is important to appease the refer-
ring clinicians and patients, it is also important for radiologists to
be good stewards of medical resources and limit unnecessary ex-
posure of patients to ionizing radiation.

Use of Trainees and Physician Extenders to Perform FGLPs
Our survey demonstrates that trainees perform most FGLPs in
academic practices. Only 32.0% of the combined academic group
use physician extenders to perform FGLPs, and 14.0% stated that
physician extenders perform greater than half of the FGLPs.
While radiology trainees need to learn to perform FGLPs as part
of their clinical training and they provide no added cost to the ra-
diology department for performing this service, it is important to
not overburden trainees with performing a superfluous number
of FGLPs to avoid impacting their diagnostic neuroradiology
training. Richards et al8 reported that for each FGLP performed
by a radiology resident, there was a predictable and significant
decrease in the number of diagnostic cross-sectional neuroradiol-
ogy studies that they read in a day. Increased use of physician

FIG 4. Column graph demonstrating the percentage of all respondents and each major subgroup of respondents that checked coagulation test
results and platelet counts in each patient situation. Of note, the respondents that checked laboratory values in all patients were added to each
of the other responses, given that if a respondent checked laboratory values in all patients, they would also check them in each of the addi-
tional situations.
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extenders in academic centers may help relieve some of the bur-
den on trainees of performing increasing number of FGLPs.

Coagulation Test and Head Imaging
Guidelines for when coagulation tests and platelet counts should
be checked are controversial and, in our experience, often vari-
able among neuroradiologists, even within the same practice. The
updated Society of Interventional Radiology guidelines for peri-
procedural bleeding risk in 2012 recommended checking platelet
counts and international normalized ratios in all patients before
procedures with a moderate bleeding risk such as FGLPs, but ulti-
mately the decision was left to the clinician’s judgment.5 Despite
this recommendation, only 39.0% of respondents stated that they
check these tests on all patients before FGLP, but most respond-
ents checked them in patients with a high risk of bleeding or
those on anticoagulation medications.

In contrast to laboratory requirements, there is a high level of
consensus among our survey respondents regarding preproce-
dural head imaging, with most stating that patients should get a
CT of the head before an FGLP only if there is high suspicion for
increased intracranial pressure and CSF is being removed, with a
minority requiring CT head studies on all patients before per-
forming FGLPs. Most interesting, despite essentially all available
society guidelines12,13 recommending head CT before diagnostic
LP under certain clinical criteria, 6.6% stated that they never
require a preprocedural head CT.

Emergent After-Hours FGLPs
There are several indications for which lumbar punctures may be
considered emergent or very urgent as part of the patient’s essential
medical care.14,15 Of the survey respondents, 83.7% stated that they
perform emergent FGLPs after hours. The subgroup that per-
formed the lowest proportion of emergent FGLPs was the group in
which neither physician extenders nor trainees performed any of

their FGLPs. Although the reasons are
probably multifactorial, this finding is
logical from a financial perspective,
given that compensating attending
radiologists to cover FGLPs overnight
is an expensive means of covering this
service and in many cases may not be
affordable.

Indications for FGLP without
Bedside Attempt
Morbid obesity, severe scoliosis or con-
genitally altered anatomy, and prior
lumbar surgery with hardware were
some of the most frequent reasons that
respondents did not require a bedside
LP attempt before referral for FGLP.
These findings are logical and pertain
to the inability or high likelihood of the
clinician not being certain of the lum-
bar level or exact location at which the
needle is entering the spinal canal due
to anatomic issues related to increased

flank adiposity from obesity, altered anatomic landmarks due to
spinal curvature, congenital issues, or prior lumbar surgery with
hardware. Knowledge of the lumbar level where the spinal needle
is entering the thecal sac is important because entering the spinal
canal at or above the level of the conus medullaris increases the
risk of spinal cord injury. Most interesting, most respondents
stated that performing LPs for intrathecal chemotherapy admin-
istration and patients requiring sedation or general anesthesia
were reasons for which a prior bedside LP was not required. We
believe these responses are congruent with the mission of many
radiology departments, which is to provide aid to our referring
clinicians in the diagnosis and treatment of patients.

Our study has multiple limitations that should be considered
when interpreting our results. First, with survey research, there is
a chance of self-reporting and recall bias. Second, our findings
are based on a relatively small sample size compared with the
larger population of neuroradiologists across the country, and
more of our respondents practiced in an academic group than in
a private practice group. However, we had respondents from all
the major geographic sections of the country and statistical power
to demonstrate differences between private and academic groups.
Also, while sending the e-mail to the neuroradiology fellowship
alumni of 2 of the authors could introduce regional bias, the
alumni were from different parts of the country and from differ-
ent types of practices. Third, there is a possibility that multiple
respondents from the same institution participated in our survey.
There were 7/131 (5%) completed surveys in which the answers
were exactly the same as in another survey from the same state. It
is possible that either the same person filled out the survey more
than once or the respondents were from the same practice and
handled FGLPs referrals in the same manner. If the potentially
duplicated entries were deleted, we still had very similar results
(not presented). Furthermore, recall bias may have also increased
the rate of duplicate entries and, therefore, present bias toward

FIG 5. Column graph demonstrating the percentage of all respondents and each major subgroup
of respondents that required head imaging in each patient situation.
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larger institutions and practices and to respondents with more of
a vested interest in the results. Finally, the survey was limited to
neuroradiologists; however, in some practices, FGLPs are consid-
ered a general procedure and performed by many non-neuroradi-
ologists. FGLP practices by other radiologists may vary and
would not be captured by this survey.

CONCLUSIONS
This survey demonstrates that many academic and private prac-
tice neuroradiologists in the United States engage in practices that
may promote an increase in FGLP referrals, including not requir-
ing a non-image-guided LP attempt, complying with requests by
clinicians to perform an FGLP due to lack of competence in per-
forming LPs, and fulfilling requests by patients to perform an
FGLP without a prior bedside attempt. In general, private practice
groups were more lenient in requiring a non-image-guided LP
compared with academic groups. Some of our findings are con-
sistent with a known national trend toward reliance on radiology
to perform LPs, including most radiologists stating that they were
asked by clinicians to perform FGLPs without a prior bedside
attempt because the clinician did not feel competent performing
LPs. However, radiologists also play a role in this trend because
most radiologists stated that they would oblige clinicians’ requests
to perform a FGLP if the clinician did not feel competent per-
forming a bedside LP and would often perform FGLPs without a
prior bedside LP attempt if the patient requested it. The survey
also demonstrated a lack of consensus on preprocedural labora-
tory requirements and reasons to forgo a bedside LP attempt
before FGLP referral among radiology practices. We hope that
this information can help promote further studies on developing
evidence-based guidelines for best FGLP practices.
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ACRWhite Paper on Magnetoencephalography and
Magnetic Source Imaging: A Report from the ACR

Commission on Neuroradiology
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P. Mukherjee, S.S. Nagarajan, P. Ferrari, W. Gaetz, E. Schwartz, and T.P.L. Roberts

ABSTRACT

SUMMARY:Magnetoencephalography, the extracranial detection of tiny magnetic fields emanating from intracranial electrical activity
of neurons, and its source modeling relation, magnetic source imaging, represent a powerful functional neuroimaging technique, able
to detect and localize both spontaneous and evoked activity of the brain in health and disease. Recent years have seen an increased
utilization of this technique for both clinical practice and research, in the United States and worldwide. This report summarizes cur-
rent thinking, presents recommendations for clinical implementation, and offers an outlook for emerging new clinical indications.

ABBREVIATIONS: ACR ¼ American College of Radiology; AD ¼ Alzheimer disease; ASD ¼ autism spectrum disorder; CMS ¼ Centers for Medicare and
Medicaid Services; CPT ¼ Current Procedural Terminology; ECD ¼ equivalent current dipole; iEEG ¼ intracranial electroencephalography; MEG ¼ magnetoence-
phalography; MSI ¼ magnetic source imaging

Magnetoencephalography (MEG) is a noninvasive method
of detecting neural activity in the brain with millisecond

time resolution. The current clinically approved indications
for MEG are localization of epileptic foci and localization of el-
oquent cortices for presurgical planning. The goal of the MEG
community at large is to advance current clinical practices and
to develop new clinical indications for MEG. Multiple groups
have researched the use of MEG in a variety of clinical disor-
ders including concussion, Alzheimer’s disease, autism, and
others. Additionally, MEG can be used as an adjunct to other
therapies, such as neuromodulation. Multispecialty collaboration

is necessary for the successful development of a comprehensive
clinical MEG program. The team includes clinicians, MEG sci-
entists, and technologists, often with complementary and/or
overlapping skill sets. MEG centers across the United States op-
erate in various clinical departments. Close collaboration with
Radiology, Neurology, and Neurosurgery has been instrumental
in advancing MEG for clinical use. While there are several pub-
lications outlining good clinical practice for acquiring and ana-
lyzing clinical MEG data, at the current time, implementation
varies across sites. In this report, we describe the current clinical
landscape for MEG and emerging applications, as well as pro-
vide recommendations for the composition and training of
multidisciplinary teams involved in the performance and inter-
pretation of clinical MEG studies, including the roles of the phy-
sician, MEG scientist, and MEG technologist in performance of
current and future clinically approved MEG studies. We advo-
cate that clinical reporting should be performed after consultation
with the entire team, including technologists, MEG scientists, and
physicians.

Prior American College of Radiology Involvement in MEG
In 2001, with the joint support of the American College of
Radiology (ACR), American Society of Neuroradiology, and
American Academy of Neurology, 2 neuroradiologists (Roland Lee,
Steven Stufflebeam) and 1 neurologist (Michael Funke) testified at
the Centers for Medicare and Medicaid Services (CMS) in support
of 3 new Current Procedural Terminology (CPT) codes for MEG:

95965 (MEG recording and analysis of spontaneous brain
activity)
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95966 (MEG recording and analysis of evoked magnetic fields,
single technique)
95967 (MEG recording and analysis of evoked magnetic fields,
each additional technique, after invoking 95966 once).

The Relative Value Scale Update Committee reviewed these
codes at the April 2001 meeting, and CMS implemented the codes
and payment rates in 2002, with subsequent scheduled reviews and
revisions of the payment rates.

fMRI versus MEG
fMRI has been in clinical use for over 2 decades, slightly predat-
ing the clinical adoption of MEG. Clinical indications for fMRI
involve presurgical mapping of eloquent cortex. While fMRI pro-
vides complementary information to MEG, the underlying neuro-
physiologic basis of the signal is quite different. Functional MR
imaging relies on changes in blood flow associated with neuronal
activity, making it an indirect measure of brain function, whereas
MEG provides a more direct measure. Both modalities can provide
accurate delineation of eloquent cortex. However, MEG is uniquely
suited to identification of epileptogenic activity. Mapping of elo-
quent cortices can be performed at the same time as the epilepsy
study with MEG. Clinical MR imaging scans are obtained sepa-
rately from fMRI and MEG studies, with distinct CPT codes, and
provide anatomic reference for functional maps. For both fMRI
and MEG, robust paradigms exist for motor, sensory, and language
mapping. For both modalities, areas of activation are mapped onto
a structural MR imaging study as part of the presurgical evaluation.

Current Indications for MEG and Magnetic Source
Imaging
Presurgical Mapping of Epileptogenic Zones. MEG is clinically
approved for preoperative planning in patients with intractable,
or drug-resistant, epilepsy. The millisecond time resolution of
MEG is ideally suited to capture bursts of abnormal neuroelectri-
cal activity, as seen in epilepsy, and the spatial precision of mag-
netic source imaging (MSI) allows the accurate localization of the
epileptogenic zone(s) (ie, seizure-generating tissue).1 The onset of
each interictal epileptiform discharge is projected to source space
(ie, brain space) as an equivalent current dipole (ECD) to visual-
ize the location of potential seizure onset zone(s). In this way,
MEG and MSI can provide unique information for presurgical
planning in intractable epilepsy. MEG is optimally beneficial dur-
ing presurgical planning for cases in which common noninvasive
modalities result in an inconclusive hypothesis regarding epilep-
togenic zone location, MR imaging–negative (ie, nonlesional)
cases, cases in which MR imaging identifies multiple lesions (eg,
tuberous sclerosis), and patients with large lesions, anatomical
malformations, and/or prior resection.1-3

Empirical investigations have found that MEG and MSI con-
tribute added clinical value during presurgical planning in patients
with intractable epilepsy, as surgical resection of the epileptogenic
zone(s) can eliminate or reduce seizures.4-6 Presurgical planning
often involves the acquisition of multiple neuroimaging modalities
(eg, MR imaging, FDG-PET, ictal-SPECT, single-photon emission
CT). These data are used to plan intracranial electroencephalogra-
phy (iEEG), in which a grid of subdural electrodes and/or
depth electrodes is implanted directly into the brain to confirm

epileptogenic zone localization. Recent studies have revealed good
concordance between MEG and iEEG in localizing epileptogenic
activity, bolstering MEG’s potential as an alternative, noninvasive
tool for preoperative planning.7

Inclusion of MEG in the presurgical neuroimaging battery
bestows better clinical outcomes and correlates with postoperative
seizure freedom.8,9 Specifically, resection patients in whom the
MEG dipole cluster was completely sampled by iEEG had a strik-
ingly higher chance of seizure freedom relative to patients with
incomplete/no iEEG sampling. A similar finding was observed for
patients in whom the MEG dipole cluster was completely resected
relative to those with partial/no resection of the MEG cluster.9

Finally, patients with a single tight dipole cluster, those with a
cluster that had stable orientation perpendicular to the closest
major sulcus, and those with agreement between MEG and iEEG
localization were more likely to be seizure-free postresection.

Presurgical Mapping of Eloquent Cortices.MEG is used to non-
invasively map the eloquent cortex in patients before they
undergo epilepsy or brain tumor surgery. The goals are to min-
imize deleterious postoperative functional outcomes and/or
identify whether functional reorganization has occurred.
Specifically, localization of somatosensory, motor, auditory,
and/or visual cortices, as well as localization and lateralization
of language cortices may be performed to predict postsurgical
outcomes and optimize the preservation of these functions
postoperatively.10

Eloquent cortex mapping requires the application of specific
tasks during MEG recording that are designed to elicit the func-
tions of interest. These tasks generate magnetic evoked fields, and
MSI is employed to localize stereotyped deflections in, or compo-
nents of, the evoked magnetic field. The ability to capture differ-
ent neurophysiological responses within 1 recording is a distinct
advantage of MEG relative to fMRI, and MEG may be superior
for functional mapping in patients who have cerebrovascular
malformations or tumors near the functional cortex. However,
MEG and fMRI often serve complementary roles in eloquent cor-
tex mapping, and their amalgamation can enhance the reliability
of functional localization.11,12

With respect to each function, somatosensory responses reli-
ably map to the posterior bank of the central sulcus contralateral
to the side of stimulation in a manner that follows expected
somatotopic organization. In a similar fashion, motor responses
localize to the primary motor cortex contralateral to the side of
movement. Both contralateral and ipsilateral auditory responses
may be localized and map to Heschl’s gyri. Visual responses local-
ize to the primary visual cortex contralateral to the stimulated vis-
ual hemifield near the calcarine fissure.13,14 Importantly, prior
research has found that such MEG-based localizations have high
concordance with intraoperative cortical mapping. Finally, a dis-
tributed network of bilateral cortical regions often underlies lan-
guage processing. Receptive language responses often localize to
the posterior superior temporal gyrus (ie, Wernicke’s area),
supramarginal gyrus, and angular gyrus, while expressive lan-
guage responses often map to the pars triangularis and pars oper-
cularis in the inferior frontal cortex (ie, Broca’s area). A laterality
index is computed to determine hemispheric dominance of

AJNR Am J Neuroradiol 43:E46–E53 Dec 2022 www.ajnr.org E47



language function. Multiple studies have demonstrated high con-
cordance between MEG-based language mapping and invasive
procedures (eg, intracarotid amobarbital procedure or Wada),
favoring MEG as a noninvasive option for language mapping and
lateralization.10,15-18

A key transformative step is the integration of source-modeled
MEG data with MR imaging to yield MSI, either by the overlay of
single equivalent dipole sources or by statistical mapping of either
spontaneous or event-related changes.19,20 This renders MEG data
directly interpretable by the neuroradiologist in a fashion very
analogous to fMRI, but combining both mapping of functional,
eloquent cortex, as well as the sources of interictal spontaneous
discharges (dysfunctional MR imaging).

CLINICAL MEG RECOMMENDATIONS
Roles, Training, and Certification/Accreditation
Qualifications of Physicians Interpreting Clinical MEG Studies.
Physicians interpreting and reporting clinical MEG studies should
have appropriate medical licensure and proper training for the clini-
cal application. For radiologists, this may include specialized clinical
knowledge of neurophysiology, neuroanatomy, brain mapping,
neuropsychology, and image acquisition and interpretation such as
required through the American Board of Radiology Subspecialty
Certification in Neuroradiology. In addition, MEG-specific training
is recommended to include supervised learning or clinical practice
of at least 50 MEG studies for the specific indication being reported.
Alternatively, a minimum of 2 years of experience interpreting clini-
cal fMRI or MEG brain mapping studies is recommended.

Qualifications of MEG Scientists Involved in Clinical MEG Studies.
MEG scientists involved in clinical MEG studies should be well-
versed in signal processing, source analysis, neurophysiology, cog-
nitive neuroscience, image processing, physics, and other scientific
aspects of MEG and its application to patient care. In addition,
MEG-specific training is recommended to include supervised
learning or clinical practice of at least 50 MEG studies for the spe-
cific indication being reported, which can also be fulfilled through
a minimum of 2 years of experience in the source modeling of
MEG studies by a postdoctoral fellowship with a clinical MEG
component, or through rotations at clinical MEG facilities.

Qualifications of MEG Technologists. The MEG technologist
should have a background in either EEG or imaging (eg, MR
imaging) or related disciplines. Supervised learning or clinical
practice of at least 50 MEG studies, including a review of the
principles of MEG technology, technical aspects of the MEG
systems, patient preparation, data acquisition, operational rou-
tines, tuning procedures, testing procedures, troubleshooting,
artifact identification, prevention, and elimination, data storage,
and basic source localization procedures. Alternatively, a mini-
mum of 6months of supervised clinical experience in an active
MEG center is recommended.

Procedure/Workflow of Clinical MEG Examination,
Analysis, and Reporting
MEG-guided localization of epileptogenic zones involves several
key steps. Before recording, surface EEG electrodes and head

position indicator coils are affixed to manufacturer-specified
locations on the patient’s head. These coils generate a specific fre-
quency during MEG recording to allow for head localization. The
patient’s head shape and location of head position indicator coils
is digitized for subsequent co-registration of MEG and structural
MR imaging data. Simultaneous MEG and scalp EEG data are
recorded. Typically, 40–120minutes of spontaneous (ie, resting-
state) data are collected. Due to the limited duration of recordings
and the movement-related artifact introduced by seizures, ictal
discharges are rarely captured. Rather, MEG recordings primarily
capture interictal epileptiform discharges.8 To increase the yield
of interictal epileptiform discharges during the scan, patients are
asked to come sleep-deprived and sleep in the scanner.21 These
data are preprocessed to remove noise and co-register the MEG data
with a structural MR imaging (typically a 3D T1). Preprocessing
algorithms and steps vary depending on the manufacturer. A profes-
sional with specialized training (eg, epileptologist, neurophysiologist,
etc) reads the time-series EEG andMEG data and identifies epileptic
discharges. The identified discharges are localized to source space
via the ECD model, referred to as modeling in this article.22

Modeling can be completed by anyone with specialized training in
the neuroscience, physics, and mathematical concepts behind the
dipole model (eg, scientist, physician, technologist). Dipoles that
meet statistical cutoff criteria (eg, goodness of fit, volume of confi-
dence) are displayed on a structural MR imaging scan, which can be
exported to PACS.

Dipoles may form clusters within a specific region. The clus-
tering of 5 or more dipoles within a region is considered a reliable
indicator of an epileptogenic zone.23 Both the tightness and ori-
entation of the dipoles within a cluster have clinical relevance.1,9

The location of these dipoles and characteristics of any clusters
formed are reported by a physician. A suggested template for
reporting is located in the Appendix.

In contrast to presurgical mapping of epileptogenic zones,
which relies on resting-state recordings, eloquent cortex mapping
relies on task-based recordings. The patient should be awake and
alert. During a task, identical or similar stimuli are repetitively
delivered to the patient, and a corresponding trigger (eg, number)
is time-stamped into the data. Offline, the data are epoched into
meaningful windows of time surrounding each stimulus, baseline-
normalized, and averaged together to enhance the signal-to-noise
ratio. This distinguishes the magnetic evoked field generated by
the stimuli, and components of the field are modeled to localize
the functional cortex. The time and location of each component
modeled are reported by a physician.

Somatosensory cortex mapping most often employs brief elec-
trical stimulations to the median nerve. However, stimulation of
the posterior tibial nerve and/or mechanical stimulation of the
hand, foot, or other body regions may also be performed. To map
the motor cortex, the patient is asked to perform a simple move-
ment such as pressing a button, tapping a finger, or moving a
foot at either a self-paced or visually- or auditorily-cued time
interval. For auditory cortex mapping, often 1000-Hz tones are
briefly presented through inserted ear tubes at 60 dB above the
patient’s hearing threshold, either monaurally or binaurally.10,13

To map the visual cortex, stimuli, often checkerboards, are pre-
sented on a projector screen to the full visual field, each hemifield,
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or each quadrant. Language cortex mapping may utilize auditory
and/or visual stimuli and can be grouped into 2 categories: recep-
tive or expressive. Receptive language tasks include passively lis-
tening to words or silently reading words presented on the
projector screen. Expressive language tasks include covert verb
generation and picture naming.10,14,24

Many of the patients undergoing MEG have epilepsy that is
poorly controlled by medications. It is important that safeguards be
put in place for responding to medical emergencies. This includes
the availability of emergency personnel and supplies depending on
the setting.

Billing and Reimbursement
As noted in the Background, since 2002, the CMS has authorized
and implemented 3 CPT codes and their payment rates for MEG:
95965, 95966, 95967. Using these 3 codes, clinical MEG is a well-
established reimbursable procedure and is accepted as the standard
of care in evaluation of patients with epilepsy and in the presurgical
mapping of eloquent cortices.

Quality Improvement and Quality Control
A critical component of establishing and maintaining a high-
quality clinical MEG program is to invest in the training and
education of all team members. Most manufacturers offer train-
ing programs for new sites. The American Board of Registration
of Electroencephalographic and Evoked Potential Technologists
offers a MEG technologist certification program. Both the
American Clinical MEG Society and the American Society for
Functional Neuroradiology offer clinical guidelines, continuing
education at annual meetings, and clinical MEG fellowship train-
ing programs for neurologists and neuroradiologists, respectively.
Other relevant conferences include the biannual meeting of the
International Society for the Advancement of Clinical MEG
and the biannual International Conference on Biomagnetism. A
number of excellent publications are available, including the
MEG-EEG Primer textbook, Clinical Magnetoencephalography
and Magnetic Source Imaging textbook, the November 2020 issue
of the Journal of Clinical Neurophysiology, and clinical MEG
guideline articles published by the International Federation
of Clinical Neurophysiology and American Clinical MEG
Society.13,24,25

A clear protocol for assessing the technical quality of the data
is vital. Noise measurements and empty room recordings are
often collected daily or before recording each patient to monitor
changes in the environment and identify issues with equipment.
During data acquisition, the position of the patient’s head
within the MEG helmet is monitored for proper placement,
observations of artifact and noise are documented, and averages
of events during evoked testing may be computed online to vis-
ually inspect for the presence of the expected magnetic evoked
fields. Routine (eg, monthly) quality-assurance testing of the
digitization equipment, MEG system, and software is often con-
ducted by utilizing a phantom for recordings. Collaborative
interdepartmental conferences should also be held regularly to
compare MEG results with clinical outcomes (eg, stereoelec-
troencephalography data).

EMERGING INDICATIONS
Concussion
Many articles in the peer-reviewed literature show that MEG can
objectively diagnose concussions (mild traumatic brain injury)
with significantly more sensitivity (about 85% sensitivity) than
the relatively insensitive standard neuroimaging techniques such
as CT or MR imaging.26-33 EEG has long demonstrated that low-
frequency activity in the delta-band (1–4Hz) is abnormal in
awake, alert adults. Studies in animal models confirm that deaf-
ferentation of neurons due to traumatic injury to axons or block-
age of cholinergic transmission will generate these slow/delta-
waves.31,34 Resting-state MEG more sensitively detects delta
waves than EEG, with about 85% sensitivity in diagnosing con-
cussions compared with normal controls, even in single subjects
when using an automated voxelwise algorithm, which also local-
izes the areas of abnormal slow-waves.26

Another MEG finding in patients with concussion is excessive
synchronous resting-state high-frequency gamma-band activity
(30–80Hz) in certain frontal and other brain regions, which may
be due to selective vulnerability of inhibitory GABAergic inter-
neurons due to head trauma.29

Resting-state functional connectivity studies with MEG reveal
various patterns of aberrant functional connectivity in patients
with mild traumatic brain injury, likely reflecting differing mech-
anisms of injury, including disruption of networks, and injury to
inhibitory GABAergic interneurons.32,33

Post-Traumatic Stress Disorder
Post-traumatic stress disorder affects about 7% of American adults
during their lifetime and is especially prevalent in combat veter-
ans. Compared with normal controls, MEG in patients with post-
traumatic stress disorder shows differences in resting-state neuro-
circuitry, including hyperactivity in the amygdala, hippocampus,
posterolateral orbitofrontal cortex, dorsomedial prefrontal cortex,
and insular cortex in high-frequency (beta and gamma) bands;
hypoactivity from the ventromedial prefrontal cortex, frontal pole,
dorsolateral prefrontal cortex in high-frequency bands; and hypo-
activity in the precuneus, dorsolateral prefrontal cortex, temporal
and frontal poles, and sensorimotor cortex in alpha and low-fre-
quency bands.35

Autism Spectrum Disorder
The physical properties of MEG offer sensitivity not only to spa-
tial localization of detected signals but also characterization in
terms of the time course and spectral content of such brain activ-
ity. As such, it may allow description of not just functional cen-
ters but also “when” the brain activity is occurring and, indeed,
“what” is the nature of such activity. This opens up considerable
promise for application to psychiatric disorders, commonly with
noMR imaging–visible structural anomaly. One promising target
disorder is autism spectrum disorder (ASD), a highly prevalent
(�2%) neurodevelopmental disorder. Although there is indeed
an ultimate possibility (and current exploration) of identifying
early electrophysiologic predictors of ASD in infants and young
children, an alternative promising role for MEG lies in the strati-
fication, or subtyping, of the remarkably heterogeneous ASD
population. Such stratification may have value in terms of
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potential enrichment of clinical trials for behavioral/pharmaceu-
tical therapies as well as potentially providing early “brain-level”
indices of drug “target-engagement” as a predictor of ultimate ef-
ficacy. Considerable promise is shown in the latency of simple
sensory evoked responses (eg, the auditory cortex 50-ms [M50]
and 100-ms [M100] components, which tend to be delayed in
children with ASD, perhaps triggering a cascade of delayed neural
communication, with ultimate behavioral sequelae).36-38

Dementia
Dementia is a neurodegenerative condition that usually affects
people aged older than 65 years that causes major cognitive dys-
function, loss of independence, and reduced quality of life. The
ever-increasing proportion of aged people in modern societies is
leading to a substantial increase in the number of people affected
by dementia and Alzheimer’s disease (AD) in particular, which is
the most common cause for dementia. Several resting-state MEG
studies have shown frequency-specific alterations in local and
long-range neural synchrony in various dementias, even at the ear-
liest prodromal stages of AD manifestation.39 Increased synchrony
delta-theta bands and decreased alpha or beta bands are consis-
tently reported not only in patients with the AD neuropathological
spectrum including those who are asymptomatic but carry higher
risk of AD, as well as in clinically symptomatic individuals with
positive AD biomarkers,40-46 but also in patients with variants of
primary progressive aphasia, a form of dementia that impacts lan-
guage function.47 Disruption of information flow quantified by
MEG source imaging may also underlie clinical symptoms in
AD.48 Studies have also reported task-induced MEG activity
changes in AD with mismatch paradigms that highlight the trans-
lational potential for neurophysiological “signatures” of dementia,
to understand disease mechanisms in humans and facilitate experi-
mental medicine studies.49

CONCLUSIONS
MEG and MSI provide a powerful tool for characterizing brain
activity in health and disease. Clinical applications as of this date
are in the localization of spontaneous epileptiform activity as part
of surgical work-up of patients with seizure disorders as well as
presurgical mapping of eloquent cortex for patients undergoing
resective surgery of tumors, AVMs, etc. However, there are many
emerging applications being researched currently.

A neuroradiologist can be a key member of the team conduct-
ing and interpreting MEG studies. Promising future areas of
MEG/MSI application will also likely capitalize on the neuroradi-
ologist’s ability to work in a multidisciplinary team, integrating
anatomic, physiologic, functional, and clinical information.

Disclosure forms provided by the authors are available with the full text and
PDF of this article at www.ajnr.org.
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APPENDIX

Sample MEG Report

Patient:
Date of Birth:
MRN:
Acc#:

EXAM: MAGNETOENCEPHALOGRAPHY (MEG)

DATE OF EXAM:

History and reason for Study:
�Copy from Tech report�

MEG is performed as part of presurgical planning.

Technique:
The Magnetoencephalography (MEG) scan was performed at ��.
There were [] minutes of spontaneous magnetoencephalography
(MEG) with electroencephalograph (EEG) data acquired with a
�� MEG system and individual/cap EEG electrodes. The patient
was asked to be sleep-deprived before the appointment.

Somatosensory: Somatosensory functioning was assessed by

using electrical stimulation of the right and left median nerves,
each median nerve was tested twice for waveform reproduction.
200 stimuli were delivered at 800- to 1100-ms intervals. 200 trials

of 300ms were averaged with a prestimulus baseline of 100ms
and a 200-ms poststimulus time.

Language: Receptive language fields were obtained by binau-
ral presentation of 180 audio words. The subject was tested twice,
once in a passive listening mode, and again with the task to
overtly repeat 5 target words, when presented. At least 120 trials
were averaged for each test with a 500 seconds prestimulus base-
line and 1000ms poststimulus time.

Motor: The patient was instructed to press a button pad with
index finger of their right and left hand. There were 2 trials run
for waveform reproduction. The rate of tapping was deliberately
varied but averaged about one tap every 2–3 seconds. Each epoch
was 2 seconds capturing 100 button press stimuli.

Auditory: 1000Hz tones were generated and delivered mon-
aurally without masking at 60-dB hearing loss to ear inserts.
The tone burst consisted of a 250-ms duration tone with a
15-ms rise/fall time. The tone burst was repeated 100 times,
delivered once every 2 seconds. One hundred trials were aver-
aged with a 200-ms prestimulus baseline and 1800ms poststi-
mulus time.

Visual: Pattern reversal stimuli were projected into the
shielded room, reflected via one mirror onto an opaque white
screen, and then reflected directly into the patient’s eyes. The
patient [did/did not] require vision correction glasses [rx L/rx
R]. The checkerboard had a 50° radius and size of the projected
checkerboard squares were approximately 5°, which were alter-
nated with a refresh rate of 0.4Hz. Six hundred epochs of hemi-
field stimulation were recorded for each hemifield with a 100-ms
prestimulus baseline and 3000-ms poststimulus time following
each pattern shift. The patient was asked to fixate on a single
spot located just to the left or right of the pattern checkerboard
image for hemifield studies.

All recorded data were analyzed utilizing �� software. MEG
activity was superimposed on the patient’s 3D-volumetric brain
images obtained on the MR imaging performed on [].

Artifacts:
�delete if none�

Comparisons:
� include MR imaging, fMRI, PET, SPECT �

FINDINGS:

Interictal Findings:
The patient was awake, drowsy, and sleeping during the record-

ing. Epileptiform discharges [were/were not] observed during
spontaneous MEG recordings. [] selected epileptiform discharges

in the MEG were mapped by using a single equivalent current
dipole (ECD) model. A single dipole was selected to represent

each epileptiform discharge. The dipole selection criteria
included a goodness of fit of 80% or better, and a confidence vol-

ume less than 1 cm3. Dipole locations were calculated and pro-
jected onto the patient’s MR imaging where they appear as

yellow triangles for interictal spikes.

Interictal Epileptiform Discharge Source Modeling Showed
Dipoles From:
Tight/Loose/Scattered cluster in the left/right ��� with stable/
variable perpendicular/oblique/parallel orientation.

Ictal Findings:
No seizures were captured.

Somatosensory Findings:
All runs produced robust responses with consistent mapping of

corresponding peaks for each run.
For stimulation of the left thumb, the latency of N20m

response was ��� msec.
For stimulation of the left thumb, the latency of N30m

response was ��� msec.
For stimulation of the right thumb, the latency of N20m

response was ��� msec.
For stimulation of the right thumb, the latency of N30m

response was ��� msec.

Somatosensory Response Source Modeling:
Localized to expected locations.

Language Findings:
ECDmodels were calculated every millisecond from 250- to 750-
ms poststimulus onset independently for each sensor’s hemi-

sphere corresponding to left and right evoked fields. All ECD
estimates meeting the statistical thresholds and localizing to tem-

poral cortical areas were entered into laterality quantification.

Language Response Source Modeling:
Receptive language with active word recall task localized to the
left/right temporal lobe with a laterality index of1/� X.XX, con-

centrated in theWernicke area.
Receptive language with passive listening localized.
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Motor Findings:
Movement of the left second digit generated a good response.

The motor response was seen with a latency of ��� ms following
the activation of the button.

Movement of the right second digit generated a good response.
The motor response was seen with a latency of ��� ms following

the activation of the button.

Motor Response Source Modeling:
Localized to expected locations.

Auditory Findings:
Trials for each ear were performed. The N100m response was a

sustained response. The best fields picked to represent the contra-
lateral responses had a latency of ��� ms for the left ear stimulation

and ��� ms for the right ear stimulation. The best fields picked to
represent the ipsilateral responses had latency of ��� ms for the left

ear stimulation and ��� ms for the right ear stimulation.

Auditory Response Source Modeling:
Localized to expected locations in the primary auditory cortex.

Visual Findings:
All runs produced robust responses with consistent mapping of
corresponding peaks for each run.

For right visual hemifield mapping, the N75m, P100m, and
N145m responses were easily identified and had typical latencies,
waveform morphology, topographic field maps, and dipole
moments.

For left visual hemifield mapping, the N75m, P100m, and
N145m had typical latencies, waveform morphology, topographic
field maps, and dipole moments.

Visual Response Source Modeling:
Localized appropriately to the primary visual cortex (V1).

IMPRESSION:
-attending, MD.
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ASNR

A Brief History of Neuroradiology
and the 60th Anniversary of the
ASNR: “Through the Decades with
ASNR”

On Friday November 8, 1895, Wilhelm Conrad Roentgen rev-
olutionized the field of medicine with the discovery of x-

rays, by creating a photographic image of the bones of his wife
Bertha’s hand wearing her wedding ring. Within weeks, Roentgen
reported his preliminary findings, “On a New Kind of Rays,” in
the Proceedings of the Würzburg Physico-Medical Society, which
was subsequently published in the journal Science.1 Just a few
months later in February 1896, the first clinical x-ray was per-
formed at Dartmouth College in Hanover, New Hampshire, which
diagnosed a Colles fracture; early efforts at angiography soon fol-
lowed. For his pioneering work, Roentgen was awarded the first
Nobel Prize in Physics in 1901.

Applications of Roentgen’s discovery to imaging of the skull and
nervous system quickly followed, and by the early 1900s, the term
“Neuro-Röntgenologie” was coined by an Austrian doctor at
Vienna University, Arthur Schüller (December 28, 1874, to October
13, 1957, of Hand-Schüller-Christian disease fame).2,3 Schüller pub-
lished Die Schädelbasis im Röntgenbilde (The Skull Base on the
Radiogram), the first systematic survey of head x-rays, in 1905.
Although his 1912 book Röntgendiagnostik der Erkrankungen des
Kopfes (X-ray Diagnosis of Diseases of the Head) became the then
standard text on neuroimaging, Schüller, owing to his Jewish ori-
gins, was expelled from Austria in 1938 after it was annexed by the
Nazis, ultimately relocating to Melbourne, Australia (his sons Franz
and Hans were killed in concentration camps in 1943 and 1944). In
1949, Schüller was elected as honorary president (in absentia) of the
second SymposiumNeuroradiologicum.

As early as 1902, Antoine Béclère studied acromegaly on skull
x-rays and was an early leader in the development of radiation
therapy.4 In 1908, G.E. Pfahler, who studied the use of x-rays in
oral surgery, made several technical advances in x-ray tube tech-
nology, such as focal spot optimization.5 Head and neck radiology,
as an early subspecialty within neuroradiology, further expanded
with the description of the Waters view of the paranasal sinuses in
1914 (Fig 1).

The next set of innovations that moved the field of neuroimag-
ing forward related to the use of contrast media. Before the advent
of cross-sectional imaging, x-ray projections could only reliably dis-
tinguish the density differences among bone, air, fat, and soft-tissue
water, markedly limiting assessment of gray matter, white matter,
and supporting vascular and neural parenchymal tissues. The first
big advance in this regard was the seminal development of air con-
trast ventriculography and pneumoencephalography in 1918 by Dr
Walter Edward Dandy (April 6, 1886, to April 19, 1946, of Dandy-
Walker syndrome fame), an American neurosurgeon and scientist,
considered one of the founding fathers of neurosurgery.6,7 In 1921,
Julius Sicard published the first use of iodized oil as an intrathecal
myelography contrast material.8 Further refinement of the myelo-

graphic technique continued during the next several decades,
including with the development of safer, more effective water-
soluble nonionic contrast agents. Soon after the widespread adoption
of CT scanning in the mid-1970s, this technique evolved into CT
myelography, first published in 1976 by Di Chiro and Schellinger.9

Indeed, today myelography remains an essential tool in our diagnos-
tic armamentarium for selected patients, even in this current age of
MR imaging as a cornerstone of neurodiagnosis.10

The adoption of cerebral angiography in advancing both
neurodiagnosis and neurotherapeutics cannot be overstated. In
1927, António Caetano de Abreu Freire Egas Moniz (November
29, 1874, to December 13, 1955), a Portuguese neurologist and
creator of cerebral angiography, presented his findings at the
Neurological Society in Paris and the French Academy of
Medicine.11 He was the first person to successfully visualize the
brain vasculature by using radiopaque substances, which, together
with contrast-enhanced myelography and pneumoencephalogra-
phy, formed the basis of all advanced neurodiagnosis until the
advent of CT (and later MR) cross-sectional imaging. Additional
refinements included those by Dr Bernard George Ziedses des
Plantes, who was first to publish the methodology for both plain
film tomography (1931) and DSA (1934).12

Indeed, the origin of the North American subspecialization in
radiology in general and of neuroradiology in particular can largely
be traced to the efforts of Dr Juan Taveras and Dr Ernest Wood at
the Neurologic Institute of New York City’s Columbia Presbyterian
Medical Center, beginning in the early 1950s. Taveras was successful
in creating the first National Institutes of Health–funded neuroradi-
ology fellowship in North America (Fig 2),13 as well as establishing
radiologist expertise for both performance and interpretation of
arteriograms, pneumoencephalograms, and myelograms, a practice
already well-established in Europe.

Moreover, and perhaps more important, Taveras and Wood
collated, codified, and disseminated their decades of collective ex-
perience with neuroangiography, pneumoencephalography, and
myelography diagnostic techniques to write their magnum opus,
state-of-the-art, 2-volume, almost 2000-page textbook, titled
Diagnostic Neuroradiology (Fig 3). This work was recognized as
“monumental” in a 1964 Archives of Neurology book review,
which also acknowledged “the heritage of Dr. Cornelius Dyke”
(for whom a major American Society of Neuroradiology [ASNR]
research award is named) regarding the depth and breadth of ma-
terial covered:14

“It is, indeed, a rare privilege to review the volume on
‘Diagnostic Neuroradiology’ by Drs. Taveras and Wood, as
one at once recognizes the monumental character of this
work. With great humility the authors, both leaders in this
relatively new field of radiology, present this book as a text
for students, a handbook for graduates in the field, and a re-
cord of working principles found useful in their cumulative
experience. The book, not only achieves these objectives,
but, based on almost 20 years of consecutive service, first by
Dr. Wood and then by Dr. Taveras as Directors of
Radiology at the Neurological Institute of New York, it
reflects the heritage of Dr. Cornelius Dyke and the author's
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wealth of clinical exposure in the depth and richness of the
material presented.
“The work is divided into 4 major areas: (1) The Skull, (2)
Intracranial Pneumography, (3) Angiography, and (4)
Diseases of the Spinal Cord ....”

Dr. Taveras established one of the first annual postgraduate
courses in neuroradiology in 1956, and in 1961, New York City was
selected to host the VII Symposium Neuroradiologicum, to be held
in 1964 (Fig 4). History was made, however, on April 19, 1962, at a
dinner organized by Dr Taveras at Keen’s English Chop House in
New York City, during which the ASNR was founded.15 Per Dr
Gordon Potts, Dr Taveras’ motivation for forming a society was
2-fold:

“First, he [Juan] felt that there should be a society that would
bring together all neuroradiologists in North America to
exchange ideas and to have some unity of purpose as we
planned the future of the specialty. Second, he wanted
those neuroradiologists to participate in the planning of
the symposium, which he felt had the potential to
enhance the international recognition of neuroradiology
in North America.”

Invitations were extended to radiologists from strong pro-
grams, with broad geographic diversity, who were full-time dedi-
cated neuroimagers; participants included Ernest Wood (Dr.
Taveras’ predecessor and successor at the Neurologic Institute),
Norman Chase and Gordon Potts (also Neurologic Institute staff),
Norman Leeds (first National Institutes of Health–funded neurora-
diology fellow in North America), Mannie Schecter (St. Vincent’s
Hospital, trained at Queen Square London), Giovanni di Chiro
(Director of National Institutes of Health Neuroradiology), Eugene
Leslie (University of Buffalo and first National Institutes of
Health–funded neuroradiology fellowship for training outside the
US), Donald McRae (from the Montreal Neurological Institute, the
only Canadian, and considered the “father of Canadian neuroradi-
ology”), Fred Hodges III (Mallinckrodt Institute of Radiology in St.
Louis), Harold O. Peterson and Colin B. Holman (University of
Minnesota and organizer of the first neuroradiology postgraduate
course in 1939, and Mayo Clinic Minnesota, respectively),16-18 and

finally, Hans Newton andWilliamHanafee (both west coast angiog-

raphers at University of California, San Francisco, and University of

California, Los Angeles, respectively, the latter of Bentson-Hanafee

catheter fame). Most interesting, Keen’s English Chop House,

founded in 1885 as a “gentlemen’s only” restaurant until it was

“invaded” in 1901 by “infamous” British actress Lilly Langtry, is still

in operation, just northeast of Macy’s Herald Square on 36th Street

in New York City; its Web presence continues to highlight

FIG 1. Waters projection of the paranasal sinuses. Image created
by Saurabh Patil, 2012 and reproduced under Creative Commons
Attribution-SA license.

FIG 2. Advertisement for first neuroradiology fellowship program
in North America, funded by the National Institute of Neurological
Diseases and Blindness around March, 1960. The “stipend” was nego-
tiable on the basis of the “individual needs of the applicant.”
Reproduced with permission of the Radiological Society of North
America from: Fellowship in Neuroradiology Columbia University,
New York. Radiology 1960 74:3, 491.
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“enormous steaks and signature mutton chops served in a maze of

clubby, wood-paneled rooms.”
From this small group of 14 all-male neuroradiologists, sitting

at a single long table eating a meal of beef in a wood-paneled
room, the ASNR grew rapidly, maturing to its current diverse
and inclusive membership of more than 6000 neuroimagers and
neurointerventionalists in 2022. Its first annual meeting, less than
6 months later, on October 7, 1963, was held in Montreal,
Canada at the Queen Elizabeth Hotel. A little more than 1 year
later in February 1, 1965, the ASNR was incorporated in the state
of New York, and during the next decade, it continued to grow at
an accelerating pace (Fig 5). Moreover, although its name states
“American,” the ASNR has had an increasingly international
membership and presence, with its 10th annual meeting held in
Mexico City at the Maria-Isabel Sheraton Hotel. Indeed, 54 years
after the “dinner at Keen’s,” the ASNR International Imaging
Series was founded, providing speakers for global programs, with
the first meeting held in Bangkok in May 2016. The next year,
2017, saw the launch of the Anne G. Osborn ASNR International
Outreach Professor Program.

Through the American Journal of Neuroradiology (AJNR),
the ASNR has maintained a leadership role in the advancement
and dissemination of research, reviews, guidelines, and expert
opinion related to neuroimaging and neurointervention. On
July 27, 1978, Norman Leeds formed a committee to consider
publication of an ASNR journal, culminating in the first issue of
the AJNR appearing on January 1, 1980; an editorial by Dr
Taveras appeared on page 1, volume 1 of that inaugural issue
(Fig 6). Although initially the AJNR was published as a
bimonthly joint venture between the American Roentgen Ray
Society and the ASNR, with Juan Taveras as the Editor-in-
Chief,16,19 in 1986, ownership of the AJNR officially passed
solely to the ASNR; the only changes at that time were to the
front cover, including both a minor change in color shading and

FIG 4. Photo of a medallion from the VIII Symposium Neuroradiologicum, which took place in Paris in 1967. This front side shows individuals consid-
ered to be pivotal in the development of neuroradiology; the opposite side lists the locations and dates of previous meetings, including the VII
Symposium in New York City (courtesy of Jonathan D. Clem, MD).

FIG 3. Cover of volume 1, Diagnostic Neuroradiology, by Taveras and
Wood (Courtesy of Eric Russell, MD). Reproduced with permission of
Wolters Kluwer (Williams and Wilkins) from JM Taveras and EH
Wood: Diagnostic Radiology 2 Volume Set, 1976.
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insertion of the words, “Official Journal, American Society of
Neuroradiology.”20 Periodic changes in cover design and shad-
ing have continued during the next several decades (Fig 7).

The 20th, 25th, and 30th annual meetings were held at the
Washington, DC Hilton (1982), New York City Hilton (1987), and
St. Louis Adam’s Mark Hotel (1992), respectively.21-23 Another
major milestone in 1992 was the adoption of a neuroradiology
“Certificate of Added Qualification” (CAQ) examination by the
American Board of Radiology; Dr Taveras participated in that first
neuro-CAQ oral board examination, held in Louisville, Kentucky.
The Foundation of the ASNR, the philanthropic arm of the
American Society of Neuroradiology, a 501 (c) (6) professional so-
ciety for neuroradiologists, was founded in 1995. The first ASNR
website went live on December 20, 1996; it contained only two
pages of information. ASNR joined Twitter in 2010. The 40th
annual meeting was held in 2002 at the Vancouver, Canada
Convention & Exhibition Center, and the 50th annual meeting
again was held at the New York City Hilton on 6th Avenue (Fig 8).
Golden anniversary celebration events included a dinner at Keen’s
for the ASNR leadership.

FIG 5. Growth of ASNR membership and scientific presentations during its first 25 years.

FIG 6. AJNR, page 1/volume 1, January/February 1980; editorial by
Juan Taveras, Editor-in-Chief.

FIG 7. Cover design and shading changes have continued periodically
for the AJNR (Courtesy of Eric Russell, MD).

FIG 8. Part of the brochure for the ASNR 50th “Golden Anniversary”
Annual Meeting and Foundation of the ASNR Symposium in New
York, the city in which the ASNR was founded.
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The ASNR Past Presidents Association was established in
2019; a roster of all ASNR presidents since the society’s
founding 60years ago (Fig 9) as well as a listing of the offi-
cers during the initial, early years of the society (Fig 10) are
presented in Figures 9 and 10. Across the years, several of
the pioneering founding and early leaders of the society have
been memorialized in the pages of the AJNR.24-28 An oral
history of the ASNR is currently in preparation, which will
include numerous personal recollections, along with amus-
ing anecdotes. One example, recounted by Ralph Heinz, one
of Dr Taveras’ first trainees, to his friend Dr Jim Provenzale
concerns Mannie Schechter, first Vice President and second
President of the ASNR (Fig 10). Mannie, who in original
photos is often seen sporting an impish grin, was asked by
Dr Taveras to describe a skull radiograph during teaching
rounds. Schechter replied, “I see abnormal calcification near
the vertex; the patient has a vertex meningioma.” Being his
playful self, Juan replied, “Well, what if I told you that this
patient had just been walking under a construction site and a
brick fell on the top of his head? What would you say then?”
Without missing a beat, Schechter replied, “I’d say ‘God
damn’, it fell right on that meningioma!”

The ASNR’s first fully virtual meeting was held remotely
from May 30 to June 4, 2020, during the first year of coronavi-
rus disease (COVID) social distancing. A virtual meeting was
again held in 2021, with “social events” that ranged from online

wine-tasting (led by ASNR senior
member and Master Sommelier Alisa
Gean) to “wellness” yoga and “relaxa-
tion response” sessions. Our 2022,
Sixtieth Anniversary ASNR meeting
was again held at the New York City
Hilton as our first hybrid live/remote
annual meeting, 3 years into COVID;
this was a joint meeting with the
Symposium Neuroradiologicum XXII.

CONCLUSIONS
An update of the 20-year-old numbers
cited in the final paragraph of Michael
Huckman’s 2001 AJNR historical retro-
spective, Dinner at Keen’s: The Founding
of the American Society of Neuroradioloy15

is the following:

“From an intimate meeting of
14 radiologists seated at a single
table (in 1962), the ASNR (in
2022) has grown to a member-
ship of nearly 6000, publishes a
journal with worldwide circula-
tion of 7102, holds an annual
meeting with attendance of
approximately 1800, oversees a
well-funded foundation to sup-
port the research efforts of

FIG 9. Sixtieth anniversary roster of ASNR presidents, 1962–2022.

FIG 10. Slate of officers from the early, founding years of the ASNR, 1962–1970.
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young investigators, and has among its membership
numerous department chairs and major officeholders in
prestigious national and international medical organiza-
tions. It was the first organized subspecialty society in
radiology and, during its 60-year existence, has set an
example of establishing training standards and educa-
tional programs that have been emulated many times by
younger radiologic subspecialty societies.”

In 2022, the year of our 60th “Diamond” Anniversary, the
ASNR has matured into a global society that manages 6 regional
and specialty societies, including the American Society of
Functional Neuroradiology, American Society of Head and
Neck Radiology, American Society of Spine Radiology, Eastern
Neuroradiological Society, and Western Neuroradiological
Society, plus the World Federation of Neuroradiological Societies,
and is run by 18 full-time staff members. The society remains true
to its founding mission statement of April 19, 1962:

1) To develop and support standards for the training in the prac-
tice of neuroradiology

2) To foster independent research in neuroradiology
3) To promote a closer fellowship and exchange of ideas among

neuroradiologists.
The ASNR has been leading the cutting edge in the develop-

ment, clinical translation, and dissemination of novel, game-
changing imaging technologies since its earliest days, including-
but-not-limited-to CT scanning in the early/mid-1970s and MR
imaging in the late 1970s/early 1980s, both Nobel Prize–winning,
and details of which are well-described throughout the litera-
ture.29-33 We look forward to continued growth, as well as to the
exciting new innovations certain to occur in the next 60 years, con-
fident that the future holds promise.34,35
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LETTERS

Regarding “Altered Blood Flow in the Ophthalmic and
Internal Carotid Arteries in Patients with Age-Related

Macular Degeneration Measured Using Noncontrast MR
Angiography at 7T”

We read with great interest the article by Hibert et al,1

“Altered Blood Flow in the Ophthalmic and Internal
Carotid Arteries in Patients with Age-Related Macular
Degeneration Measured Using Noncontrast MR Angiography
at 7T.” On the basis of MR imaging of the ophthalmic arteries
(OAs) and the internal carotid artery and the study of the dif-
ference between patients with age-related macular degenera-
tion (AMD) and healthy controls in terms of flow velocities
and volume flows, they suggested that OA volume flow is
reduced and flow velocity is increased in patients with AMD,
particularly in the late-stage disease.

We have some methodologic concerns, and we would be
grateful if the authors could clarify the following important
points, which may have led to important misinterpretation.

First, it seems that there was no strict age-matching proto-
col, as the two cohorts were shown to have a mean difference
of 8.5 years of age. Moreover, statistical tests for the difference
of means were not reported for this variable. We would there-
fore, be grateful if the authors could provide significance val-
ues for the age comparison between the two groups. We
believe that such a difference can be partly to blame for the dif-
ference found in volume flows and OA diameter; in fact, it has
been shown that flow velocity in this vessel increases with age.2

Furthermore, whether these patients underwent cardiovascular
evaluation was not reported. This omission could mean that
controls not only had no AMD but may have also had a lower
cardiovascular risk and a lower atherosclerotic burden and,
therefore, higher OA diameters and volume flows, leading to a
better choroidal perfusion.3

In addition, the authors reported that when MR imaging
was repeated for a patient, it yielded a difference of 10% with
regard to volume flow. Although differences between controls
and patients with AMD were higher, up to 46% when patients
with late AMD and controls were taken into consideration, a

single measurement cannot conclude that the maximum vari-
ability is indeed 10%. This issue is especially true if we consider
that flow measurement with phase-contrast MR imaging was
shown to have a certain level of intermeasurement variability,
increasing with higher-degree stenosis.4 We believe that further
assessment was necessary to conclude that variability in the
measurements did not exceed or invalidate the findings of this
study.

Furthermore, the authors mentioned a specific analysis
of patients who had AMD at different stages between the 2
eyes; however, they also reported 2 patients who had only 1
eye affected by AMD. It would have been interesting to
know whether the OA volume flow reduction trend was
also observed in the nonaffected eye of such patients with
AMD. This evidence, though without statistical signifi-
cance, would have helped to understand whether vascular
changes occur before or after the development of AMD.
Moreover, differences in terms of OA volume flow between
2 eyes of the same patient, one affected by AMD and the
other one healthy, may suggest the feasibility of OA
angioplasty.5

Finally, apart from the small number of patients enrolled
in this study, which did not jeopardize the significance of the
results, the proportion of excluded patients and relative data
was remarkable. Most such measurements were discarded
due to motion artifacts, making a reliable analysis of flow
rates impossible. This issue could have been overcome by
repeating the scan in these patients, and it would have also
increased the sample size, thus strengthening the findings of
the study.

We would be grateful if the authors responded to our let-
ter and addressed our concerns. We believe that the afore-
mentioned points should be further investigated to help
shed light on the role of OA flow alterations in AMD
pathogenesis.http://dx.doi.org/10.3174/ajnr.A7479
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Disclosure forms provided by the authors are available with the full text and
PDF of this article at www.ajnr.org.
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REPLY:

We thank Ribarich et al for their interest in our work and
thank the editors of AJNR for giving us the opportunity to

respond to this letter. Dialogues such as this are an important
part of healthy scientific discourse and progress, and we hope
that our responses can help clarify several points of our article
and thereby help strengthen our study.

Ribarich et al noted that our patients with age-related macular
degeneration (AMD) and control groups were not perfectly age-
matched, but this was addressed in our description of the statistical
analysis performed. We used a generalized estimating equations
(GEE) method and explained that age was included as a variable in
our model as well as in the calculation of post hoc comparisons if
it was statistically significant. Table 1 identifies the comparisons for
which age was statistically significant and was, therefore, included
in the GEE model.

Ribarich et al also noted that our article did not report cardio-
vascular disease burden in the study population. This is true,
though it was not the focus of the article because cardiovascular
risk is known to be associated with AMD;1-4 our focus remained
on the potential effects of that association by examining the vas-
cular condition as it related to disease progression. The differen-
ces between the population with AMD and the similarly matched
controls are interesting and need to be explored further.

Nevertheless, as part of this discussion, it is important to
maintain the distinction between linear flow and volumetric flow.
It is understood that linear flow (velocity) in the ophthalmic ar-
tery (OA) increases with age, as Ribarich et al state. An increase
in linear flow is thought to be the result of decreased volume. The
volume is decreased due to atherosclerotic changes, and the linear
flow (velocity) increases from an otherwise unchanged pressure
system. Because the patient group with AMD is, on average,
slightly older than the control group, the age difference could be
expected to yield a small linear flow increase in patients with
AMD; however, it is not thought to account for the statistically
significant differences reported. The more interesting takeaway is
the trend test plot (presented in Figure 4 of our published article)
demonstrating that the association between the rate of decline in
OA volumetric flow with AMD disease progression is statistically
significant. This finding demonstrates the potential for decreased
ocular perfusion to affect the AMD process, perhaps in those
patients who are genetically predisposed.

Regarding the question of our reported measurement variabil-
ity, we acknowledged the limitation of estimating variability in 1
subject, and we agree that additional measurements would be val-
uable to improve this estimate. As Ribarich et al note, the within-
subject variability that we estimated was still substantially lower
than the difference between groups. We note here that as indi-
cated in the discussion section of our article, our phase-contrast
MRA measurements were remarkably similar to those reported
in the prior study of Ambarki et al,5 who reported a resistance
index of 0.68 (SD, 0.08) in the OA compared with our value of
0.70 (SD, 0.10) in similarly aged control subjects. These findings

provided us with additional confidence in the quantitative valid-
ity of our measurements.

Ribarich et al noted that 2 patients with AMD had only 1 eye
affected by AMD and suggested a new analysis of our data that
may be helpful to understand whether vascular changes occur
before or after the development of AMD. This observation does
not appear to be a criticism per se, and we agree that this sug-
gested analysis based on n ¼ 2 subjects should not be overinter-
preted. In reviewing our data for this response letter, we realized
that 1 of the eyes that we reported was excluded from analysis
due to motion and not due to diagnosis, and we apologize for the
misstatement in our article. Thus only 1 patient in our group was
diagnosed with AMD in a single eye. We reviewed our data from
this 1 patient, and we can confirm that the trend that we reported
is also seen in this patient: The OA of the healthy eye has a volu-
metric flow rate of 13.3mL/min and a resistance index of 0.77,
while the OA of the AMD eye has a volumetric flow rate of
2.9mL/min and a resistance index of 0.86. Again, we should not
overinterpret this n¼ 1 analysis, but it is reassuring.

Finally, Ribarich et al noted that the proportion of excluded
patients was remarkable, and that a “majority” of measurements
were discarded due to motion; however, this statement is incor-
rect and may be a misunderstanding. We apologize if this was
unclear in our article. Data were included from 21 of 24 patients
with AMD, and from 12 of 13 controls. We excluded approxi-
mately 30% of OAs from patients with AMD and 25% from con-
trols, and far fewer ICAs were excluded in both groups. We agree
that there was an unfortunately large number data sets that could
not be analyzed due to motion artifacts, but fortunately, the num-
ber of data sets included in our analysis was still sufficiently high
due to the large overall number of volunteers. We note again that
all volunteers were cooperative; however, these were all older
individuals, and our 7T MR imaging scanner is somewhat less
comfortable than clinical MR imaging scanners due to the long
bore size and the tight-fitting radiofrequency head coil, which
contribute to a less pleasant patient experience, increasing the
potential for motion.

Again, we are glad to have the opportunity to clarify these
points, which we hope will help further strengthen our article.
We hope that Ribarich et al agree that all points that they have
raised have been fully addressed, and there is no evidence of “sig-
nificant misinterpretation” of the data reported in our article. We
agree with Ribarich et al that this is an important topic that war-
rants further investigation that will build on our findings to better
understand the role of abnormal OA flow in AMD.
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LETTERS

Fair Performance of CT in Diagnosing Unilateral Vocal Fold
Paralysis

Bashir et al1 reported the diagnostic performance of CT signs
of unilateral vocal fold paralysis as evaluated by blinded radi-

ologists. They highlighted the 2 best signs combined, medializa-
tion of the posterior vocal fold margin and laryngeal ventricle
dilation, as having a positive predictive value of 87%, specificity of
74%, and interrater reliability of k ¼ 0.50–0.54. The authors con-
cluded that these CT signs should raise concern for ipsilateral
vocal fold paralysis. However, important limitations apply.

The first limitation pertains to the study design. In this retro-
spective, case-control study, only patients who underwent laryn-
goscopy by an otolaryngologist were included, while patients
were excluded if they had a history of cancer, trauma, radiation,
or surgery involving the larynx or pharynx. Spectrum bias arises
when the study sample differs in case mix from that encountered
in the clinical setting where these signs are intended to be used.2

Patients who undergo laryngoscopy may have more advanced
disease, such as obvious dysphonia, resulting in overestimation of
sensitivity. Excluding controls likely to have anatomic distortions
for other reasons results in overestimation of specificity. This
study may not generalize to many common scenarios for neck
CT, such as surveillance for head and neck cancer or trauma.

The second limitation pertains to the results interpretation.
Predictive values depend on the underlying disease prevalence
(Figure), especially when the inherent test characteristics are
overall fair as in this case (sensitivity 62%, specificity 74%). Case-
control studies typically do not reflect the prevalence of disease in
the relevant clinical population, rendering predictive values mis-
leading.2,3 The positive predictive values in this study are inflated
from those expected in real clinical practice because the preva-
lence of unilateral vocal fold paralysis was 73%. If the prevalence
is 10%, which is still likely an overestimate on typical neck CTs in
my opinion, the positive predictive value of these CT signs would
only be 21%.

I agree with the authors’ conclusion that “care must be taken
to translate suspicious findings appropriately.” Clinicians should
consider the patient’s risk factors and pretest probability of vocal
fold paralysis, as well as the fair diagnostic performance and reli-
ability of these CT signs, demonstrated in this study within the
limitations of its design.

Disclosure forms provided by the authors are available with the full text and
PDF of this article at www.ajnr.org.
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