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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
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Please see Brief Summary of Prescribing Information including Boxed 
Warning on adjacent page.

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 with 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.

All other trademarks and registered trademarks are the property of their respective owners.

References: 1. VUEWAY® (gadopiclenol) solution for injection, 485.1 mg/mL Full 
Prescribing Information and Patient Medication Guide. 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. Chicago, IL; February 2020. 6. ProHance®

(Gadoteridol) Injection, 279.3 mg/mL Full Prescribing Information and Patient Medication 
Guide. Monroe Twp., NJ: Bracco Diagnostics Inc.; June 2022. 7. Loevner LA, Kolumban B, 
Hutóczki G, et al. Effi cacy and safety of gadopiclenol for contrast-enhanced MRI of the central 
nervous system: the PICTURE randomized clinical trial. Invest Radiol. 2023 May;58(5):307-313.

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

© 2023 Bracco Diagnostics Inc. 
All Rights Reserved. US-VW-2300022 08/23

* Effective contrast enhancement at half 
the gadolinium dose (0.05 mmol/kg) vs a 
macrocyclic GBCA at a dose of 0.1 mmol/
kg in approved indications in the U.S.1-6†

NO COMPROMISE IN MRI From Bracco, 
your trusted partner

Visit 
VUEWAY.com 
for more 
information

65-year-old man – 3.0 T Siemens 
Brain metastasis from lung adenocarcinoma7

SE = Spin Echo. These are representative images from reference studies; individual results may vary.

† Phase III CNS Study Design (Study GDX-44-010)7: Intra-individual, crossover comparison of 0.05 mmol/kg VUEWAY (gadopiclenol) injection vs. 0.1 mmol/kg Gadavist® in MRI 
of the CNS. Patients with known or suspected CNS lesions. Three primary visualization endpoints (lesion border delineation, lesion internal morphology, degree of contrast 
enhancement). The CNS study included 256 patients with known or highly suspected CNS lesion(s) with a mean age of 57 years (range: 18-84 years), and 53% female patients.

Pre T1 SE Post T1 SE Post T1 SE

Unenhanced Gadopiclenol 0.05 mmol/kg Gadobutrol 0.1 mmol/kg



Please see Brief Summary of Prescribing Information including Boxed 
Warning on adjacent page.

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 with 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.

All other trademarks and registered trademarks are the property of their respective owners.
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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-
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EDITORIAL

Streamlining the Manuscript
Submission Process at the American
Journal of Neuroradiology: Paving
the Way for Efficiency and Reducing
Hurdles for Authors
Max Wintermark, Editor-in-Chief

The American Journal of Neuroradiology (AJNR) has recently
introduced a revamped submission process with the objec-

tive of improving efficiency clarity, and expediting the dissemi-
nation of groundbreaking research within our field. One of the
key features of this overhaul is the introduction of manuscript-
specific submission templates, offering a more streamlined and
standardized approach for authors.

For the initial submission of their manuscript, authors are
strongly encouraged to use the initial submission template avail-
able on the AJNR website. This template, characterized by its sim-
plicity, is crafted to ensure the coherent presentation of essential
information necessary for the initial review. Incorporated within
the template are clear instructions for authors, contributing to a
user-friendly experience. The initial submission template is versa-
tile and allows authors the flexibility of reusing the same docu-

ment for submission to another journal in the event of rejection
from the AJNR, reflecting our commitment to prioritizing
authors’ efficiency and convenience.

On acceptance or assignment for revision, authors are
directed to use revision templates tailored to their specific manu-
script types. The adoption of these templates is not merely a pro-
cedural formality; rather, it serves as a catalyst for expediting the
publication process because these templates can be easily con-
verted into preprints that can be released promptly to the AJNR
subscribers.

Authors are asked to disclose potential conflicts at the outset
to ensure a transparent review process. However, the completion
of more time-consuming disclosure forms is deferred until after
manuscript acceptance or during the revision stage. This approach
is designed to optimize authors’ time, minimizing unnecessary
tasks and focusing on specific requirements only when necessary.

In conclusion, AJNR's refined submission process underscores
a commitment to transparency, efficiency, and the prompt dis-
semination of high-quality research in neuroradiology. The intro-
duction of tailored submission templates not only simplifies the
submission process for authors but also accelerates the journey of
research from acceptance to publication. As the landscape of aca-
demic publishing evolves, AJNR’s proactive measures position it
at the forefront of facilitating a seamless and author-friendly pub-
lication experience.
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Patient Engagement in Neuroradiology: A Narrative Review
and Case Studies
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ABSTRACT

SUMMARY: The field of patient engagement in radiology is evolving and offers ample opportunities for neuroradiologists to
become involved. The patient journey can serve as a model that inspires patient engagement initiatives. The patient journey in ra-
diology may be viewed in 5 stages: 1) awareness that an imaging test is needed, 2) considering having a specific imaging test, 3)
access to imaging, 4) imaging service delivery, and 5) ongoing care. Here, we describe patient engagement opportunities based on
literature review and paired with case studies by practicing neuroradiologists.

ABBREVIATION: OOPC ¼ out-of-pocket cost

Patient engagement refers to the desire by, and capability of,
patients to actively participate in their own health care jour-

ney, in a way uniquely appropriate to the individual, through col-
laboration with a care provider or health care institution, with the
aim of improving health outcomes and enhancing the overall
patient experience.1 The idea of patient engagement emphasizes
treating patients as active participants in their health care rather
than passive recipients of medical advice. Neuroradiologists play
a crucial role in patient care, and understanding patient engage-
ment can substantial impact the way we interact with and provide
care to our patients.

When adapted to neuroradiology practice, patient engage-
ment includes giving access to the information and resources
patients need to make decisions related to neuroimaging studies.
This can include explaining the purpose, benefits, and potential
risks of a particular imaging test or procedure to patients,
addressing their concerns, and ensuring they have a clear under-
standing of the results and their implications. Fundamental prin-
ciples in patient engagement comprise empowering patients to
ask questions and express their preferences, recognizing that

patients have unique perspectives and knowledge about their
own bodies, and allowing them to let their personal circumstances
influence their health care choices.2 By embracing patient engage-
ment, neuroradiologists can create a patient-centered approach to
care that can improve patient satisfaction, compliance with rec-
ommended treatments, and overall health outcomes.3

Here, we performed a narrative review of patient engagement
opportunities in diagnostic neuroradiology or radiology by using
a patient journey framework (Online Supplemental Data).4

Additionally, members of the ASNR Quality, Safety, and Value
Committee provided examples of initiatives from their own prac-
tices. Patient engagement is still a “young” movement in health
care; because of a paucity of neuroradiology-specific examples in
the published literature, some relevant adaptations were made
from radiology in general or frommedicine at large.

The Patient Journey Framework
A simple and intuitive way to identify opportunities for patient
engagement comes with patient journey mapping, where patients
describe in sequence each step, point of contact, and each experi-
ence along their care journey.4 Patient journey mapping is a vis-
ual representation of the patient’s points of engagement with the
health care system as a linear path. This can be used as a tool to
identify opportunities for improvement, for example, how radiol-
ogy could meet a patient’s needs at each stage of this journey
(Online Supplemental Data).

In general, there are 5 steps in this journey that have been
described in medicine, which can be summarized as Awareness,
Consideration, Access, Service Delivery, and Ongoing Care4 and
which we adapted to radiology. The journey starts with the
patient’s Awareness that they need medical care, and it usually
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involves information gathering through online searches, review
sites, marketing campaigns, networking, and community involve-
ment. During the Consideration stage, patients decide whether a
health system can meet their needs by contemplating factors,
such as referrals, coverage and benefits, recommendations, access,
and ratings and reviews. Once decided, the Access stage refers to
scheduling and preparing for a visit with a health care professio-
nal or service, which entails a variety of communications as part
of the scheduling and patient acquisition process, as well as any
information regarding getting to the location and how to prepare
for the visit. The following Service Delivery stage extends from
checking in to checking out, and includes admission, discharge,
and billing. The final stage is Ongoing Care with a goal of attain-
ing and maintaining wellness and/or continued care manage-
ment. Here, we adapt these journey stages to radiology as follows:
1) awareness that an imaging test is needed, 2) considering having
a specific imaging test, 3) access to imaging, 4) imaging service
delivery, and 5) ongoing care (Online Supplemental Data).

Patient Engagement in Neuroradiology/Radiology
In the following, we present a narrative review of patient engage-
ment in neuroradiology by using the patient journey (Online
Supplemental Data). When available, the content was enriched
by case studies in neuroradiology that may not be available in the
published literature and that highlight successes and barriers.

Stage 1: Awareness
Definition. Patient awareness of needing medical imaging involves
information gathering (eg, online searches, review sites, marketing
campaigns, networking, community involvement).4

Narrative Review. At this stage of the patient’s journey, the key
intervention to improve engagement is communication with the
purpose of education, for example, through written information
or through visuals, such as infographics or videos. Educational
materials for patients become relevant and may change in content
depending on the stage of the patient’s journey.

Based on research in medicine, during the Awareness stage,
patients mostly look for information on commercial websites
(.com) (�70%), followed by using a search engine (�10%), or
searching academically affiliated sites (.edu) (�10%) and gov-
ernment-sponsored websites (.gov) (5%).5 Nonprofit organiza-
tions (.org) were not an important source of information.5 The
main issue with seeking information from commercial sites is
that it can be challenging to differentiate useful health informa-
tion from marketing and promotional materials. Accordingly,
patients experienced higher levels of frustration when using
search engines, and search engines required more effort, as well
as raised concerns regarding the content quality.5

RadiologyInfo.org is a patient-facing website that is accessible
at no charge and sponsored by the Radiological Society of North
America and the American College of Radiology. The site
explains various imaging modalities, including CT and MR imag-
ing, and mentions specialties like mammography, women’s and
men’s imaging, nuclear medicine, and radiation therapy, but does
not explain other radiology subspecialties, such as neuroradiol-
ogy. Among the conditions that are addressed on the site are

several neuroradiology entities, such as carotid artery stenosis,
dementia, epilepsy, head and neck cancer, head injury, head-
ache, parathyroid disease, and stroke. Entering the search terms
“neuroradiology” or “neuroimaging,” however, yields no results
for patients who may have heard these terms and are looking for
more information. RadiologyInfo.org has undergone revisions
to improve language levels, but language levels remain very
high, both for the English and Spanish language versions.6,7

ImageGently.org is mostly geared toward radiologists and
promotes decreasing patient exposure to ionizing radiation, espe-
cially in children. ImageGentlyParents.org, while having its own
website, contains currently very limited information for parents.
It offers an option for submitting inquiries, but it is unclear who
these messages are being sent to and what type of response to
expect.

The American Society of Neuroradiology has dedicated a web
page to patient information (www.asnr.org/patientinfo) and rep-
resents a great opportunity for neuroradiologists to become
involved and collaborate with patients on adding meaningful and
patient-centered content. Such efforts could alleviate patients’
online search frustrations and offer curated and reliable content.5

Linking neuroradiology-specific information to larger efforts,
such as RadiologyInfo.org, could potentially increase the traffic on
this website. Ideally, commercial patient-facing websites should
promote content that was generated and/or curated by radiolog-
ists and neuroradiologists. Overall, this represents a great oppor-
tunity for neuroradiologists to develop content and enhance the
field’s visibility and value to patients.

There were no case studies for this section.

Stage 2: Consideration
Definition. Patients decide whether having an imaging test can
meet their needs; involves weighing factors, for example, referrals,
insurance coverage/out-of-pocket cost (OOPC), recommenda-
tions, access, ratings, and reviews.4

Narrative Review. To aid with the decision whether an imaging
test would be useful, clinicians can use Clinical Decision Support
systems. These systems typically relate to a specific clinical sce-
nario, are evidence-based, and are intended to increase the appro-
priateness of imaging utilization.8 Informed patients, however,
may choose not to follow the recommendations that arise from
the use of evidence-based guidelines because those do not incor-
porate patients’ personal preferences.9 Shared decision-making
has evolved as an approach where clinical providers enable
patients to make decisions that take into consideration both the
clinical and scientific evidence, as well as the patient’s personal
context, goals, values, and preferences for health care.9 Shared de-
cision-making occurs continually along the patient journey, and
radiology plays a role in deciding whether an imaging test is the
best choice, which imaging test is most appropriate, and what to
do with the imaging results. Patient decision aids can be used to
convey scientific evidence, list trade-offs, and to elucidate patient
preferences when deciding whether imaging is the best choice,
such as for lung cancer screening.10 There is currently a scarcity
of patient-decision aids for imaging decisions, which represents a
huge opportunity for neuroradiologists to get involved.
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Patients often select providers that have been suggested to
them by another health professional, and they may use compara-
tive information when there is a specific health outcome they have
in mind, or when they do not trust in their health provider.11

Patients consider the following characteristics when choosing a
provider: Availability under the existing insurance plan, accessible
in a convenient location, affiliated with an academic center, certi-
fied/qualified physicians and staff, friendly and understanding
communication style, provides updates, and more.11

An example of a publicly available site that offers comparable
information on health care providers is Medicare’s Care
Compare,12 and rankings performed by specific organizations,
such as U.S. News or Leapfrog’s Safety Grade. Of note, none of
these sources include imaging services quality metrics in their
scoring and ranking systems. Medicare’s tool permits searching
for and comparing radiologists on a limited number of features,
such as distance from the patient, telehealth services, specialties,
board certification, education and training, affiliations, etc.
While accreditation status of an imaging facility may be a pub-
licly available indicator of service quality, there is currently no
list of features or metrics that could be used to better define and
measure neuroradiology services quality.

Another opportunity for patient engagement at this stage lies
with providing information regarding billing and OOPC. Starting
in January 2021, the Centers for Medicare and Medicaid Services
required that hospitals provide clear and accessible information
regarding pricing for items and services.13 Radiology practices
can offer patient-friendly price transparency tools to estimate
personalized OOPC, which patients may perceive as a benefit.14

Of note, these estimates may vary over time and can be inaccu-
rate.14 For example, patients from the same insurance company
can each have different OOPCs, and those insurance contracts
change over time. An important aspect of offering price transpar-
ency tools is to couple access with explanations of differences in
service when paying more.15 For example, patients with severe
back pain listed among services and features that they would pay
more for: improved imaging results accuracy, an imaging facility
that was recommended by the provider, or a facility with a higher
online star rating.15 As neuroradiologists, we are aware that
patients who pay more do not necessarily receive higher quality
care. There is an opportunity to engage patients in jointly defin-
ing quality indicators and jointly raising awareness of neuroradi-
ology service quality metrics that are worth paying more for.

A case study A Patient Decision Aid (PDA) for Imaging
Pediatric Headache has been added for this section (Online
Supplemental Data).

Stage 3: Access
Definition. Scheduling and preparing for an imaging test; involves
communications (eg, scheduling), patient acquisition process,
directions to the imaging location, and test preparation.4

Narrative Review. Allowing patients to book their own appoint-
ments increases patient engagement, as indicated by a reduction
in the number of missed appointments.16 Self-scheduling also
allows patients to schedule appointments so that relatives can join
them.17 While many radiology practices offer online scheduling

for patients, many academic imaging centers that use centralized
scheduling have difficulty in offering this service to their
patients.18 There is a huge opportunity to advocate for patient
self-scheduling in neuroradiology, understanding that this may
require elaborate algorithms to help patients schedule the exam-
ination on a scanner in the system that is best suited to deliver
the image quality required for their clinical indication, for exam-
ple, ability to perform functional MR imaging before neurosur-
gical interventions or perfusion imaging for patients with brain
tumors. Commercial applications are evolving.19 Patients may
want to reach out to the imaging facility with questions ahead of
their appointment, which could be addressed by offering a num-
ber to call or by giving access to a blog site that shows answers
to frequently asked questions.20 Of note, offering self-scheduling
can create disparities for patients, which could be mitigated by
pairing this service with efforts of facilitating portal use for all
patient populations.21

At this stage in the patient journey, it would be appropriate to
provide patients with information regarding items to bring to the
appointment, patient preparation instructions, an explanation of
the check-in process, navigation and wayfinding, and checklists
before CT and MR imaging examinations.22 Such information
can easily be shared through electronic patient portals, mobile
applications, or websites.21

The concept of helping patients prepare for an imaging study
may differ between radiologists and patients. Radiologists natu-
rally focus on preparing patients to assure the images can be
acquired without complications and will be of diagnostic quality.
Examples include limiting PO intake before a fluoroscopy exami-
nation of the upper gastrointestinal tract or advising patients not
to use deodorant before a mammogram. Patient-centered prepa-
ration, on the other hand, may include explanations of the imag-
ing modality and technique, and any discomfort or risks
associated with it, such as lying on a hard MR imaging table for a
prolonged period, exposure to ionizing radiation in CT, need for
sedation in MR imaging, physical effects of IV contrast injections,
and risks associated with a variety of IV contrast agents. Patients
may feel uncomfortable thinking they have to undress for an ex-
amination and an explanation on why, how, and where to
undress can help alleviate anxiety ahead of time. Infographics
and leaflets can be effective in providing patients with the infor-
mation they seek at an accessible language level and are typically
reinforced by visuals.22,23 Virtual reality applications have also
proved useful, particularly in preparing patients for MR imaging
scans.24

Wayfinding can be improved by sharing maps and images of
sites, parking options, and entrances before the appointment.22 It
is important to include patients in the process of developing these
materials, to assure they meet patients’ needs.22 Neuroradiologists
could examine their patients’ ability to find imaging sites and
advocate for more effective wayfinding design, which may include
wayfinding kiosks or apps in addition to design features that
include color coding, landmarks, room and elevator labeling, and
signage.25

A case study Our Pediatric Radiology Website has been added
for this section (Online Supplemental Data).
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Stage 4: Service
Definition. Having the imaging test; involves participation (eg,
checking in), following instructions, enduring discomfort, dis-
charge, billing.4

Narrative Review. Delays can be avoided if patients are informed
ahead of time what information they will need upon check-in.
Facilitated by the COVID-19 pandemic, some imaging practices
continue to offer remote check-in to their patients,26 which can
conceivably save time and create a sense of privacy. Of note, the
check-in process provides an opportunity to let patients know
about access to patient portals.20,27

Patients are generally motivated to cooperate with instruc-
tions for successful image acquisitions unless they cannot physi-
cally comply. There is a paucity of scripts that could help
radiology technologists and nurses communicate to patients how
they can cooperate.28 Neuroradiologists could collaborate with
technologists, nurses, and patients to develop scripts to let
patients know how they can cooperate for neuroimaging studies.
Communication and establishing rapport with patients are fun-
damental for managing patient distress, discomfort, or anxiety.29

Patients may experience various discomforts, such as having to
undress, needle sticks, and contrast effects, as well as uncomfort-
able positioning during image acquisitions. For neuroradiology,
discomfort is mostly related to MR imaging, less so to CT imag-
ing on modern scanners.30 Simple interventions to decrease dis-
comfort in MR imaging include shorter scanning protocols and
audiovisual distraction with goggles and/or headphones.31

Before discharging the patient after the images have been
acquired, there is an opportunity to give patients a preliminary
report, or there may be a necessity to manage patients with criti-
cal findings immediately. While discussing preliminary results
with patients is still not common practice in radiology, it was
shown to be feasible in academic settings, such as head and neck
cancer imaging, and is appreciated by patients.32,33 Interestingly,
patients may only appreciate the service after they have experi-
enced it.33 Decades of negative stereotypes about radiologists,
such as radiologists avoiding patient contact, being antisocial,
and focused on lifestyle or money rather than patient care34 have
slowed the adoption of direct communications with patients. In a
European practice model, results communication directly to
patients resulted in highly relevant changes to the radiology
report in one-third of cases.35 Interestingly, radiologists who did
not offer direct communication with patients were viewed by
patients as being less competent.35 In the United States, there is
currently no established reimbursement model for diagnostic
radiology consultations with patients that could drive broader
adoption of this service.

On occasion, critical findings may be uncovered on an out-
patient imaging examination and may necessitate immediate
action. For example, a brain tumor may be found on outpatient
imaging for headaches or seizures. The technologist may alert
the radiologist to such a finding to facilitate modifying the imag-
ing protocol, such as adding IV contrast and/or potentially add-
ing spine imaging. The changes in the imaging protocol may
alert the patient that something unusual has occurred which can
cause increased anxiety and questions. Radiologists may be

asked to explain the situation to the patient and should be pre-
pared to do so.

Radiologists should be trained in explaining imaging find-
ings.36,37 The American College of Radiology provides a free
Communication Curriculum for patient communications that
can be used by any radiologist, practicing or in training.38 Key
concepts in communicating with patients include a supportive
environment, ability to establish rapport, ability to open a discus-
sion, ability to elicit more information, ability to understand the
patient’s and family’s preferences, ability to share information at
the patient’s literacy level, providing accurate information, being
empathetic, and providing closure.36,39

When all is said and done, it may not be clear to patients what
will happen next. At the time of discharging patients from the
imaging facility additional information can be provided, such as
instructions on how to access results, which is of immediate in-
terest to most patients.40 In addition, discharge information to
engage patients may include options for contacting a radiologist,
a reminder to follow-up with the referring provider, an invitation
to provide feedback regarding the services in a survey, or instruc-
tions on how to exit the facility. Patients who had a contrast reac-
tion may be given documentation of the contrast that was
administered, the type of reaction that was observed, and how it
was treated, so they can make future decisions regarding the risks
of repeat IV contrast administrations. Similarly, there may be fol-
low-up instructions for patients with contrast extravasations.

Three case studies have been added for this section: Reading
Room in Brain Tumor Clinic (Online Supplemental Data), A
Companion Case of Embedded Reading Rooms: One Stop Shop
(Online Supplemental Data), and Bad News Bear Program
(Online Supplemental Data).

Stage 5: Ongoing Care
Definition. Dealing with imaging results (eg, deciding next steps
in care, dealing with a diagnosis and with unexpected actionable
findings, dealing with diagnostic uncertainty).4

Narrative Review. The radiology results can play an important
role in the patient’s ongoing care, such as anxiety relief when a
severe diagnosis is excluded, informing further management
when a diagnosis is established, indicating and coordinating the
use of additional resources to arrive at a diagnosis, and providing
information regarding prognosis for an established diagnosis.

Normal imaging results are valuable for diagnoses that lack
specific diagnostic criteria and require exclusion of other entities,
such as hypertensive encephalopathy.41 Additionally, in adult
headache patients, normal imaging results can decrease patient
anxiety and lower cost by reducing downstream utilization of
health care services.42 Radiologists have an opportunity to use the
word “normal” rather than more obscure verbiage (“negative”) to
make it easy for patients to understand this type of result.43

When a diagnosis is established through radiology findings, it
is important that patients can understand what this finding
means to make decisions regarding next steps. The Joint
Commission’s National Patient Safety Goals state that patients
make better health care decisions when they understand their
personal health data.44 Radiology results are always documented
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and communicated in writing. The key tenets for patient engage-
ment entail making radiology written reports both accessible and
understandable to patients.30 To improve patients’ ability to com-
prehend radiology reports, a variety of interventions can be used,
such as lay summaries,45 Generative Pretrained Transformer trans-
lations,46 or multimedia reports that link to lexica and explanatory
images.47 Interestingly, 82% of patients preferred receiving the
detailed report rather than a lay summary, particularly for
abnormal results.48 In addition, radiologists could make them-
selves available to patients if there are questions, for example,
by adding their phone number to the report or offering virtual
consultations.49,50

There remain concerns regarding patients’ reactions to
reports when there is a finding, such as increased anxiety. While
a few cases of suicide in response to devastating radiology results
have been reported, patients prefer getting access to results even
when it increases their anxiety.51

Patients are increasingly viewing radiology reports via patient
portals, but portals are far from being used by all patients, which
likely reflects a variety of disparities based on race, primary lan-
guage, insurance status, and other factors.52 A set of “Universal
Precautions” has been proposed to improve communication and
participation for all patients regardless of health literacy.52 These
precautions contain 18 actions that promote the development of
effective patient-centered communications.52 Besides forming a
team and working with patients on the development of commu-
nications, additional advice includes offering actionable content,
by using intuitive design, tailoring messages to specific patient
needs, and much more.52

An evolving area for patient engagement in radiology pertains
to follow-up recommendations for actionable incidental findings.
Radiologists are using direct patient notifications to increase ad-
herence to follow-up recommendations, which could be as low as
52%.53,54 The impact of direct notification of the patient on fol-
low-up adherence may be low in systems with an existing reliable
process for notifying providers of recommended follow-up.55,56

There is currently not enough scientific evidence exploring other
patient engagement benefits from direct notifications, such as
building trust and loyalty, which represents a research opportu-
nity for neuroradiologists.

Two case studies have been added for this section: Video
Reporting (Online Supplemental Data) and Actionable Incidental
Findings Notifications to Patients (Online Supplemental Data).

CONCLUSIONS
The vision for neuroradiology is to cultivate patient engage-
ment and transform the traditional practice model into a col-
laborative effort that creates an empowered patient journey.
Neuroradiologists can demonstrate commitment to this vision
through initiatives that promote transparent communication,
accessible information, and shared decision-making for
patients. This vision is grounded in collaboration between
patients, neuroradiologists, and health care providers to align
products and services with patients’ needs and preferences. By
valuing patient perspectives, neuroradiologists can inspire a
new era of collaboration in health care.

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

REFERENCES
1. Higgins T, Larson E, Schnall R. Unraveling the meaning of patient

engagement: a concept analysis. Patient Educ Couns 2017;100:30–36
CrossRef Medline

2. Detmer D, Singleton P, Macleod A, et al. The informed patient:
study report. 2003

3. Hibbard JH, Greene J. What the evidence shows about patient acti-
vation: better health outcomes and care experiences; fewer data on
costs.Health Aff (Millwood) 2013;32:207–14 CrossRef Medline

4. Joseph AL, Kushniruk AW, Borycki EM. Patient journey mapping:
current practices, challenges and future opportunities in health-
care. Knowledge Manage e-learning 2020;12:387

5. LaValley SA, Kiviniemi MT, Gage-Bouchard EA.Where people look
for online health information. Health Info Libr J 2017;34:146–55
CrossRef Medline

6. Bange M, Huh E, Novin SA, et al. Readability of patient education
materials from RadiologyInfo.org: has there been progress over the
past 5 years? AJR Am J Roentgenol 2019;213:875–79 CrossRef Medline

7. Novin SA, Huh EH, Bange MG, et al. Readability of Spanish-lan-
guage patient education materials from RadiologyInfo.org. J Am
Coll Radiol 2019;16:1108–13 CrossRef Medline

8. Zygmont ME, Ikuta I, Nguyen XV, et al. Clinical decision support:
impact on appropriate imaging utilization. Acad Radiol 2023;30:1433–
40 CrossRef Medline

9. Montori VM, Brito JP, Murad MH. The optimal practice of evi-
dence-based medicine: incorporating patient preferences in prac-
tice guidelines. JAMA 2013;310:2503–04 CrossRef Medline

10. Agency for Healthcare Research and Quality. Is lung cancer screening
right for me? https://effectivehealthcare.ahrq.gov/sites/default/files/
wysiwyg/lung-cancer-screening-decision-aid.pdf. Accessed June 24,
2023

11. Victoor A, Delnoij DM, Friele RD, et al. Determinants of patient
choice of healthcare providers: a scoping review. BMC Health Serv
Res 2012;12:272 CrossRef Medline

12. Medicare. Care compare. https://www.medicare.gov/care-compare/.
Accessed June 25, 2023

13. Centers for Medicare and Medicaid Services. Hospital price
transparency. https://www.cms.gov/hospital-price-transparency#:�:
text¼Starting%20January%201%2C%202021%2C%20each,with%20all
%20items%20and%20services. Accessed July 11, 2023

14. Sadigh G, Carlos RC. Price transparency in radiology: challenges
and opportunities to improve. AJR Am J Roentgenol 2021;217:1243–
44 CrossRef Medline

15. Manik R, Carlos RC, Duszak R Jr, et al. Costs versus quality in imag-
ing examination decisions. J Am Coll Radiol 2022;19:450–59 CrossRef
Medline

16. Dusheiko M, Gravelle H. Choosing and booking and attending?
Impact of an electronic booking system on outpatient referrals and
non-attendances.Health Econ 2018;27:357–71 CrossRef Medline

17. Kruuse-Jensen K, Madsen KS, Bruun DM, et al. Do outpatients with
cancer and their relatives want to use an online booking system to
book the appointment and radiographer for their CT examina-
tion? A small-scale study in Denmark. Radiography (Lond)
2022;28:174–79 CrossRef Medline

18. Itri JN. Patient-centered radiology. Radiographics 2015;35:1835–46
CrossRef Medline

19. Hamilton-Basich M. openDoctor to deliver radiology digital front
door experience. AXIS Imaging News. March 9, 2021.

20. Towbin AJ, O’Connor T, Perry LA, et al. Using informatics to
engage patients. Pediatr Radiol 2020;50:1514–24 CrossRef Medline

21. Ganeshan S, Pierce L, Mourad M, et al. Impact of patient portal-
based self-scheduling of diagnostic imaging studies on health dis-
parities. J AmMed Inform Assoc 2022;29:2096–100 CrossRef Medline

254 Kadom Mar 2024 www.ajnr.org

https://www.ajnr.org/sites/default/files/additional-assets/Disclosures/March%202024/0632.pdf
http://www.ajnr.org
http://dx.doi.org/10.1016/j.pec.2016.09.002
https://www.ncbi.nlm.nih.gov/pubmed/27665500
http://dx.doi.org/10.1377/hlthaff.2012.1061
https://www.ncbi.nlm.nih.gov/pubmed/23381511
http://dx.doi.org/10.1111/hir.12143
https://www.ncbi.nlm.nih.gov/pubmed/27207817
http://RadiologyInfo.org
http://dx.doi.org/10.2214/AJR.18.21047
https://www.ncbi.nlm.nih.gov/pubmed/31386570
http://RadiologyInfo.org
http://dx.doi.org/10.1016/j.jacr.2018.12.036
https://www.ncbi.nlm.nih.gov/pubmed/30956087
http://dx.doi.org/10.1016/j.acra.2022.10.006
https://www.ncbi.nlm.nih.gov/pubmed/36336523
http://dx.doi.org/10.1001/jama.2013.281422
https://www.ncbi.nlm.nih.gov/pubmed/24165826
https://effectivehealthcare.ahrq.gov/sites/default/files/wysiwyg/lung-cancer-screening-decision-aid.pdf
https://effectivehealthcare.ahrq.gov/sites/default/files/wysiwyg/lung-cancer-screening-decision-aid.pdf
http://dx.doi.org/10.1186/1472-6963-12-272
https://www.ncbi.nlm.nih.gov/pubmed/22913549
https://www.medicare.gov/care-compare/
https://www.cms.gov/hospital-price-transparency#:~:text=Starting%20January%201%2C%202021%2C%20each,with%20all%20items%20and%20services
https://www.cms.gov/hospital-price-transparency#:~:text=Starting%20January%201%2C%202021%2C%20each,with%20all%20items%20and%20services
https://www.cms.gov/hospital-price-transparency#:~:text=Starting%20January%201%2C%202021%2C%20each,with%20all%20items%20and%20services
http://dx.doi.org/10.2214/AJR.21.25976
https://www.ncbi.nlm.nih.gov/pubmed/34009001
http://dx.doi.org/10.1016/j.jacr.2021.11.015
https://www.ncbi.nlm.nih.gov/pubmed/35122720
http://dx.doi.org/10.1002/hec.3552
https://www.ncbi.nlm.nih.gov/pubmed/28776868
http://dx.doi.org/10.1016/j.radi.2021.10.005
https://www.ncbi.nlm.nih.gov/pubmed/34702667
http://dx.doi.org/10.1148/rg.2015150110
https://www.ncbi.nlm.nih.gov/pubmed/26466190
http://dx.doi.org/10.1007/s00247-020-04767-1
https://www.ncbi.nlm.nih.gov/pubmed/32935243
http://dx.doi.org/10.1093/jamia/ocac152
https://www.ncbi.nlm.nih.gov/pubmed/36063414


22. Wahab SA, Wahab RA, Butcher B, et al. Humanizing radiology
appointment education to improve patient experience. J Am Coll
Radiol 2022;19:647–51 CrossRef Medline

23. Ginat DT, Christoforidis G. A printed information leaflet about
MRI and radiologists improves neuroradiology patient health lit-
eracy.Neuroradiol J 2018;31:609–13 CrossRef Medline

24. Ashmore J, Di Pietro J, Williams K, et al. A free virtual reality expe-
rience to prepare pediatric patients for magnetic resonance imag-
ing: cross-sectional questionnaire study. JMIR Pediatr Parent
2019;2:e11684 CrossRef

25. Harper C, Jefferies S, Crosser A, et al. Exploring hospital wayfinding
systems: touchscreen kiosks, apps and environmental cues. In:
Proceedings of the International Symposium on Human Factors and
Ergonomics in Health Care (Vol. 8, No. 1, pp. 172–175), 2019. Los
Angeles: SAGE CrossRef

26. RadNet. Virtual Check-iN. https://www.radnet.com/community-
radiology/remote-check-in. Accessed July 11, 2023

27. Vincoff NS, Barish MA, Grimaldi G. The patient-friendly radiology
report: history, evolution, challenges and opportunities. Clin
Imaging 2022;89:128–35 CrossRef Medline

28. Bankier AA, O’Donnell CR, Boiselle PM. Quality initiatives.
Respiratory instructions for CT examinations of the lungs: a
hands-on guide. Radiographics 2008;28:919–31 CrossRef Medline

29. Lang EV. Managing distress, discomfort, and anxiety in imaging.
Radiol Manage 2011;33:55–58 Medline

30. Niehoff JH, Heuser A, Michael AE, et al. Patient comfort in modern
computed tomography: what really counts. Tomography 2022;8:1401–
12 CrossRef Medline

31. Oztek MA, Brunnquell CL, Hoff MN, et al. Practical considerations
for radiologists in implementing a patient-friendly MRI experi-
ence. Top Magn Reson Imaging 2020;29:181–86 CrossRef Medline

32. Pahade J, Couto C, Davis RB, et al. Reviewing imaging examination
results with a radiologist immediately after study completion:
patient preferences and assessment of feasibility in an academic
department. AJR Am J Roentgenol 2012;199:844–51 CrossRef Medline

33. Mohan SK, Hudgins PA, Patel MR, et al. Making time for patients:
positive impact of direct patient reporting. AJR Am J Roentgenol
2018;210:W12–17 CrossRef Medline

34. Grimm LJ, Fish LJ, Carrico CW, et al. Radiology stereotypes, applica-
tion barriers, and hospital integration: a mixed-methods study of
medical student perceptions of radiology. Acad Radiol 2022;29:1108–
15 CrossRef Medline

35. Gutzeit A, Sartoretti E, Reisinger C, et al. Direct communication
between radiologists and patients improves the quality of imaging
reports. Eur Radiol 2021;31:8725–32 CrossRef Medline

36. Rockall AG, Justich C, Helbich T, et al. Patient communication in
radiology: moving up the agenda. Eur J Radiol 2022;155:110464
CrossRef Medline

37. Harvey JA, CohenMA, Brenin DR, et al. Breaking bad news: a primer
for radiologists in breast imaging. J Am Coll Radiol 2007;4:800–08
CrossRef Medline

38. American College of Radiology. Communication curriculum. https://
www.acr.org/Member-Resources/rfs/learning/Communication-for-
Radiology-Residents. Accessed July 12, 2023

39. Brown SD, Rider EA, Jamieson K, et al.Development of a standardized
Kalamazoo communication skills assessment tool for radiologists:

validation, multisource reliability, and lessons learned. AJR Am J
Roentgenol 2017;209:351–57 CrossRef Medline

40. Koney N, Roudenko A, Ro M, et al. Patients want to meet with
imaging experts. J Am Coll Radiol 2016;13:465–70 CrossRef Medline

41. Potter T, Schaefer TJ. Hypertensive Encephalopathy. Treasure Island,
FL: StatPearls. https://www.ncbi.nlm.nih.gov/books/NBK554499.
Accessed July 12, 2023

42. Howard L, Wessely S, Leese M, et al. Are investigations anxiolytic or
anxiogenic? A randomised controlled trial of neuroimaging to
provide reassurance in chronic daily headache. J Neurol Neurosurg
Psychiatry 2005;76:1558–64 CrossRef Medline

43. Hoang JK. Avoid jargon terms for normal. J Am Coll Radiol
2015;12:546 CrossRef Medline

44. Mishra VK, Hoyt RE, Wolver SE, et al. Qualitative and quantitative
analysis of patients’ perceptions of the patient portal experience
with OpenNotes. Appl Clin Inform 2019;10:10–18 CrossRef Medline

45. American College of Radiology Data Science Institute. Patient
Friendly Report Summary. https://www.acrdsi.org/DSI-Services/
Define-AI/Use-Cases/Automated-Patient-Friendly-Report-Summary.
Accessed June 24, 2023

46. Lyu Q, Tan J, Zapadka ME, et al. Translating radiology reports into
plain language using ChatGPT and GPT-4 with prompt learning:
results, limitations, and potential. Vis Comput Ind Biomed Art
2023;6:9 CrossRef Medline

47. Folio LR, Machado LB, Dwyer AJ. Multimedia-enhanced radiology
reports: concept, components, and challenges. Radiographics
2018;38:462–82 CrossRef Medline

48. ManganoMD, Rahman A, Choy G, et al. Radiologists’ role in the com-
munication of imaging examination results to patients: perceptions
and preferences of patients. AJR Am J Roentgenol 2014;203:1034–39
CrossRef Medline

49. Kemp J, Gannuch G, Kornbluth C, et al. Radiologists include con-
tact telephone number in reports: experience with patient interac-
tion. AJR Am J Roentgenol 2020;215:673–78 CrossRef Medline

50. Panagides JC, Achuck E, Daye D. Synchronous virtual patient con-
sultations in radiology. AJR Am J Roentgenol 2022;219:164–65
CrossRef Medline

51. Kadom N, Tamasi S, Vey BL, et al. Info-RADS: adding a message
for patients in radiology reports. J Am Coll Radiol 2021;18:128–32
CrossRef Medline

52. Smith B, Magnani JW. New technologies, new disparities: the inter-
section of electronic health and digital health literacy. Int J Cardiol
2019;292:280–82 CrossRef Medline

53. Mabotuwana T, Hall CS, Hombal V, et al. Automated tracking of
follow-up imaging recommendations. AJR Am J Roentgenol
2019;212:1287–94 CrossRef Medline

54. Mannix J, LaVoye J, WassermanM, et al.Notification system for over-
due radiology recommendations improves rates of follow-up and di-
agnosis. AJR Am J Roentgenol 2021;217:515–20 CrossRef Medline

55. Mattay GS, Mittl GS, Zafar HM, et al. Early impact of Pennsylvania
Act 112 on follow-up of abnormal imaging findings. J Am Coll
Radiol 2020;17:1676–83 CrossRef Medline

56. Loftus R, Kadom N, Wandtke B. Impact of early direct patient noti-
fication on follow-up completion for non-urgent actionable inci-
dental radiology findings. J Am Coll Radiol 2023 Oct 9:S1546–1440
(23)00758–55

AJNR Am J Neuroradiol 45:250–55 Mar 2024 www.ajnr.org 255

http://dx.doi.org/10.1016/j.jacr.2021.12.007
https://www.ncbi.nlm.nih.gov/pubmed/35331690
http://dx.doi.org/10.1177/1971400918788361
https://www.ncbi.nlm.nih.gov/pubmed/29999453
http://dx.doi.org/10.2196/11684
http://dx.doi.org/10.1177/2327857919081042
https://www.radnet.com/community-radiology/remote-check-in
https://www.radnet.com/community-radiology/remote-check-in
http://dx.doi.org/10.1016/j.clinimag.2022.06.018
https://www.ncbi.nlm.nih.gov/pubmed/35803159
http://dx.doi.org/10.1148/rg.284085035
https://www.ncbi.nlm.nih.gov/pubmed/18635620
https://www.ncbi.nlm.nih.gov/pubmed/21870690
http://dx.doi.org/10.3390/tomography8030113
https://www.ncbi.nlm.nih.gov/pubmed/35645399
http://dx.doi.org/10.1097/RMR.0000000000000247
https://www.ncbi.nlm.nih.gov/pubmed/32511199
http://dx.doi.org/10.2214/AJR.11.8064
https://www.ncbi.nlm.nih.gov/pubmed/22997377
http://dx.doi.org/10.2214/AJR.17.18327
https://www.ncbi.nlm.nih.gov/pubmed/29220209
http://dx.doi.org/10.1016/j.acra.2021.08.020
https://www.ncbi.nlm.nih.gov/pubmed/34563441
http://dx.doi.org/10.1007/s00330-021-07933-7
https://www.ncbi.nlm.nih.gov/pubmed/33909134
http://dx.doi.org/10.1016/j.ejrad.2022.110464
https://www.ncbi.nlm.nih.gov/pubmed/36038410
http://dx.doi.org/10.1016/j.jacr.2007.06.009
https://www.ncbi.nlm.nih.gov/pubmed/17964502
https://www.acr.org/Member-Resources/rfs/learning/Communication-for-Radiology-Residents
https://www.acr.org/Member-Resources/rfs/learning/Communication-for-Radiology-Residents
https://www.acr.org/Member-Resources/rfs/learning/Communication-for-Radiology-Residents
http://dx.doi.org/10.2214/AJR.16.17439
https://www.ncbi.nlm.nih.gov/pubmed/28537754
http://dx.doi.org/10.1016/j.jacr.2015.11.011
https://www.ncbi.nlm.nih.gov/pubmed/26857485
https://www.ncbi.nlm.nih.gov/books/NBK554499
http://dx.doi.org/10.1136/jnnp.2004.057851
https://www.ncbi.nlm.nih.gov/pubmed/16227551
http://dx.doi.org/10.1016/j.jacr.2015.03.018
https://www.ncbi.nlm.nih.gov/pubmed/26047396
http://dx.doi.org/10.1055/s-0038-1676588
https://www.ncbi.nlm.nih.gov/pubmed/30602196
https://www.acrdsi.org/DSI-Services/Define-AI/Use-Cases/Automated-Patient-Friendly-Report-Summary
https://www.acrdsi.org/DSI-Services/Define-AI/Use-Cases/Automated-Patient-Friendly-Report-Summary
http://dx.doi.org/10.1186/s42492-023-00136-5
https://www.ncbi.nlm.nih.gov/pubmed/37198498
http://dx.doi.org/10.1148/rg.2017170047
https://www.ncbi.nlm.nih.gov/pubmed/29528822
http://dx.doi.org/10.2214/AJR.14.12470
https://www.ncbi.nlm.nih.gov/pubmed/25341142
http://dx.doi.org/10.2214/AJR.19.22713
https://www.ncbi.nlm.nih.gov/pubmed/32755165
http://dx.doi.org/10.2214/AJR.21.27270
https://www.ncbi.nlm.nih.gov/pubmed/35080459
http://dx.doi.org/10.1016/j.jacr.2020.09.049
https://www.ncbi.nlm.nih.gov/pubmed/33068534
http://dx.doi.org/10.1016/j.ijcard.2019.05.066
https://www.ncbi.nlm.nih.gov/pubmed/31171391
http://dx.doi.org/10.2214/AJR.18.20586
https://www.ncbi.nlm.nih.gov/pubmed/30860895
http://dx.doi.org/10.2214/AJR.20.23173
https://www.ncbi.nlm.nih.gov/pubmed/34076452
http://dx.doi.org/10.1016/j.jacr.2020.05.014
https://www.ncbi.nlm.nih.gov/pubmed/32579883


STATE OF PRACTICE

Young Professionals in Neuroradiology: Opportunities,
Challenges, and Future Directions
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Judith A. Gadde

ABSTRACT

SUMMARY: The Young Professionals Committee of the American Society of Neuroradiology identifies and serves the interests of
young professionals in neuroradiology, defined as those still in training or within 5 years of its completion. Being a young professio-
nal is an exciting, dynamic, and demanding stage of one’s professional career. As the landscape of neuroradiology practice changes,
new opportunities and challenges occur for those in the early stage of their career. It is important to recognize and support the
needs of young professionals because an investment in their professional development is an investment in the future of our spe-
cialty. In this article, we aimed to address the most notable developments relevant to current and future young professionals in
neuroradiology as well as highlight the work done by the Young Professionals Committee of the American Society of
Neuroradiology in serving the needs of these young professionals, focusing on early neuroradiology engagement, flexible work
arrangements, private practice, social media, artificial intelligence, and international collaborations.

ABBREVIATIONS: AI ¼ artificial intelligence; ASNR ¼ American Society of Neuroradiology; YPC ¼ Young Professionals Committee

The Young Professionals Committee (YPC) of the American
Society of Neuroradiology (ASNR) identifies and serves the

interests of young professionals in neuroradiology, defined as
those still in training or within 5 years of its completion. The
2023–2024 YPC has brought together 46 volunteers from differ-
ent backgrounds, training and career stages, geographic locations,
and practice settings to share their unique perspectives on serving
the needs and supporting the professional development of young
professionals in neuroradiology nationwide and outside the
United States. Being in training and transitioning into practice as
a junior practitioner are relatively short-but-demanding stages of
one’s professional career. Activities pertaining to this stage
remain relevant across multiple generations of radiologists,
including the excitement and challenges of choosing a first job,
solidifying clinical expertise and developing a clinical practice,
and establishing an academic niche and/or building a foundation

for future promotion. Some of the opportunities and dilemmas
posed before today’s young professionals are unique, however,
shaped by the current changing socioeconomic and health care
environment and by technologic advances and generational
changes, adding additional layers of complexity.

In this article, we aimed to address the most notable develop-
ments relevant to current and future young professionals in neuro-
radiology as well as to highlight the work done by the YPC of the
ASNR in serving the needs of these young professionals, focusing
on early neuroradiology engagement, flexible work arrangements,
private practice, social media, artificial intelligence (AI), and inter-
national collaborations.

Significance of Early Engagement in Neuroradiology
With the expansion of academic and private medical centers and
rising clinical volumes in neuroradiology, there is an increasing
recognition of the importance of recruiting young physicians to
our field.1 Prior research shows that earlier exposure1,2 and men-
torship3 during medical school, even as early as middle school,4

influences entry into medicine as well as residency and specialty
selection. Subsequent experiences in early radiology residency
heavily influence the choice of subspecialty. Most important,
mentorship at early stages of medical education also introduces
diversity into the field, whereby those who are currently underre-
presented are encouraged to engage with neuroradiology, gener-
ating a path toward an eventual career choice.4 A recent survey of
Program Directors in Radiology showed that early mentorship
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was thought to be the most important factor for increasing the
recruitment of women and underrepresented-in-medicine stu-
dents into the field of radiology.5 In multiple other male-domi-
nated specialties such as surgery, earlier outreach has been shown
to decrease the sex gap.6

With these factors in mind, the ASNR and YPC recognize
that early outreach to high school students, medical students, and
junior residents is important for establishing a pipeline of future
neuroradiologists from diverse backgrounds. This collective pool
of learners will develop into the future leaders of our profession.
To introduce medical students to a career in neuroradiology early
in their medical education, at the 2023 ASNR Annual Meeting,
the YPC hosted 10 medical students from the Chicago area on a
tour of the Annual Meeting. These medical students attended
oral and poster sessions and engaged with attendees. They were
also invited to join the YPC mentoring reception and to meet
with residents, fellows, and practicing neuroradiologists, to
learn from both the junior and senior members of our society.
Additionally, recognizing the importance of early engagement,
for the first time, the ASNR sponsored fifteen $1000 scholar-
ships for medical students who received awards for best
abstracts, allowing them to attend and present their research at
the 2023 Annual Meeting.

Before the 2023 Annual Meeting in the fall of 2022, the YPC
hosted a virtual webinar directed at medical students and resi-
dents to introduce these learners to the diversity of career options
in neuroradiology. In this webinar, speakers from different geo-
graphic and practice settings spoke about how they found their
way to the field of neuroradiology and how they chose their prac-
tice setup and their subspecialty.

Finally, in an effort to engage with those early in training and
to recruit them into neuroradiology, the YPC is expanding its
current mentoring program to include medical students and resi-
dents. In the current mentorship program, senior faculty mentors
are matched with junior faculty mentees from different institu-
tions on the basis of mutual personal, research, and clinical inter-
ests. In an expansion of this program, junior faculty can serve as
mentors for medical students, residents, and fellows, allowing
mentorship and sponsorship across institutions starting at earlier
levels of training. This plan will open opportunities for research
and collaboration to those at smaller institutions and will expand
the reach of engagement in neuroradiology.

Young professionals in the neuroradiology community can
actively participate in these efforts by joining the YPC mentorship
program, by being matched with trainees around the country.
Locally, early career faculty can reach out to underrepresented stu-
dents and offer shadowing experience in the reading room, as well
as mentorship in research and educational projects. Faculty can
support and sponsor students’ entry into the field of radiology
and neuroradiology and grow the ranks of our profession.

The Value of Flexible Work Arrangements
Workplace flexibility is of varying importance across generations,
with Millennials (born between 1981 and 1996) and Gen Z (born
between 1996 and 2010) placing the highest value on such
arrangements. Recent surveys reveal that workplace flexibility is
the foremost criterion for new job selection among these age

groups,7 including young professionals in neuroradiology. This
preference is especially important because Millennials will consti-
tute 75% of the workforce by 2025.8

Flexible work arrangements remove barriers to career
advancement and foster a sense of inclusion among radiologists.
Workplace flexibility can be achieved in multiple ways, such as
flexitime (flexible work hours within a defined timeframe such
as flexible starting and ending times), flexiplace (remote work),
a compressed week, and part-time work. At the individual level,
flexible arrangements increase radiologists’ autonomy and
reduce burnout by allowing them to better manage their perso-
nal and professional responsibilities. This flexibility is especially
important for individuals with more personal responsibilities,
particularly women, young radiologists, those in dual-earner
households, and individuals with children.9 Institutions, as well
as radiologists, will benefit from the flexibility. At the organiza-
tional level, workplace flexibility has been shown to increase
productivity, lower costs, improve recruitment and retention of
radiologists, increase diversity, and improve job satisfaction.10

Limited data are available on the prevalence of flexible work
arrangements in radiology. Initially used for after hours or urgent
studies, teleradiology services were primarily provided by corpo-
rate practices. Especially with the onset of the coronavirus 2019
(COVID-19) pandemic, however, academic institutions have
started to embrace fully remote positions. For example, the
University of Rochester Medical Center (Rochester, New York)
has seen notable adoption of remote positions, with 40% of new
faculty hires in 2022 being in fully remote roles. As of April 2023,
12.5% of the clinical faculty at the institution are completely
remote and seamlessly integrated into the academic and educa-
tion mission.11 According to the 2019 American College of
Radiology Commission on Human Resources Workforce Survey,
16% of radiologists worked part-time and 68% of practices had
part-time radiologists in 2019.12

It is time to re-imagine neuroradiology workspace and work-
flow along with other industries. As we move forward, we should
not only allow but also encourage flexible practices to conform to
the preferences of a new generation of practitioners. We must
also actively work on biases such as proximity bias, which is the
unfair preference and recognition given to employees working
on-site based on the false assumption that people are more pro-
ductive on-site than at home.13

A hybrid remote approach, in which radiologists are present
on-site for a few days per week and work the remaining days
remotely, may be an appropriate intermediate approach. This
model offers numerous benefits in both academic and private
practice environments, such as expanded access to skilled profes-
sionals for remote sites, improved equity and fairness, increased
productivity, reduced expenses, added personal flexibility and
autonomy, and overall better work experiences for radiologists.

Changing the Private Practice Landscape
One of the strategic goals of the ASNR YPC is to identify the spe-
cific needs and career development resources for supporting
young professionals in neuroradiology in private practice settings.
Neuroradiology, similar to other subspecialties in radiology, is
undergoing an evolution in private practice. There is an overall
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increased demand for radiology services as the number of exami-
nations continues to grow after the immediate and marked
increase in imaging examination volume following the COVID-19
pandemic, known as the post-COVID-19 bounce.14,15

Additionally, the trend toward increased subspecialization, as
well as retirement and burnout, has increased the need for neuro-
radiologists in private practice.16 This need is driven by requests
of referring clinician specialists, the desire for increased quality,
the need for efficiency with ever-larger imaging sets, the increased
need to be familiar with advanced technology and how to use it,
and the advancement of stroke management with the neuroradi-
ologist serving a key role. All these factors have increased the
needs of private practices to employ neuroradiologists.17-19 The
further consolidation of private practices into larger groups has
also contributed to the trend of subspecialization from a practical
aspect. In many groups, however, some degree of general skills
may also be preferred to manage on-call and cross-coverage
responsibilities. Smaller private practices are most likely to con-
tinue to have opportunities for those who want to practice both
general radiology and neuroradiology.

Larger private practice groups allow a larger number of neu-
roradiologists to share the call pool and coverage for vacation,
holidays, and weekends. These features have resulted in an
increased demand for neuroradiologists by private practices
with a variety of job opportunities. Neuroradiology job seekers
have options of traditional on-site, remote, and hybrid work set-
tings to meet the demands of the specific group and the desired
lifestyle for the individual radiologist. Many larger practices
have 24/7 stroke coverage, which often warrants employment of
a team of neuroradiologists to allow complete coverage. Remote
work has now become a mainstay of most private practices, and
many groups offer remote or hybrid work.20 The opportunity to
choose a lifestyle-based practice also exists, with evening and
overnight shifts often offering more vacation than traditional
day shifts.

Regarding types of private practices, one can expect a choice
of independent private practices; multispecialty private practices,
which are often hospital based; and private equity–owned prac-
tices with the latter trend considerably increasing.21-23 Full-time
employed, part-time employed, and independent contractor
opportunities are currently available and allow radiologists to
customize their type of employment setting. The trend toward
commoditization of radiology has also led to some practices that
allow variable workloads with compensation proportionate to the
number of studies read. Overall, private practice offers neuroradi-
ologists flexibility to customize a work setting that is best for their
lifestyle.

The Role of Social Media in a Professional Career
Professional social media use continues to become more preva-
lent in the radiology community, especially during and following
the height of the COVID-19 pandemic. Twitter (now X) contin-
ues to be one of the most popular social media platforms in the
radiology space. However, other platforms are also being used
such as YouTube, Instagram, and TikTok, among others. There
are many potential benefits to using social media professionally,
including in education, leadership, mentorship/sponsorship,

research, branding, and academic advancement.24 These are areas
that can impact young professionals in their early careers.

The COVID-19 pandemic helped us see the positive effects
that social media can have on professional networking and
branding. The lack of geographic barriers allows social media to
connect people across the world who might not ever cross paths
physically. Additionally, social media is traditionally less hier-
archical, potentially creating a sense of ease for young professio-
nals to connect with more experienced radiologists. These
interactions via social media can, therefore, lead to informal men-
torship relationships for young professionals, in addition to the
formal mentorship opportunities already available through the
ASNR YPC. Professional relationships extending beyond col-
leagues at our workplace can be especially important when it
comes to seeking referees for academic promotion.

The ASNR YPC has used social media to reach young profes-
sionals to alert them to opportunities. One specific example is
using social media to advertise the dedicated YPC programming
at the ASNR Annual Meeting. The free ASNR webinar that are
shared via social media, as well as via e-mail, can also be very ben-
eficial for young professionals. ASNR also uses social media to
share volunteer opportunities, such as calls for committee or task
force members, that can boost a young professional’s curriculum
vitae and serve as a networking opportunity within the society.

Some of the potential negative aspects of social media use are
important to highlight as well. Before starting to use social media
professionally, one should investigate any institutional or depart-
mental social media policies, because these are becoming more
common. Additionally, online information should always be
scrutinized, especially if a peer-reviewed resource is not included,
and the reputation of the individual posting the information can
also be considered.

An underappreciated potential negative aspect of social media
is the impact on the mental health of young professionals, specifi-
cally regarding well-being and self-esteem. These negative effects
have been demonstrated in children and adolescents previously.25

Social media is used by some for self-advocacy toward academic
advancement, but this sort of self-advocacy is potentially difficult
and uncomfortable for others.26 The number of those using social
media for self-advocacy or self-promotion can result in what is
known as an “echo chamber” effect, creating groups of like-
minded users with a shared narrative.26, 27 The amount of time
spent on social media, either consuming or creating content, also
needs to be monitored and regulated by the individual, because it
can take time away from other academic and clinical endeavors,
as well as personal time.

Finally, while there can be benefits to using social media pro-
fessionally, participation in social media is not required to suc-
ceed as a young professional in radiology, and it has not been
well-studied in regard to academic advancement at this time.26

The Promise and Pitfalls of Artificial Intelligence
AI is expected to have a substantial impact on radiology practice
in the coming years and to particularly affect the careers of neu-
roradiologists who are currently in the field or who have recently
entered the field. Some of the ways AI is likely to influence the
field are the following:
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• Automated analysis: AI algorithms can process and analyze
medical images more quickly and potentially more accurately
than humans. This feature can help radiologists detect abnor-
malities such as tumors, aneurysms, or strokes with higher
sensitivity and specificity. AI-based systems can act as power-
ful diagnostic aids, improving the efficiency and accuracy of
interpretation.

• Workflow optimization: AI tools can streamline the workflow
of radiologists by automating certain tasks. For example, AI
algorithms can automatically prioritize urgent cases, flag
potential abnormalities for further review, and perform quan-
titative measurements,28 saving time and allowing radiologists
to focus on more complex and critical cases.29

• Decision support: AI can provide decision support to radiol-
ogists by integrating patient data, clinical history, and imaging
findings. By analyzing a wide range of information, AI sys-
tems can offer suggestions for diagnosis, treatment planning,
and patient management. This support can enhance the deci-
sion-making process and help radiologists and neuroradiolo-
gists make more informed choices.

• Precision medicine: AI can contribute to the development of
personalized treatment plans by analyzing imaging data in
combination with genomic information and clinical data. AI
algorithms can identify imaging biomarkers, predict disease
progression, and assess treatment response,30 facilitating the
implementation of precision medicine approaches tailored to
individual patients.

• Quality assurance: AI algorithms can be used for quality con-
trol and standardization of radiologic interpretations. By
comparing radiologists' reports with AI-generated assess-
ments, potential discrepancies or errors can be identified.
This feedback loop can help improve the accuracy and consis-
tency of radiologic interpretations.

• Research and education: AI can aid in the discovery of new
imaging biomarkers and patterns that may not be easily dis-
cernible to human observers. Additionally, AI-based virtual
training platforms can simulate realistic radiology cases, pro-
viding a valuable tool for training and continuing education
for radiologists.31

While AI has great potential, it is not expected to replace
radiologists.32-34 Instead, it is envisioned as a valuable tool that
can augment their capabilities, improve efficiency, and enhance
patient care in neuroradiology practice.28 This issue should be
specially highlighted and clarified for trainees and medical stu-
dents because there is a general negative perception regarding
the impact of AI on radiology practice.35 Some of the key points
to highlight include the following:

• Complementary tool: Computer-assisted diagnosis and AI
should be introduced as tools that complement radiologists
rather than replace them, by reducing their workload, catch-
ing missed findings, and reducing errors.

• Limitations of AI: While AI excels at specific, well-defined
tasks, it still struggles with many aspects of image interpre-
tation that require human judgment, understanding of
clinical context, and integration of information from mul-
tiple sources.

• The human element: Radiology is not just about interpreting
images. It is about communicating results, consulting with
other physicians, and integrating imaging findings with clini-
cal information. These “soft skills” are deeply human and dif-
ficult for machines to replicate.

• Continual learning: Medicine, including radiology, is a con-
tinually evolving field. AI models are only as good as the data
on which they were trained. Radiologists will always be
needed to understand and adapt to new diseases, techniques,
and technologies.

• Validation and regulation: The process of validating, regulat-
ing, and incorporating AI tools into clinical practice is rigor-
ous. These checks and balances ensure that AI is used safely
and appropriately.

• Continuous feedback loop: The evolution of AI in radiology
will require a continuous feedback loop with radiologists.
This will involve radiologists training AI, validating its find-
ings, and refining its algorithms.

Finally, a radiologist’s or neuroradiologist's training is not just
about reading scans; it involves understanding anatomy, pathol-
ogy, physiology, and clinical medicine at a deep level. This holis-
tic approach to patient care is beyond the current reach of AI.

Bringing the World Together: International Outreach and
Collaborations
Young professionals increasingly recognize the value and signifi-
cance of international outreach and collaboration in neuroradiol-
ogy. In the current century, it is easier than ever to communicate
and share knowledge with anyone in the world. Technologic
advances are spreading to all corners of the Earth in record time.
It is the responsibility of science and medicine to use these to
advance medical knowledge, clinical practice, and human health
globally. Within the field of neuroradiology, the ASNR con-
tributes in multiple ways, including the International
Collaborations Committee, the Anne G. Osborn ASNR
International Outreach Professor Program, and initiatives con-
ducted by the YPC. For example, the YPC newsletter reaches out
4 times per year to all members worldwide, with information
about the events and opportunities of ASNR directed toward
young professionals.

For young neuroradiology clinician-scientists, international
collaborations can be especially fruitful: Shared projects and
research fellowships provide a win-win situation in terms of
ideas, resources, knowledge, and network. For randomized con-
trolled trials, international collaborations can improve inclusion
speed and generalizability with 1 example being the Canadian
Efficacy and Safety of Nerinetide for the Treatment of Acute
Ischaemic Stroke (ESCAPE-NA1) trial.36 In clinical practice,
sharing of experiences and knowledge is valuable to improve
practice on both sides. This sharing may be useful on a personal
scale too: Approximately 12% of practicing radiologists in the
United States are foreign medical graduates, and the participation
of foreign graduates in radiology training programs increased
from 2% to 15% between 2006 and 2020.37

At the ASNR Annual Meeting, of almost 2000 in-person and
more than 4500 virtual registrations, approximately 5% are
international participants. For young professionals, including
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international young professionals, workshops and networking
events are organized to expand their knowledge and networks.
Now that COVID-19-related travel restrictions have ended, we
hope that international participation will continue to increase.

CONCLUSIONS
Being a young professional is an exciting, dynamic, and demand-
ing stage of one’s professional career. As the landscape of neuro-
radiology practice changes, new opportunities and challenges
arise for those in the early stage of their career. The ASNR YPC
recognizes the importance of identifying and supporting the
needs of young professionals because an investment in their pro-
fessional development is an investment in the future of our
specialty.

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
NEUROVASCULAR/STROKE IMAGING

Delayed Enhancement of Intracranial Atherosclerotic
Plaque Can Better Differentiate Culprit Lesions: A

Multiphase Contrast-Enhanced Vessel Wall MRI Study
Beibei Sun, Lingling Wang, Xiao Li, Jin Zhang, Jianjian Zhang, Jiaqi Tian, Mahmud Mossa-Basha, Jianrong Xu,

Yan Zhou, Huilin Zhao, and Chengcheng Zhu

ABSTRACT

BACKGROUND AND PURPOSE: Intracranial plaque enhancement (IPE) identified by contrast-enhanced vessel wall MR imaging (VW-
MR imaging) is an emerging marker of plaque instability related to stroke risk, but there was no standardized timing for postcon-
trast acquisition. We aim to explore the optimal postcontrast timing by using multiphase contrast-enhanced VW-MR imaging and
to test its performance in differentiating culprit and nonculprit lesions.

MATERIALS AND METHODS: Patients with acute ischemic stroke due to intracranial plaque were prospectively recruited to
undergo VW-MR imaging with 1 precontrast phase and 4 consecutive postcontrast phases (9minutes and 13 seconds for each
phase). The signal intensity (SI) values of the CSF and intracranial plaque were measured on 1 precontrast and 4 postcontrast phases
to determine the intracranial plaque enhancement index (PEI). The dynamic changes of the PEI were compared between culprit and
nonculprit plaques on the postcontrast acquisitions.

RESULTS: Thirty patients with acute stroke (aged 59 6 10 years, 18 [60%] men) with 113 intracranial plaques were included. The average PEI
of all intracranial plaques significantly increased (up to 14%) over the 4 phases. There was significantly increased PEI over the 4 phases for
culprit plaques (an average increase of 23%), but this was not observed for nonculprit plaques. For differentiating culprit and nonculprit
plaques, we observed that the performance of IPE in the second postcontrast phase (cutoff¼ 0.83, AUC¼ 0.829 [0.746–0.893]) exhibited
superior accuracy when compared with PEI in the first postcontrast phase (cutoff ¼ 0.48; AUC¼ 0.768 [0.680–0.843]) (P ¼ .022).

CONCLUSIONS: A 9-minute delay of postcontrast acquisition can maximize plaque enhancement and better differentiate between
culprit and nonculprit plaques. In addition, culprit and nonculprit plaques have different enhancement temporal patterns, which
should be evaluated in future studies.

ABBREVIATIONS: AUC ¼ area under the curve; ICC ¼ intraclass correlation coefficient; ICAD ¼ intracranial atherosclerosis disease; IPE ¼ intracranial pla-
que enhancement; PEI ¼ plaque enhancement index; PI ¼ pituitary infundibulum; ROC ¼ receiver operating characteristic; SD ¼ standard deviation; VW ¼
vessel wall

Intracranial atherosclerosis disease (ICAD) is one of the leadingcauses of ischemic stroke worldwide.1-3 The development of 3D
contrast-enhanced vessel wall MR imaging (VW-MR imaging) has
improved the evaluation of ICAD by characterizing intracranial
plaque features qualitatively and quantitatively.4-7 Intracranial

plaque enhancement (IPE), a marker of plaque inflammation, is
one of the major high-risk plaque features associated with ische-

mic stroke.8,9 Strong enhancement is associated with recent ische-
mic events,10,11 and it can predict stroke recurrence.12-15

However, there is no standard imaging and analysis method

by which to quantify IPE. Most studies evaluated intracranial pla-
que enhancement via qualitative grading (grade 0: none; grade I:
higher than normal wall but less than pituitary infundibulum (PI);

grade II: similar to or higher than PI).10,16-18 Despite its ease of
use by radiologists, qualitative grading lacks quantitative informa-

tion, and reproducibility (interrater) is only moderate (k ¼ 0.75 to
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0.83).10,17,19 Quantitative enhancement is a preferred approach and
has been used in many recent studies.20-23 Additionally, in previ-
ous studies, the timing of postcontrast VW-MR imaging after con-
trast injection either varied, ranging from 0 to 20minutes,10,13,24-26

or was unreported.27 A dynamic enhancement study indicated that
intracranial atherosclerosis enhancement might change over
time.28 Thus, it is important to optimize the timing to maximize
lesion enhancement for the identification of high-risk lesions and
to standardize the protocol for future multicenter studies.

The purposes of this study are as follows: 1) identify the ideal
postcontrast timing for enhancing the visualization of IPE by
using multiphase contrast-enhanced VW-MR imaging and 2)
explore the suitable postcontrast timing for distinguishing
between culprit and nonculprit lesions.

MATERIALS AND METHODS
Study Population
Informed consent was obtained from all participants, and all
protocols were approved by the institutional review board.
Consecutive patients with acute ischemic stroke (within 4weeks
of symptoms) due to intracranial atherosclerotic plaque were
prospectively recruited between March 2020 and March 2021,
and they underwent full-head 3D contrast-enhanced VW-MR
imaging. The inclusion criteria for this study were: 1) patients
with intracranial arterial stenosis detected on MR angiography,
CT angiography, or digital subtraction angiography; 2) ischemic
infarct confirmed by DWI within 4weeks; and 3) stroke etiology
determined to be intracranial artery stenosis via the identifica-
tion of intracranial artery plaque on 3D VW-MR imaging. The
exclusion criteria were: 1) intracranial artery occlusion; 2) a
high risk of carotid artery-to-artery embolism: the coexistence
of .50% stenosis or unstable plaques (the presence of at least 3
of the following features: calcification, hemorrhage, superficial
irregularity, and being lipid-rich) of the ipsilateral extracranial
carotid artery having been detected via imaging (sonography,
MR angiography, CT angiography, or digital subtraction angi-
ography); 3) complex aortic arch plaques confirmed by CT angi-
ography (plaque with complex composition or ulcerated or
thickness$4mm)29; 4) evidence of cardioembolic source ische-
mic stroke (recent myocardial infarction within 3weeks, atrial
fibrillation or flutter, evidence of cardiac or valvular thrombus
on echocardiography or other imaging); 5) clinical evidence of
the presence of vasculopathy, other than atherosclerosis (eg, vas-
culitis, reversible cerebral vasoconstriction syndrome, or other
vasospastic processes, Moyamoya disease, or dissection); 6)
degraded image quality of 3D VW-MR imaging that limited the
accurate delineation of the artery boundaries for quantitative
analysis; and 7) subsequent scans were abandoned if any stage
of the postcontrast phases had an unsatisfactory image quality.
Participants’ data, including vascular risk factors such as age,
sex, body mass index, hypertension, diabetes, dyslipidemia, and
current smoking, were extracted from an institutional database.

3D VW-MR Imaging Protocol
VW-MR imaging was performed on a 3T MR scanner (Prisma,
Siemens) by using a 64-channel phased-array neurovascular coil.
The imaging protocol included 3D time-of-flight MR angiography

as well as 1 precontrast and 4 postcontrast enhanced T1-
weighted 3D sampling perfection with application-optimized
contrasts by using different flip-angle evolutions (SPACE;
Siemens) acquisitions. The 3D time-of-flight MR angiography
used the following parameters: TR/TE, 21.0/3.69 ms; number of
slices, 48; flip angle, 16°; field of view, 220� 195 mm2; voxel
size, 0.6 mm3; acquisition matrix, 384� 345; slabs, 5; and scan
time, 6minutes and 2 seconds. This was followed by precontrast
T1-weighted SPACE with the following parameters: sagittal
imaging orientation; TR/TE, 1000/15 ms; number of slices, 240;
field of view, 193� 193 mm2; voxel size, 0.6 mm3; acquisition
matrix, 320� 320; slabs, 1; and scan time, 9minutes and
13 seconds. Motion-sensitized driven equilibrium was used to
suppress the signal of slow flow with a 500mTms2/m gradient
in the x-y-z directions in order to enhance the visualization of
the vessel wall.30 Four consecutive phases of postcontrast T1-
SPACE were acquired after a gadolinium-based contrast
(Magnevist) injection (0.1mmol/kg at a rate of 1.5mL/s). Four
postcontrast phases were consecutively scanned immediately af-
ter the injection of the contrast agent without any time intervals
in between. These phases were initiated at the following time
intervals after the contrast injection: 0minutes for the first
phase, 9minutes and 13 seconds for the second phase,
18minutes and 26 seconds for the third phase, and 27minutes
and 39 seconds for the fourth phase. The total scan time of the 4
postcontrast phases was 36minutes and 52 seconds.

Image Analysis
Three neuroradiologists (B.S., L.W., and X.L., each with 6 years
of experience in neurovascular imaging), blinded to clinical in-
formation, each independently reviewed VW-MR imaging stud-
ies on PACS software (Carestream Health, Version 11.4.0.0179),
and performed qualitative and quantitative measurements.
Discrepancies were resolved through a consensus discussion
with a fourth radiologist (H.Z., with 12 years of experience in
neurovascular imaging). An image quality rating was assigned
by using a 3-point scale, where 1¼ poor [low SNR and obscured
vessel wall or lumen boundaries], 2¼marginal (passable SNR
with a few motions or blood artifacts, distinguishable vessel
wall, but partially obscured vessel lumen and wall boundaries),
and 3 ¼ good (high SNR without artifacts, clearly displaying
vessel lumen boundary and wall).31 The MR data sets with
image quality ratings of 1 were excluded from further analyses.
Intracranial atherosclerotic plaques were identified by using a
previously reported definition (the presence of focal wall thick-
ening10 on both precontrast and postcontrast VW-MR imaging.
The raters identified all plaques involving the arterial branches
of the circle of Willis, including the C4–7 segment of the inter-
nal carotid artery, the A1–2 segment of the anterior cerebral ar-
tery, the M1–2 segment of the middle cerebral artery, the V4
segment of the vertebral artery, the P1–2 segment of the poste-
rior cerebral artery, and the basilar artery.

The culprit plaque was defined as 1) the only lesion within the
vascular territory of the stroke or 2) the most stenotic lesion
when multiple plaques were present upstream of the stroke terri-
tory.10 We have identified a total of 30 culprit plaques, with 24
falling into category A (representing the sole lesion within the
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vascular territory of the stroke) and 6 falling into the less common
category B (in which multiple plaques were present upstream of
the stroke territory). For these 6 category B plaques, detailed infor-
mation on their location, enhancement grade, and stenosis grade
are provided in the Online Supplemental Data. All 6 of the cate-
gory B culprit plaques have the highest stenosis degree as well as
the highest enhancement degree. There was no plaque that had
a high enhancement but a low degree of stenosis. In addition,
we have excluded patients presenting with the scenario in which
the most stenotic plaque exhibits lower enhancement and a less
stenotic plaque displays strong enhancement, as this situation
can pose challenges in defining the culprit plaque.

The plaque enhancement grade was classified into 3 grades on
the postcontrast T1-SPACE images by using previously published
criteria:10,32 grade 0, no enhancement, defined as the signal inten-
sity of the plaque being similar to that of the adjacent normal ves-
sel wall; grade I, mild enhancement, defined as the signal
intensity of the plaque being lower than that of the pituitary in-
fundibulum but higher than that of the adjacent normal vessel
wall; and grade II, obvious enhancement, defined as the signal in-
tensity of the plaque being similar to or greater than that of the
pituitary infundibulum. Though a quantitative analysis method is
preferred to qualitative grading, we still performed grading in this
study to identify the potential changes of grades when the post-
contrast scans were acquired at different times, and such grading
was widely used in previous clinical studies.

Quantitative plaque enhancement was analyzed by using the
plaque enhancement index (PEI).

PEI ¼
SIplaque�post

SICSF�post
� SIplaque�pre

SICSF�pre

SIplaque�pre

SICSF�pre

where “pre” indicates precontrast enhanced images and “post”
indicates postcontrast enhanced images. The SI of plaque was
measured on a section orthogonal to the course of the parent ar-
tery with images that were magnified 6-fold on the image
viewer. Three ROIs were placed over the target lesion, on the
section with the most conspicuous lesion enhancement and on
the adjacent section in each direction on the first postcontrast
phase images. The PEI was calculated by the mean SI of the
ROIs from the 3 slices. The reference structure CSF expected to
normalize PEI was also measured (an ROI of 10 mm2 drawn on
the frontal horn of the right lateral ventricle). It needs to be
mentioned that few patients changed position during the scan-
ning process. So, we did not register the precontrast and 4
phases of postcontrast images in the same patient, but the mea-
surement of the ROIs of the reference object and plaque was
copied between the precontrast and 4 phases of postcontrast
images (automatic align). Then, the position was manually
adjusted, which ensured that the ROIs’ positions and sizes in the
pre contrast and 4 phases of postcontrast images were consist-
ent. The ROI of the intracranial plaque and CSF were all man-
ually segmented by using medical imaging viewer software (Vue
PACS Livewire, Carestream).

Within this study cohort, 20 plaques (10 culprit plaques and
10 nonculprit plaques) in 10 cases were randomly selected. A

quantitative analysis was independently performed by 2 radiolog-
ists (B.S. and L.W., each with 6 years of experience in neurovas-
cular imaging). A qualitative analysis was performed by 3
radiologists (B.S., L.W., and X.L., each with 6 years of experience
in neurovascular imaging). One reviewer (L.W.) independently
reevaluated the same 20 plaques 2months after the initial evalua-
tion for an intrarater agreement analysis.

Statistics
All analyses were performed by using the SPSS software package
(version 23.0). Continuous data are presented as mean 6 stand-
ard deviation (SD). All variables were tested for normal and ho-
mogeneous variance by using the Shapiro-Wilk normality test
and Levene test, respectively. Categoric variables were recorded
as frequencies and percentages. Multiple paired t tests were con-
ducted after a 1-way repeated-measures ANOVA to assess differ-
ences among the 4 postcontrast phases. To address the issue of
multiple comparisons and the nonindependence of plaques
within the same subjects, we first applied the Bonferroni correc-
tion to control the family error rate and maintain overall signifi-
cance levels. Second, to account for the nonindependence of
plaques within the same subjects, we utilized a mixed-effects
model repeated measures ANOVA for multiple comparisons.
Interobserver and intraobserver agreement were calculated with
the Kendall W or Cohen k value for the categoric data and the
intraclass correlation coefficient (ICC) for the continuous data. A
value of Kendall W, Cohen k or ICC of.0.80 indicated excellent
agreement. All tests were 2-tailed, and P values of,.05 were con-
sidered to be indicative of a statistically significant result. A 1-way
repeated measures design with a sample of 60 subjects (30
patients for each group), measured at 4 time points, achieved a
0.15 effect size and 95% power to detect differences among the
PEI means by using a Geisser-Greenhouse corrected F test at a
.05 significance level. The standard deviation across subjects at
the same time point was assumed to be 0.515. The pattern of the
covariance matrix is to have all correlations equal with a correla-
tion of 0.7 between the first and second time point PEI measure-
ments. These calculations were conducted by using PASS 2023
Power Analysis and Sample Size Software (2023) (NCSS). The
result showed that a minimum sample size of 30 was needed in
each group. Accordingly, we planned to include 30 participants
in this prospective study. The receiver-operating characteristic
(ROC) curves to differentiate between culprit and nonculprit
lesions were plotted for 4 postcontrast phases, and the area under
the curve (AUC) values were calculated. We utilized the DeLong
test to compare the ROC curves between postcontrast phases.
This test calculates a test statistic (z) and its corresponding
P value based on paired ROC curves and the standardized area
differences between them. Additionally, to determine the optimal
cutoff value used to estimate sensitivity and specificity, we con-
ducted a comprehensive analysis by maximizing the Youden
index derived from the ROC curve.

RESULTS
Patient Demographics and Intracranial Plaque Characteristics
From March 2020 to March 2021, 62 participants were recruited
to undergo 3D VW-MR imaging. Thirty-two participants were
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excluded because of 1) intracranial artery occlusion (n¼ 3); 2)
the coexistence of ipsilateral extracranial carotid atherosclerosis
with .50% stenosis (n¼ 12) or unstable features (n¼ 2); 3) evi-
dence of cardioembolic source ischemic stroke (n¼ 1); 4) the
presence of nonatherosclerotic intracranial vasculopathy (n¼ 1);
5) insufficient image quality (n¼ 3); 6) a stroke.1month since

onset (n¼ 7); and 7) having an incomplete set of 4 postcontrast
phase scans (n¼ 3). The flow chart is summarized in Fig 1.
Finally, a total of 30 patients with 113 plaques were included
(aged 59 6 10 years, 18 [60.0%] men). The median plaque num-
ber for the group of patients is 3.0 [interquartile range, [2.0–6.0]).
The demographic and intracranial plaque characteristics are sum-
marized in Table 1.

Dynamic Changes of Quantitative Enhancement of
Culprit and Nonculprit Plaques
The PEI of all intracranial plaques significantly increased (on
average 14.1%) over time after the contrast injection, from 0.64
6 0.49 at the first postcontrast phase to 0.736 0.51 at the fourth
postcontrast phase (P ¼ .033). For the culprit plaque, the PEI
significantly increased 22.1% with time after the contrast injec-
tion, from 1.02 6 0.53 at the first postcontrast phase to 1.20 6

0.49 at the fourth postcontrast phase (P ¼ .034). There were no
significant differences between the second and third, second
and fourth, or third and fourth postcontrast phases in either the
all intracranial plaques or the culprit plaques. In addition,
the nonculprit plaques showed no significant differences among
the 4 postcontrast phases (P ¼ .450) (Fig 2 and Table 2). Two
examples of patients with culprit and nonculprit plaques are
demonstrated in Fig 3.

The ROC curves for distinguishing between culprit and non-
culprit plaques are graphically represented in Fig 4, and a detailed
summary of the AUC values can be found in Table 3. Specifically,

FIG 1. Patient selection flow chart.

Table 1: Demographic and intracranial plaque characteristics of
30 patients with acute stroke

Patient Demographics
Mean6 SD or Median (IQR)

or n (%)
Age (years) 59.0 6 9.7
Body mass index (kg/cm2) 24.6 6 2.9
Sex (male) 18 (60.0%)
Hypertension 21 (70.0%)
Diabetes 11 (36.7%)
Dyslipidemia 6 (20.0%)
Current smoking 5 (16.7%)
Plaque location
Internal carotid artery (C4–7) 25 (22.1%)
Middle cerebral artery 34 (30.1%)
Anterior cerebral artery 6 (5.3%)
Basilar artery 17 (15.0%)
Vertebral artery 21 (18.6%)
Posterior cerebral artery 10 (8.9%)

Plaque stenosis (%)
30% # stenosis, 50% (grade I) 74 (65.5%)
50% # stenosis, 70% (grade II) 15 (13.3%)
Stenosis$ 70% (grade III) 24 (21.2%)

Plaque numbers (n) 3.0 (2.0–6.0)
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the AUC values for PEI in the 4 postcontrast phases were 0.768
(0.680�0.843), 0.829 (0.746�0.893), 0.840 (0.759–0.902), and
0.812 (0.727–0.879), respectively.

The cutoff values of PEI in the 4 postcontrast phases were
0.48 (sensitivity¼ 59.0%, specificity¼ 86.7%), 0.83 (sensitivity¼
80.7%, specificity¼ 70.0%), 0.95 (sensitivity ¼ 83.1%, specificity¼
70.0%), and 0.98 (sensitivity¼ 84.3%, specificity¼ 70.0%),
respectively. In addition, the AUC for PEI in the second post-
contrast phases was higher than that observed for PEI in the first
postcontrast phases (P ¼ .022) to detect culprit plaques, but no
differences were found between the other postcontrast phases
(Table 4).

Dynamic Changes of Qualitative Enhancement of Culprit
and Nonculprit Plaques
As shown in the Online Supplemental Data, during the 4
postcontrast enhanced phases, the grade II percentage of cul-
prit plaques was higher than that of the nonculprit plaques,
and the grade 0 and grade I percentages of culprit plaques
were both lower than those of the nonculprit plaques. As
shown in the first postcontrast phase, there were 16 (14.2%)

grade 0, 69 (61.1%) grade I, and 28
(24.7%) grade II plaques. Over time,
the degree of enhancement increased
over subsequent phases. The grade II
plaques significantly increased from
28 (24.7%) to 54 (47.8%) (P , .05),
whereas the grade 0 (from 14.2% to
6.2%) and grade I (from 61.1% to
46.0%) plaques showed a decreasing
trend (P . .05). In addition, the
enhancement grade changed a lot
during the 4 postcontrast enhanced
phases in the culprit and nonculprit
plaques (P ¼ .020 and P ¼ .006,
respectively). The percentage of
grade II tended to increase during
the 4 postcontrast enhanced phases
in the culprit and nonculprit pla-
ques, whereas the percentages of
grade I and grade 0 gradually
decreased during the 4 postcontrast
enhanced phases.

The enhancement grades of 42
(37.2%) plaques in 17 (56.7%) patients
changed during the 4 postcontrast
phases (Online Supplemental Data).
30% of the culprit plaques from 9
patients showed an enhancement
grade change from grade I to grade II.
Similarly, in the nonculprit plaque
group, 39.8% of the plaques from 18
patients exhibited an enhancement
grade change.

The ability of the enhancement
grade to differentiate between culprit
and nonculprit plaques did not show a

significant difference among the 4 postcontrast enhanced phases
(Online Supplemental Data).

3D VW-MR Imaging Measurement Reproducibility
The interrater and intrarater reproducibility data are summarized
in the Online Supplemental Data. There was excellent interrater
and intrarater agreement for all measurements (all Kendall W or
Cohen k and ICC values were greater than 0.80).

DISCUSSION
In this study, we attempt to standardize the postcontrast timing
for evaluating intracranial vessel wall enhancement by using mul-
tiphase contrast-enhanced VW-MR imaging. We found that 1) a
9-minute delay in postcontrast acquisition proved to be beneficial
for enhancing plaque visibility and enhancing the differentiation
between culprit and nonculprit plaques and 2) culprit and non-
culprit plaques exhibit unique enhancement patterns over time,
which is a facet deserving of exploration in future research. Such
results highlight the importance of the standardization of imaging
protocols and possibly explain the large variability of previous
studies due to inconsistent postcontrast timing. Our study

FIG 2. Plaque enhancement index (PEI; the mean signal intensity of plaque normalized by CSF)
change of culprit and nonculprit plaques over time. The boxes were drawn with the median (line
in the box) as well as the 25th and 75th percentiles. The bars above and below the box are the
maximum and minimum values of the PEI, respectively. The PEI values of all intracranial plaques
and culprit plaques increase over the 4 phases (P ¼ .033, P ¼ .034, respectively). The PEI values of
the nonculprit plaques show no significant differences among the 4 postcontrast phases (P ¼
.450). *, P, .05; ns, not significant.

Table 2: Plaque enhancement index change of culprit and nonculprit plaques over time

Phase

PEI
All Plaques
(n= 113)a

Nonculprit
Plaque (n= 83)a

Culprit Plaque
(n= 30)b

1st 0.66 6 0.51 0.54 6 0.44 1.02 6 0.53
2nd 0.72 6 0.52 0.55 6 0.42 1.17 6 0.50
3rd 0.73 6 0.47 0.58 6 0.39 1.16 6 0.41
4th 0.76 6 0.53 0.60 6 0.44 1.20 6 0.49
Pc .033 .450 .034
P 1st versus 2nd .014 .578 .007
P 1st versus 3rd .049 .446 .057
P 1st versus 4th .029 .401 .035
P 2nd versus 3rd .879 .640 .869
P 2nd versus 4th .502 .572 .680
P 3rd versus 4th .458 .771 .477

a A mixed-effects model repeated measures ANOVA for continuous variables was used to analyze the differences
between all 4 postcontrast phases in all plaque groups and the nonculprit plaque group.
b A 1-way repeated-measures ANOVA for continuous variables was used to analyze the differences between the 4
postcontrast phases in the culprit plaque group. This was followed by a pair-wise comparison post hoc analysis
using Bonferroni correction to compare the differences between the PEI values of each 2 contrast phases.
c P values of the comparisons of the 4 postcontrast phases.
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provides an important reference for the design of future multi-
center studies targeting intracranial plaques on VW-MR imaging
and stroke risk. The 9-minute delay could also be considered for
utilization in other postcontrast sequences as a part of the clinical
stroke imaging protocol, potentially without extending the overall
duration of the MR imaging examination.

The time interval of postcontrast VW-MR imaging after con-
trast administration was inconsistent in previous studies, ranging
from 0–20minutes (or was unreported in many studies).
Skarpathiotakis et al26 obtained postcontrast images immediately
after contrast administration, whereas Qiao et al10 acquired post-
contrast images 5minutes after contrast injection. Song et al13

obtained postcontrast images within 10minutes after the admin-
istration of contrast injection, whereas Vakil et al25 performed
postcontrast T1-weighted imaging within 20minutes of contrast
injection. Because of the large variation of these previous studies,
the enhancement measurements were not interchangeable. De
Havenon et al33 retrospectively examined the impact of time
intervals between contrast administration and postcontrast VW-
MR imaging (range from 0 to 40 min) on the enhancement of 35
intracranial plaques in 35 patients with acute ischemic stroke and
found that a longer duration after contrast injection was associ-
ated with increased plaque enhancement. However, each patient
had only 1 postcontrast acquisition with variable postcontrast
timing, and the effects of interpatient differences could not be
ruled out. Stroke severity, stroke acuity at the time of imaging,
and other factors could lead to different plaque enhancement.

Our prospective study had a more rigorous design through the
use of Multiphase postcontrast VW-MR imaging in the same
patient.

Our study also found that by prolonging the time interval
between contrast administration and postcontrast VW-MR imag-
ing to at least 9minutes, the plaque enhancement index
increased. After the injection of the gadolinium contrast agent,
the contrast goes into the plaque in one of two possible ways: 1)
via the vasa vasorum9 (neovasculature) in the adventitia of the ar-
tery and 2) via direct penetration from the surface of the plaque.
By either way, it needs a few minutes or longer to reach the peak
concentration. Such a phenomenon is also present in other dis-
eases. For example, in cardiac MR imaging examinations, late
gadolinium enhancement is widely used to detect myocardium
scars. Delayed contrast-enhanced scans with CT or MR are also
the standard clinical imaging protocol for adrenal glands and
tumors.34 We also noticed that increasing the delay time to
18minutes or longer will not further increase the enhancement.
Thus, the delay of 9 minutes is the best option without excessively
increasing the scan time. We also found that delayed enhance-
ment could better distinguish between culprit and nonculprit pla-
ques. This was because the culprit plaques had different
enhancement curves than did the nonculprit plaques. The culprit
plaques had increased PEI levels and then stayed at a high PEI
level. The nonculprit plaques did not have a significant increase
in PEI, even when acquired with a long delay. The reason may be
that culprit plaques had rich vasa vasorum and high permeability,

FIG 3. Cases of the culprit and nonculprit plaque signal intensity change during the 4 postcontrast phases.
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whereas the nonculprit plaques lacked such high-risk features. It
is noteworthy that researchers such as Qiao et al10 have success-
fully employed a 5-minute delay in their studies, as exemplified
in their work published in Radiology. This raises the possibility
that a 5-minute delay might be adequate for distinguishing
between culprit and nonculprit plaques. It is essential to highlight
that the main focus of our study was not only to distinguish
between plaque types but also to understand how intracranial
plaque enhancement changes over time. The 9-minute delay rec-
ommended in clinical practice may not be realistic. The need for
dynamic contrast-enhanced scans28 with high temporal

resolution is recognized to guide us toward achieving better
results with shorter delay times. However, the study design
involves longitudinal/multiphase postcontrast acquisition in the
same patient, and the findings above suggest that our study
remains relevant. Our study serves as an initial exploration of a
trend, albeit within a small sample. It underscores the need for
further research with larger sample sizes and an improved study
design to complement and refine these initial findings.

In addition, we observed significant changes in the enhance-
ment grade between culprit and nonculprit plaques at 4
enhancement periods, with 42 (37.2%) plaques in 17 (56.7%)

FIG 4. The ROC of the plaque enhancement index in the 4 contrast-enhanced phases for differentiating between culprit and nonculprit
plaques.

Table 3: Plaque enhancement index in different contrast-enhanced phases to differentiate between culprit and nonculprit plaques
Variables AUC (95% CI) Sensitivity/Specificity Cutoff P Value
PEI 1st 0.768 (0.680–0.843) 59.0%/86.7% 0.48 ,.001
PEI 2nd 0.829 (0.746–0.893) 80.7%/70.0% 0.83 ,.001
PEI 3rd 0.840 (0.759–0.902) 83.1%/70.0% 0.95 ,.001
PEI 4th 0.812 (0.727–0.879) 84.3%/70.0% 0.98 ,.001

Table 4: Comparison of ROC curves of PEI to differentiate between culprit and nonculprit plaques between 4 postcontrast phases
Variables Difference between AUC area 95% CI z statistic P Value

PEI 1st versus PEI 2nd 0.060 6 0.026 0.009–0.112 2.293 .022
PEI 1st versus PEI 3rd 0.071 6 0.039 �0.005–0.148 1.824 .068
PEI 1st versus PEI 4th 0.043 6 0.038 �0.032–0.118 1.131 .258
PEI 2nd versus PEI 3rd 0.011 6 0.025 �0.038–0.060 0.444 .657
PEI 2nd versus PEI 4th 0.017 6 0.027 �0.036–0.070 0.628 .530
PEI 3rd versus PEI 4th 0.028 6 0.024 �0.020–0.076 1.151 .249
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patients displaying changes during the 4 postcontrast phases
(Online Supplemental Data). The enhancement grade of 30% of
the culprit plaques in 9 patients changed from grade I to grade
II. Similarly, in the nonculprit plaque group, 39.8% of plaques
from 18 patients showed enhanced grade changes. Our findings
demonstrated that the enhancement grade is not fixed but
dynamically changing, with some grade I plaques transitioning
to grade II and vice versa over time. The possible reason for the
above phenomenon is that the pituitary infundibulum (the ref-
erence used to assess enhancement grade) also changes over
time. We have also found that there is no statistically significant
difference in the differentiation ability of enhancement grades
between culprit and nonculprit plaques across the 4 postcontrast
phases. These findings suggest that enhancement grades alone
may not provide a strong discriminatory capability to distin-
guish between these plaque types. Different from our study,
Kwee et al35 investigated intracranial atherosclerotic plaques in
patients at 140 days poststroke and found differences in the evo-
lution of culprit and nonculprit plaques. They demonstrated
that the contrast enhancement grade of intracranial atheroscler-
otic plaques can persist for months after an ischemic event. The
culprit plaques showed the highest baseline enhancement grade
more frequently and were more likely to remain at grade II,
whereas the nonculprit plaques were more likely to show a
decline in enhancement grade at follow-up.

In our study, we focused on determining the optimal postcon-
trast timing for differentiating between culprit and nonculprit
plaques. We conducted longitudinal/multiphase postcontrast ves-
sel wall MR imaging to evaluate how the enhancement of intra-
cranial plaques changes over time within relatively shorter
imaging intervals (0, 9, 18, and 27 minutes after the contrast
injection). Our findings are based on a different approach that is
aimed at understanding how plaque enhancement changes in
acute ischemic stroke phases (within 4weeks of symptoms) fol-
lowing contrast administration. Kwee et al's35 study examined
patients at a much later time point (140 days poststroke) and
offered insights into the plaque changes that occur in the post-
stroke period, shedding light on the longer-term implications. In
contrast, our study aimed to determine the optimal timing for
clinical imaging in the acute phase, which has value in the diag-
nosis and management of patients with acute ischemic stroke.
We provided insights into an early dynamic of plaque enhance-
ment, specifically within an hour of contrast injection. The above
findings suggest that the enhancement effects vary at different
periods. Further validation in chronic patients is needed.

This study had several limitations. First, the 9-minute delay
used in our study may not be realistic in clinical practice. As
imaging technology advances, shorter scan times can provide
more detailed temporal resolution, which is crucial for captur-
ing subtle changes in plaque enhancement. Second, this was a
single-center study that used only 1 scan protocol (3D SPACE)
with 1 vendor (Siemens) and 1 contrast agent (Magnevist at
0.1mmol/kg). Multicenter studies across multiple scan proto-
cols and multiple platforms will be needed to confirm our
results. Third, the difference in enhancement behavior between
culprit and nonculprit plaques may depend on the arterial input
(which may vary between subjects). However, postcontrast

images were acquired a few minutes after the injection (about
9minutes). By this time, the contrast agent has been evenly dis-
tributed into the blood. Finally, our study has a limited sample
size, and some nonculprit plaques came from the same patients.
To ensure robust and unbiased statistics, we used correction
methods. A larger-scale study is needed to validate the findings
and extend the current research.

CONCLUSIONS
A 9-minute delay of postcontrast acquisition can maximize pla-
que enhancement and better differentiate between culprit and
nonculprit plaques. In addition, culprit and nonculprit plaques
have different enhancement temporal patterns, which should be
evaluated in future studies.

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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Development of Collateral Vessels after Anterior Circulation
Large Vessel Occlusion in Pediatric Arterial Ischemic Stroke

Relates to Stroke Etiology: A Longitudinal Study
Manoëlle Kossorotoff, David Grévent, Charles-Joris Roux, and Francis Brunelle

ABSTRACT

BACKGROUND AND PURPOSE: The characteristics of large vessel occlusion (LVO) in the acute phase of pediatric arterial ischemic
stroke and their natural history according to stroke etiology are poorly explored. This studied aimed at describing the prevalence
and the radiological evolution of LVO in pediatric AIS.

MATERIALS AND METHODS: This single-center retrospective study included consecutive non-neonate children with acute arterial
ischemic stroke, intracranial proximal LVO in the anterior circulation (MCA, anterior cerebral artery, and/or ICA), and clinical and
imaging follow-up for at least 18months, during a 9-year period.

RESULTS: Intracranial LVO was observed in 24.8% of patients with anterior circulation arterial ischemic stroke and adequate follow-
up (n¼ 26/105), with a median age of 4.2 years (IQR 0.8–9), sex ratio 1.16. The main stroke etiology associated with LVO was unilat-
eral focal cerebral arteriopathy (n¼ 12, 46%). During follow-up, a specific pattern of unilateral poststroke anastomotic bridge was
observed in 8/26 patients, with the poststroke development of nonperforating collaterals forming a bridge in bypass of the LVO
site with visible distal flow, within a median delay of 11 months. The development of unilateral poststroke anastomotic bridge was
only observed in patients with unilateral focal cerebral arteriopathy. No patient with this pattern experienced stroke recurrence or
further progressive vascular modifications.

CONCLUSIONS: After stroke, the development of unilateral poststroke anastomotic bridge is specifically observed in children with
focal cerebral arteriopathy, appearing in the first year after stroke. This clinical-radiologic pattern was not associated with stroke
recurrence or arterial worsening, differentiating it from progressive intracranial arteriopathy, such as Moyamoya angiopathy.

ABBREVIATIONS: ACA ¼ anterior cerebral artery; AIS ¼ arterial ischemic stroke; FCA ¼ focal cerebral arteriopathy; IQR ¼ interquartile range; LVO ¼ large
vessel occlusion; MMA ¼ Moyamoya angiopathy; MT ¼ mechanical thrombectomy; PCA ¼ posterior cerebral artery; U-PS ¼ unilateral post stroke

Stroke in children is a rare but devastating event, with long-last-
ing developmental consequences affecting the child’s and fam-

ily’s lives. Large vessel occlusion (LVO) is observed in 20%–25%
of pediatric arterial ischemic stroke (AIS)1,2 and there is growing
evidence for the use of mechanical thrombectomy in this setting
to improve long-term outcomes.3-9 However, there is still some
debate concerning the importance of including stroke etiology in
the decision-making process, as focal cerebral arteriopathy (FCA)

seems to be associated with an increased rate of re-occlusion after
mechanical thrombectomy.8 Indeed, the specificities of LVO
according to stroke etiology in children and the angiographic nat-
ural history of pediatric LVO have not been reported so far. This
study explored LVO characteristics in pediatric AIS according to
stroke etiology, specifically addressing radiologic and clinical out-
comes with and without recanalization treatments, focusing on
poststroke collateral vessel development.

MATERIALS AND METHODS
This study is a retrospective analysis of the prospectively main-
tained single-center database of pediatric AIS in the Necker-
Enfants Malades University Hospital, Paris, France. Patients were
included if they fulfilled the following criteria: 1) non-neonate pe-
diatric patients (28 days – 17 years old) presenting with AIS in the
anterior circulation between January 1, 2010, and December 31,
2018; 2) large vessel occlusion in the intracranial anterior circula-
tion, eg, proximal middle cerebral artery (MCA, M1, and/or M2
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segments) and/or the proximal anterior cerebral artery (ACA, A1
segment) and/or the terminal portion of the ICA observed on
imaging at the acute phase; and 3) available clinical, parenchymal,
and vascular imaging follow-up for at least 18months. Clinical
and demographic data, medical history, and etiological work-up
results were extracted from the local database. Imaging data
(MR, CT, MRA, CTA) were centrally reviewed. Stroke charac-
teristics and vascular findings at the acute phase and during fol-
low-up were recorded. Stroke recurrence was defined as
persistent new focal deficit associated with a new ischemic lesion
on MR imaging after initial stroke. Early vessel reocclusion
without new ischemic lesion, or TIA were not considered as a
stroke recurrence. Retained stroke etiology was determined
according to the CASCADE classification for pediatric stroke
(Online Supplemental Data).10

Because of the small sample, data were expressed in median
and interquartile range (IQR). Comparisons of values between
subgroups used nonparametric tests, eg, Wilcoxon rank sum test.
Participants’ legal guardians provided consent for the anony-
mized use of data.

RESULTS
Prevalence of Anterior Circulation LVO
During the inclusion period, 105 patients aged 28 days to 17 years
old had both an AIS in the anterior circulation territories and
available clinical and imaging follow-up for at least 18months.
Among them, intracranial LVO was observed in 26 patients
(24.8%), 14 boys and 12 girls, with a median age of 4.2 years old
(IQR, 0.8–9) (Fig 1).

Characteristics of LVO and Stroke at the Acute Phase
LVO was determined on TOF-MRA for all patients, including 2
patients who had both MRA and CTA at the acute phase.
Intracranial LVO was unilateral in 25/26 patients, more frequent

on the left side (n¼ 16, right side n¼ 9,
P¼ .019). The most frequent site of
occlusion was the proximal MCA
(n¼ 25, M1 segment n¼ 16, M2 seg-
ment n¼ 9) and 9/26 patients had a
large occlusion involving several arte-
rial segments. LVO was associated with
stenosis of other intracranial arteries in
8/26 patients (homolateral n¼ 7, con-
tralateral n¼ 1). Brain infarction
involved deep MCA territory (n¼ 20),
superficial MCA territory (n¼ 21),
and/or ACA territory (n¼ 3). Most
patients (17/26) had no previous medi-
cal history. The other patients had a
cardiac condition (malformative shunt-
ing cardiopathy n¼ 3, cardiac failure
with extracorporeal membrane oxy-
genation support n¼ 1), sickle cell
anemia (n¼ 1), leukemia (n¼ 1), sys-
temic disease (FARSA deficiency,11

n¼ 1), or recent benign head trauma
(n¼ 1). A significant proportion of

patients (n¼ 10/26, 38%) received a hyperacute recanalization
treatment, including mechanical thrombectomy (n¼ 3). Final
etiological diagnosis of AIS according to the Childhood AIS
Standardized Classification And Diagnostic Evaluation
(CASCADE) classification showed a predominance of intracranial
arteriopathy (n¼ 15/26). Retained etiologies were the following:
unilateral FCA (n¼ 12, 46%, all of FCA-i [infectious/inflamma-
tory) type], bilateral cerebral arteriopathy of childhood (n¼ 3,
11%), cervical/aortic arteriopathy (n¼ 3, 11%), cardioembolic
(n¼ 7, 27%), hematologic/thrombotic (n¼ 1, 4%). Patients with
FCA were younger than patients with other stroke causes (median
age 1.93 versus 6.33 years old, P¼ .06) (Online Supplemental
Data).

Clinical and Angiographic Outcomes
Median follow-up duration was 31months (IQR 18–38), with a
median 4 arterial imaging procedures per patient during the study
period (8 CTA angio-CTs, 111 MRAs). The ratio of patients with
vessel patency (complete patency or residual stenosis) slightly
increased over time on poststroke serial imaging: 50% in the 12
patients re-imaged #48 hrs after stroke diagnosis/treatment
(n¼ 6, of which 4 had received IV r-tPA and 1 IV r-tPA and me-
chanical thrombectomy), 58% in the 24 patients imaged at 1–
3months after stroke, and 62.5% in the 24 patients imaged at 12–
18months after stroke. A stroke recurrence was noted in 6/26
patients (23%) during follow-up, whose stroke etiologies
according to CASCADE classification were cardio-embolic
(n¼ 3), aortic/cervical arteriopathy (n¼ 1), bilateral cerebral
arteriopathy of childhood/Moyamoya angiopathy (MMA)
(n¼ 1), and hematologic/thrombotic (n¼ 1).

Poststroke Development of Collateral Vessels
During follow-up, collateral vessels originating from the
occluded/stenotic arterial segment were observed in 11/26

FIG 1. Study flow chart.
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patients. Collateral vessels were already present on the acute phase
imaging in 2 patients, fulfilling the diagnostic criteria for MMA.12

For 9 patients without observed collaterals at the acute phase, a
progressive development of such vessels was noted during follow-
up (Online Supplemental Data). One patient with bilateral intra-
cranial arteriopathy developed further bilateral collaterals and
had a MMA diagnosis. The 8 patients with initial strictly unilat-
eral intracranial artery involvement who developed further
homolateral collaterals displayed remarkable common temporal
and anatomic characteristics. These collateral vessels had a typi-
cal pattern forming a bridge in bypass of the residual stenosis or
occlusion, starting upstream from the arterial stenosis/occlu-
sion, spanning over the stenotic/occluded zone, and connecting
downstream with the main arterial trunk with visible distal
flow. They did not display a perforating lenticulostriate route,
but they were parallel to the main trunk of the originating artery
(MCA n¼ 7 and/or ACA n¼ 3) though distinct from it. They
were thin and sometimes serpiginous, without draining veins.
This specific aspect was thus labeled unilateral poststroke (U-PS)
anastomotic bridge (Fig 2). Median development delay of U-PS
anastomotic bridge was 11months (IQR 5–12). After the devel-
opment of this U-PS anastomotic bridge, the vascular aspects of
the circle of Willis and of the U-PS anastomotic bridge itself were
stable over the rest of the follow-up period (Fig 3). Of note, no
patient with U-PS anastomotic bridge had stroke recurrence dur-
ing follow-up.

Interestingly, the development of U-PS anastomotic bridge
was only observed in patients with unilateral FCA as a stroke
cause (n¼ 8/8). In patients with unilateral FCA and LVO, 8/12

(66.7%) developed U-PS anastomotic bridge. U-PS anastomotic
bridge development was not associated with age at stroke onset,
stroke location, severity, or management, including recanaliza-
tion treatments (Online Supplemental Data). Furthermore, U-PS
anastomotic bridge development was not different in patients
with FCA with persisting LVO and in patients with FCA with
vessel patency evaluated at 3months after stroke (n¼ 3/5 versus
n¼ 5/7, not significant).

The 3 patients with bilateral collaterals had a very different
course. They had bilateral cerebral arteriopathy, and 2 of them
had visible collaterals at stroke onset imaging, with a perforating
lenticulostriate route, consistent with Moyamoya network. One
patient developed poststroke collaterals associating both Moyamoya
network and U-PS anastomotic bridge. These patients met the diag-
nostic criteria for MMA. Two had arterial worsening after stroke
and 1 experienced a stroke recurrence during follow-up.

DISCUSSION
This study addressing anterior circulation LVO in pediatric AIS
(excluding neonates) provides novel data concerning a specific
radiologic evolution pattern of intracranial LVO in children relat-
ing to stroke etiology.

In our series, intracranial LVO was observed in 24.6% of
children with acute anterior circulation AIS. Though our study
focused only on anterior circulation LVO, these findings are in
line with the reported prevalence of LVO in childhood stroke of
23.5% in a retrospective population-based cohort study by
Bhatia et al2 and 22.4% in a single-center retrospective study by
Bonnet et al.1

FIG 2. U-PS anastomotic bridge development in a patient with AIS and LVO, and unilateral FCA. Upper panel: acute phase MR imaging, showing
recent MCA infarction with DWI hypersignal (A), with proximal left MCA occlusion and left A1 stenosis on the time-of-flight MRA, coronal view
MIP 15 mm (B) and axial view MIP 10 mm (C). No collateral is visible at the acute phase. Lower panel: MR imaging 12 months after stroke occur-
rence. Time-of-flight MRA shows strictly unilateral left anomalies. Axial view (D) shows a reverted to normal left A1 segment and a persisting
steno-occlusive M1 lesion, favoring the diagnosis of FCA. E, Coronal view shows a U-PS anastomotic bridge bypassing the M1 occlusion, with dis-
tal visible flow. F, Closer view of the U-PS anastomotic bridge illustrates the collaterals direction, parallel to the main MCA trunk, without perfo-
rating lenticulostriate collaterals.
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Concerning angiographic outcomes, we described a specific
pattern of U-PS anastomotic bridge, characterized by the devel-
opment in the first year after stroke of a collateral network form-
ing a bridge in bypass of the residual stenosis or occlusion, with
visible distal flow in the still or formerly occluded main arterial
trunk, in patients without visible collaterals at the acute phase.
This pattern is specific as it does not meet the criteria for other
described approaching vascular patterns (Fig 4).

First, as collaterals were not present at stroke onset, this pre-
cludes congenital variations or anomaly, such as fenestration,
duplication, aplastic or twig-like artery aspects. In these congeni-
tal variations, the regression of anastomoses from the embryonic
primitive mesh of intracranial arterial networks did not occur,
leading to the persistence of remnants of embryologic develop-
ment.13-16 They are sometimes reported as a potential risk factor
for ischemic or hemorrhagic stroke.17,18 Of note, no such varia-
tion was observed in our patients. Second, as U-PS anastomotic
bridge developed after LVO, a specific intracranial arterial com-
pensatory mechanism of downstream chronic ischemia can be
hypothesized. Indeed, a similar compensatory mechanism has
been described in cervical or systemic arteries, occurring during
the embryonic phase, or acquired hypoxic conditions. Cervical
carotid rete mirabile is an embryonic compensatory phenom-
enon, visible as a meshwork of multiple, freely intercommunicat-
ing arterioles fed by external carotid artery branches, which

reconstitute the absent or hypoplastic segments of the internal ca-
rotid artery. It may be bilateral and associated with other vascular
aspects (aorta malformation, posterior circulation rete mirabile)
or a general condition (pseudoxanthoma elasticum).19-22 It may
represent a risk factor for ischemic or hemorrhagic cerebrovascular
diseases.23 Postocclusive neovascularization has been described in
systemic arteries, in which vasa vasorum, adventitial vessels form
plexus in the wall of large blood vessels, with a mainly nutritive
role; development would be stimulated by local subacute hypoxic
conditions (atherosclerosis, diabetes, vasculitis, etc), figuring a
phenomenon of compensatory neovascularization. This has been
notably reported in coronary arterys, aorta, and cervical internal
carotid artery occlusion.24-26 To our knowledge, these mecha-
nisms have not been reported affecting the circle of Willis, except
in a handful of case reports.27 The existence of intracranial vasa
vasorum has been debated, and they are suggested to be present
only in the proximal parts of MCA, ACA, and intracranial
ICA.28-30 U-PS anastomotic bridge could thus represent a similar
mechanism of postocclusive neovascularization, with the devel-
opment of intracranial vasa vasorum located in the proximal seg-
ments of the circle of Willis arteries.

Interestingly, not every patient with LVO developed U-PS
anastomotic bridge. No association with age at stroke onset or
duration of vessel occlusion was found. U-PS anastomotic bridge
development was strongly associated with stroke etiology: this

FIG 3. Patterns of angiographic evolution in patients with FCA and U-PS anastomotic bridge development, compared with Moyamoya angiopa-
thy. Upper panel: Patient with left superficial MCA infarction (A, MRI axial T2) and FCA. Angiographic evolution (3D time-of-flight MRA) with per-
sisting occlusion 6 and 12 months after stroke (B and C), and U-PS anastomotic bridge in bypass of the occluded M1 segment with visible
downstreamMCA segments (D).Middle panel: Patient with left deep and superficial MCA infarction (E, MRI axial T2) and FCA. Angiographic evo-
lution (3D time-of-flight MRA) with initial M1 occlusion (F). Partial improvement of MCA 6 months after stroke (G), with the observation of U-PS
anastomotic bridge 12 months after stroke (H). Lower panel: Patient with right superficial MCA infarction (I, MRI axial T2) and Moyamoya angiop-
athy. Angiographic evolution (3D time-of-flight MRA) with bilateral steno-occlusive lesions of the terminal ICAs, MCAs, and ACAs (J). Bilateral
perforating collaterals, present at stroke onset (J) and developing over time with a classical puff of smoke appearance. Progression of the arte-
riopathy with disappearance of MCAs and ACAs 6 and 24 months after stroke (K and L).
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pattern was only observed in patients with unilateral FCA, and
66% of children with FCA and LVO developed U-PS anastomotic
bridge. This suggests that, rather than a nonspecific mode of vas-
cular healing after local ischemic changes related to LVO, it could
be related to subacute local conditions and modifications associ-
ated with FCA, for instance, subacute hypoxia and/or vessel wall
inflammation, stimulating angiogenic factors.30,31

Finally, it seems important to differentiate this vascular aspect
from Moyamoya Angiopathy MMA. MMA is a progressive
steno-occlusive disease involving the distal internal cerebral ar-
tery and its bifurcation, and the adjacent proximal ACA and
MCA. It often shows bilateral, symmetric, or asymmetric segmen-
tal stenoses of the involved arteries. Stenoses are associated with
several types of developing compensatory vessels: basal collateral
vessels, leptomeningeal collaterals, and anastomotic internal-
external carotid systems collaterals. Basal collaterals are abnor-
mally dilated lenticulostriate and thalamo-perforating arteries,
arising from the MCA to the basal ganglia and thalamus.12,27,32

Key points differentiate MMA and U-PS anastomotic bridge: 1) in
MMA dilated perforating arteries supplying the basal ganglia arise
perpendicularly from the MCA trunk, whereas in U-PS anasto-
motic bridge collaterals go parallel with the MCA main trunk (the
difference is well observed on coronal view) (Figs 3 and 4); and 2)
MMA is classically bilateral, sometimes asymmetrical but rarely
unilateral, whereas U-PS anastomotic bridge is unilateral without
contralateral arterial anomaly (stenosis/occlusion). The latter
point is of utmost importance as both an aspect of anastomotic
bridge and abnormal perforating lenticulostriate (Moyamoya
network) may be observed in patients with Moyamoya. It seems
important to identify isolated U-PS anastomotic bridge because,

though these patients have developing collaterals, they did not
experience any stroke recurrence nor vascular disease progres-
sion, contrary to patients with Moyamoya angiopathy. In our
study, recurrent strokes only occurred in non-FCA patients.
This emphasizes the fact that patients with FCA usually do not
experience recurrent stroke regardless of whether they had col-
laterals or not. Thus, the observation of a U-PS anastomotic
bridge after stroke with an isolated strictly unilateral LVO, and
no contralateral vascular anomaly should not be considered as a
risk for poor outcome or stroke recurrence.

Our study limitations mainly relate to the small sample and to
its retrospective nature. Different angiographic imaging modal-
ities may also induce biases: TOF-MRA may over-call occlusion
in a stenosis with minimal flow, and 3T MRA may have a better
resolution than 1.5T MRA for the anastomotic bridge observa-
tion. However, the homogeneous technique in our study may
limit the bias for intrasample angiographic comparisons: 25/26
patients had TOF-MRA in the acute phase and during follow-up,
mostly on 1.5T scan. Only 1 patient had initial MRA and CTA at
48 h poststroke, but he had a persistent right proximal M2 seg-
ment occlusion, which precludes a bias of patency related to
imaging technique.

CONCLUSIONS
LVO represented 24.8% of non-neonatal pediatric AIS in the an-
terior circulation in our study. A specific pattern of U-PS anasto-
motic bridge, with unilateral network of collaterals bypassing the
affected zone, appearing in the first year after stroke and remain-
ing stable without stroke recurrence, is strongly associated with
FCA. Further studies are needed to confirm the association of

FIG 4. Distinctive features of U-PS anastomotic bridge compared with vascular patterns with close appearance. (i)-ICA ¼ (intracranial)-internal
carotid artery; ECA ¼ external carotid artery; VA ¼ vertebral artery; BA ¼ basilar artery. Illustration is from Lin et al22 for rete mirabile.
Drawings by F.B. and M.K., with courtesy.
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U-PS anastomotic bridge with FCA, and to refine differences
between unilateral FCA with collaterals and MMA.
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ORIGINAL RESEARCH
NEUROVASCULAR/STROKE IMAGING

Reducing False-Positives in CT Perfusion Infarct Core
Segmentation Using Contralateral Local Normalization

Alexander Rau, Marco Reisert, Christian A. Taschner, Theo Demerath, Samer Elsheikh, Benedikt Frank,
Martin Köhrmann, Horst Urbach, and Elias Kellner

ABSTRACT

BACKGROUND AND PURPOSE: The established global threshold of rCBF,30% for infarct core segmentation can lead to false-posi-
tives, as it does not account for the differences in blood flow between GM and WM and patient-individual factors, such as micro-
angiopathy. To mitigate this problem, we suggest normalizing each voxel not only with a global reference value (ie, the median
value of normally perfused tissue) but also with its local contralateral counterpart.

MATERIALS AND METHODS: We retrospectively enrolled 2830 CTP scans with suspected ischemic stroke, of which 335 showed
obvious signs of microangiopathy. In addition to the conventional, global normalization, a local normalization was performed by
dividing the rCBF maps with their mirrored and smoothed counterpart, which sets each voxel value in relation to the contralateral
counterpart, intrinsically accounting for GM and WM differences and symmetric patient individual microangiopathy. Maps were vis-
ually assessed and core volumes were calculated for both methods.

RESULTS: Cases with obvious microangiopathy showed a strong reduction in false-positives by using local normalization (mean
14.7 mL versus mean 3.7 mL in cases with and without microangiopathy). On average, core volumes were slightly smaller, indicating
an improved segmentation that was more robust against naturally low blood flow values in the deep WM.

CONCLUSIONS: The proposed method of local normalization can reduce overestimation of the infarct core, especially in the deep
WM and in cases with obvious microangiopathy. False-positives in CTP infarct core segmentation might lead to less-than-optimal
therapy decisions when not correctly interpreted. The proposed method might help mitigate this problem.

ABBREVIATIONS: MA ¼ microangiopathic alteration; NoMA ¼ no microangiopathic alteration; rCBF ¼ relative CBF; rCBV ¼ relative CBV; Tmax ¼ maximum
of the residue function

In most centers, indication for therapy of acute stroke is based
on multimodal CT imaging protocols that comprise noncon-

trast CT, CTA, and CTP imaging.1 CTP is a powerful tool in
stroke imaging with proved high accuracy for the detection of is-
chemic lesions and the delineation of irreversibly damaged tissue
(the so-called infarct core) and the penumbra that represents tis-
sue potentially salvageable if reperfused. CTP was successfully
employed as a selection criterion for endovascular therapy in 2
important trials, showing benefit for patients with limited-size-

predicted infarct core and substantial salvageable brain tissue.2,3

Therefore, current stroke guidelines require CTP in patients with
extended and unclear time windows.4 Despite recent studies on
thrombectomy in patients presenting with large ischemic core,5,6

estimation of the infarct core by CTP is of central importance for
patient selection in the prolonged time window.2,4

To approximate the infarct core and the penumbra, metrics
based on the perfusion bolus dynamics are calculated and com-
pared between ischemic and healthy tissue.7 In detail, the time to
peak of the contrast agent bolus (Tmax; ie, the maximum of the res-
idue function) is employed to assess a delay in perfusion. The Tmax

is given in absolute units of seconds, and the typically used thresh-
old of Tmax. 6 seconds represents a relevant delay.8 The CBF, on
the other hand, cannot be easily quantified and is therefore typi-
cally normalized to a reference value. Typically, as reference, the
median value of the hemisphere contralateral to the stroke side or
the median CBF of the patient’s normally perfused tissue identified
as Tmax #4 seconds is used. The infarct core is obtained by thresh-
olding this normalized relative map with rCBF,30%.1,9
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This “global” normalization approach can easily be imple-
mented and standardized but is potentially hampered by several
factors: It does not account for the differences in perfusion dy-
namics in GM and WM10-12 and patient-individual characteris-
tics, such as microangiopathic WM alterations.13 Especially the
latter constitutes a major challenge in the calculation of perfusion
values as the WM gliotic tissue shows a delayed and reduced per-
fusion already without acute vessel occlusion present.11,12,14

Whereas in general, overestimation of ischemic core volume is
uncommon,15 these and other limitations can lead to false-posi-
tives in CTP infarct core segmentation16-18 and thus to mislead-
ing therapy decisions when not correctly interpreted.19

To overcome this technical challenge and account for
microangiopathy as an important co-pathology in the context
of cerebrovascular disease, we propose a dual approach. In
addition to normalizing CBF values in each voxel with a global
reference value, we suggest an additional normalization with
local regions from the contralateral counterpart when calculat-
ing relative perfusion metrics. This comprehensive method
accounts for both global and local factors, enhancing the accu-
racy of the analysis.

MATERIALS AND METHODS
Participants
For this retrospective study, we included patients who received
neuroimaging, including CTP due to a suspected stroke between
2014 and 2021. For data management and image processing, all
images were exported and anonymized to a local instance of the
imaging platform NORA (www.nora-imaging.org). We excluded
all patients with nonischemic lesions, such as tumors or hemor-
rhages. Image data were individually assessed for quality and
patients with substantial image artifacts (ie, due to movement)
were excluded from further analysis. Image data and patient records
were assessed for the presence of microangiopathic brain damage.20

We identified patients with relevant WM microangiopathic altera-
tions (MA, eg, Fazekas .1) and assigned them to the MA group,
whereas patients without relevant WM lesions (Fazekas 0 and 1)
were assigned to the NoMA group. To accomplish this, an experi-
enced neuroradiologist evaluated noncontrast CT data in 5-mm
axial reconstructions by using a soft kernel. Furthermore, we
excluded cases with old and bilateral infarctions.

The study was approved by the Institutional Review Board
(Ethics Committee–University of Freiburg; EK 20/1047) and car-
ried out in accordance with the Declaration of Helsinki and its
later amendments. Due to the retrospective nature of this study,
the need for written informed consent was waived.

CT Imaging
CT scans were performed on a 128–detector row (Somatom
Definition Flash; Siemens) or a 64–detector row multidetector
CT scanner (Somatom Definition 64 AS; Siemens). CTP series
were acquired in the axial scan mode with the following proto-
cols for the Somatom Definition Flash: 80 kV, 180 mAs, collima-
tion ¼ 16 � 1.2mm, no gantry tilt, tube rotation time ¼
0.3 seconds, toggle technique (5 blocks � 0.3 ¼ 1.5 seconds),
z-coverage ¼ 100mm, section thickness ¼ 5mm, increment ¼
5 mm, 27 series every 1.5 seconds ¼ 42 seconds scan time

(effective temporal resolution in the middle of the plane ¼
1.5 seconds, in the periphery ¼ 2.6 seconds) after intravenous
(16–18 G) injection of 40mL of Imeron 400 (iopamidol;
Bracco)1 30mL of sodium chloride (NaCl) at a flow rate of
6mL/seconds.

The parameters for Somatom Definition 64 AS were as fol-
lows: 80 kV, 180 mAs, collimation¼32 � 1.2mm, no gantry tilt,
tube rotation time ¼ 0.3 seconds, toggle technique (5 blocks �
0.3 seconds ¼ 1.5 seconds), z-coverage ¼ 90mm, section thick-
ness ¼ 5mm, increment ¼ 3mm, 30 series every 1.5 seconds ¼
45 seconds scan time (effective temporal resolution in the mid-
dle of the plane ¼ 1.5 seconds, in the periphery ¼ 2.6 seconds)
after intravenous (16–18 G) injection of 40mL of Imeron
4001 30mL of NaCl at a flow rate of 6mL/seconds.

Calculation of Perfusion Values
Perfusion scans were analyzed by using a research version of the
software package VEOcore (VEObrain, www.veobrain.com).
The software provides fully automated processing of perfusion
scans, including motion correction, denoising, deconvolution
by using Tikhonov regularization, and automated quality con-
trol. The output of the software is perfusion maps of relative
CBF (rCBF), relative CBV (rCBV), and Tmax, as well as segmen-
tations of hypoperfusion, core and mismatch, and corresponding
volumes in milliliters by using the commonly established thresh-
olds of Tmax. 6 seconds for delayed perfusion and rCBF ,30%
for the infarct core.2,21,22 Good agreement of VEOcore with other
perfusion software has been demonstrated.23,24

Our study employed 2 distinct normalization approaches for
thresholding the rCBF maps. First, we adopted the conventional
well-established global normalization method, wherein each voxel’s
value is normalized to the average value of the contralateral hemi-
sphere.9 Mathematically, this normalization is achieved by dividing
each voxel’s value by a common factor (ie, the median value of
normally perfused tissue defined as Tmax #4 seconds).25 It is im-
portant to note that this process globally scales the rCBF map but
retains the relative differences between voxels.

Additionally, we investigated the feasibility and potential of a
more localized normalization approach (a schematic is provided
in Fig 1). The concept behind this method is to normalize each
voxel not to a global reference value but rather to its corre-
sponding counterpart in the contralateral hemisphere. To
achieve this, a transformation is required to map each voxel to
its direct counterpart. This was obtained by nonrigid registra-
tion of the baseline image of the perfusion scan with a vertically
mirrored copy of that image by using SPM12 (Wellcome Trust
Center for Neuroimaging). When applying this transformation
to the rCBF data array, a mirrored array can be obtained that
directly relates each voxel to its contralateral counterpart.
Normalization was then accomplished through voxelwise divi-
sion of the original image (ie, the whole brain CBF map) by the
mirrored one. However, several considerations were taken into
account. Brain symmetry is rarely perfect, and registration
inherently entails some degree of uncertainty. Moreover, divi-
sion by noisy maps can introduce instabilities. Furthermore,
very high flow values in the counterpart, particularly in large
vessels, can result in very low values after division, potentially
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leading to false-positives. To address these issues, 2 precautionary
measures were implemented before division: The mirrored image
was clipped, meaning that any value exceeding 150% was capped
at 150%, and the mirrored image then underwent smoothing
with a Gaussian filter with a sigma of 12� 12� 4 mm.

The local approach allows each voxel’s value to be related to a
local region of the contralateral hemisphere, inherently accommo-
dating differences between GM and WM11 and accounting for
patient-specific microangiopathic changes, which typically manifest
symmetrically.26 With these locally normalized maps, a threshold of
30% can now be interpreted as 30% relative to a local contralateral
region, rather than relative to an averaged reference value.

Finally, for both the globally and locally normalized rCBF
maps, a threshold of relative rCBF,30% was applied. Subsequent
morphologic image opening and closing operations were applied
to remove speckle noise followed by the calculation of infarct
volumes.27 To avoid false-positives on the healthy hemisphere,
segmentations were restricted to the affected hemisphere only,
determined as the one with the greater median Tmax.

Statistical Analyses
Statistical analyses were performed by using MATLAB
(MathWorks). We generated correlation plots for both the
NoMA and MA groups. The average changes in infarct volumes
when comparing globally and locally normalized rCBF maps for
both groups were assessed by relative means by using the linear

regression coefficient and by absolute means by using the mean
differences and SDs between both approaches derived from
Bland-Altman plots between both approaches.

Data Availability
Data and code are available from the authors upon reasonable
request and approval by the local ethics committee.

RESULTS
Participants
We retrospectively enrolled 2830 CTP scans of patients with sus-
pected ischemic stroke (52% women, mean age 73 6 15 years), of
which 335 showed obvious signs of microangiopathy correspond-
ing to theMA group.While age did not significantly differ between
the MA and NoMA groups (P¼ .2), significantly more women
hadMA (P, .001). Further information is provided in the Table.

Perfusion Values before and after Local Normalization
Correlation and Bland-Altman plots of the calculated core volumes
by using both approaches are presented in Figure 2. On average, all
volumes were reduced upon applying the local normalization
approach. These reductions were significantly higher in the MA
group (mean difference �14.7mL, SD 14.6mL, regression slope
0.62) and less pronounced in the NoMA group (mean difference
�3.7mL, SD 6.7mL, regression slope 0.82) (P, .001). Visual
assessment of the MA group perfusion maps revealed in particular

FIG 1. Schematic of the workflow for global and local normalization of CT perfusion-derived CBF with subsequent thresholding to 30% to
obtain a segmentation of the ischemic core. In the global approach, each voxel is normalized to the entire contralateral hemisphere, whereas in
the local approach, a voxel is compared with a local region on the contralateral side. This leads to an equalization between GM and WM and
thus a more distinct contrast in the perfusion maps.

Patient characteristics

n Sex (Female) Age (yr) Stroke Evident
Mean Core Volume (mL)

Global Normalization Local Normalization
No microangiopathy 2830 49% 72.6 6 15.2 1334 (47%) 41.0 6 46.9 31.4 6 41.1
Microangiopathy 335 59% 73.5 6 17.1 175 (52%) 60.3 6 49.0 33.6 6 39.3
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a considerable reduction of positively scored voxels in the deep
WM. Figures 3 and 4 show exemplary comparisons for both
NoMa andMA cases.

DISCUSSION
The proposed method of local normalization can significantly
reduce the extent of false-positive voxels in infarct core segmenta-
tion, especially in the deep WM and in cases with obvious
microangiopathy.

This is of considerable relevance for the application of CTP
in clinical routine as perfusion imaging is an increasingly uti-
lized component in the workup and management of patients
with acute ischemic stroke, as the decision to use recanalizing
therapy frequently relies on CTP results.4 False-positive voxels
in perfusion imaging–derived calculations can thus errone-
ously influence therapy decisions.

Our data suggest that especially microangiopathic changes in
the deep WM constitute a relevant influence on the calculation of
infarct core volumes. In the context of cerebrovascular disease,
microangiopathic changes are a frequent co-pathology in patients
with vascular disease,28 so a correction of false-positive values
caused by microangiopathy might be relevant in the presence of
small vessel disease. This is corroborated by the fact that we noted
a substantially higher reduction of core volumes in cases with
microangiopathy versus without. Moreover, visual inspection of
cases with small vessel disease revealed that the proposed correc-
tion method mainly removed false-positives in the deep WM,
which is supported by the case in Figure 4.

However, in patients without obvious microangiopathy, the
local normalization approach also resulted in a reduction of
infarct volumes of �3.7mL, or 18% on average. Again, this
was attributed to WM regions, where the blood flow is natu-
rally lower compared with the GM.10,11,29-32 In contrast to the
global normalization, the introduced local approach allowed
for a more distinct calculation of the perfusion in the GM and
WM, thus leading to fewer voxels identified as ischemic upon
applying the threshold of rCBF,30%. Whether such voxels
truly are false-positives, or whether the threshold of rCBF,30%
needs to be adapted to better delineate the ischemic tissue and

avoid underestimation requires evalua-
tion in future studies, including follow-
up imaging.

Previously, the term “ghost infarct
core” was introduced to characterize
instances of false-positives in infarct
core segmentation,16 and several under-
lying factors, such as poor collaterals,
have been suggested.17-19 In our
study, we have identified and ana-
lyzed an additional factor that war-
rants consideration.

Novel infarct segmentation techni-
ques leveraging deep learning are rap-
idly advancing.33-37 These techniques
not only perform with sufficient preci-
sion but also allow for a more multi-

parametric approach by simultaneously taking information
from different raw data and derived features into account.
Furthermore, some methods are able to account for contralat-
eral asymmetries through innovative data augmentation meth-
ods, such as vertical image flipping.33 Against this, we perceive
our local normalization approach not as a competitor to deep
learning but rather as a potentially valuable contribution to
both conventional and deep learning–based postprocessing. It is
important to recognize that the effectiveness of deep learning
substantially hinges on preprocessing steps and the judicious
selection of appropriate training data sets, and our work offers
insights that can potentially aid in refining deep learning models
in both aspects.

In principle, differential GM and WM perfusion or microan-
giopathic damage may not only impact rCBF, but also Tmax.

13

However, because Tmax is directly quantified in units of seconds
and thus does not require normalization, and GM versus WM
differences are less pronounced in Tmax,

11 we did not consider a
local normalization for Tmax in the context of this study.

For rCBV evaluation, on the other hand, a local contralateral
normalization might also offer benefits regarding visual and
quantitative scoring of collateralization, as illustrated in the
Online Supplemental Data for exemplary cases. A more detailed
analysis of rCBV was beyond the scope of the present study and
might be part of future research.

A general limitation of our work is the fact that we do not
have a consistent reference standard, for example, an MR imag-
ing examination as close in time as possible or a follow-up MR
imaging indicating the final infarct volume. Also, an underlying
assumption of our approach is that microangiopathic changes are
largely symmetrical, which may not be true in rare cases. Another
limitation is associated with the “healthy” hemisphere. In cases
involving old or bilateral infarctions, this might lead to biased
results (Online Supplemental Data). This issue is also pertinent in
the global approach, but more pronounced when using local nor-
malizations. It is crucial in such instances to cross-reference with
the globally normalized maps for a more comprehensive assess-
ment. Moreover, the local normalization approach induced a
rather unusual impression of the rCBF maps and might hamper
the assessment of the “healthy” hemisphere as visible in the

FIG 2. Correlation plot (A) and Bland-Altman plot (B) comparing core volumes derived with
global and local normalization for the NoMa and MA groups (black and red, respectively).
Dashed lines indicate linear regression in the correlation plot, and 2 SDs in the Bland-Altman plot.
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exemplary cases in which the image impression is more of a mir-
rored picture of the ischemic hemisphere and does not allow for
an intrahemispheric assessment of rCBF values. Hence, the

proposed approach of a local contralateral normalization must
not replace the conventional rCBF calculation but rather supple-
ment it in cases with suspected false-positives (eg, due to severe

FIG 3. Comparison of global (left) and local (right) normalization for CBF maps and threshold-based ischemic core segmentations in 3 cases
without and with WM small vessel disease.
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microangiopathy). Additionally, our results should raise attention
to the potential impact of microangiopathy on rCBF values.

CONCLUSIONS
A local normalization of CTP parameters in addition to the global
normalization might reduce false-positives in CTP infarct core
segmentation that could potentially lead to suboptimal therapy
decisions.

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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CTA Supplemented by CTP Increases Interrater Reliability
and Endovascular Treatment Use in Patients with

Aneurysmal SAH
Christian Heitkamp, Vincent Geest, Bogdana Tokareva, Laurens Winkelmeier, Tobias D. Faizy, Lukas Meyer,

Anna A. Kyselyova, Hanno S. Meyer, Rabea Wentz, Jens Fiehler, Maxim Bester, and Christian Thaler

ABSTRACT

BACKGROUND AND PURPOSE: Cerebral vasospasm is a common complication of aneurysmal SAH and remains a risk factor for
delayed cerebral ischemia and poor outcome. The interrater reliability of CTA in combination with CTP has not been sufficiently
studied. We aimed to investigate the reliability of CTA alone and in combination with CTP in the detection of cerebral vasospasm
and the decision to initiate endovascular treatment.

MATERIALS AND METHODS: This is a retrospective single-center study including patients treated for aneurysmal SAH. Inclusion cri-
teria were a baseline CTA and follow-up imaging including CTP due to suspected vasospasm. Three neuroradiologists were asked
to grade 15 intracranial arterial segments in 71 cases using a tripartite scale (no, mild ,50%, or severe .50% vasospasm). Raters fur-
ther evaluated whether endovascular treatment should be indicated. The ratings were performed in 2 stages with a minimum inter-
val of 6 weeks. The first rating included only CTA images, whereas the second rating additionally encompassed CTP images. All
raters were blinded to any clinical information of the patients.

RESULTS: Interrater reliability for per-segment analysis of vessels was highly variable (k ¼ 0.16–0.61). We observed a tendency toward
higher interrater reliability in proximal vessel segments, except for the ICA. CTP did not improve the reliability for the per-segment
analysis. When focusing on senior raters, the addition of CTP images resulted in higher interrater reliability for severe vasospasm (k ¼
0.28; 95% CI, 0.10–0.46 versus k ¼ 0.46; 95% CI, 0.26–0.66) and subsequently higher concordance (k ¼ 0.23; 95% CI, �0.01–0.46 versus
k ¼ 0.73; 95% CI, 0.55–0.91) for the decision of whether endovascular treatment was indicated.

CONCLUSIONS: CTA alone offers only low interrater reliability in the graduation of cerebral vasospasm. However, using CTA in
combination with CTP might help, especially senior neuroradiologists, to increase the interrater reliability to identify severe vaso-
spasm following aneurysmal SAH and to increase the reliability regarding endovascular treatment decisions.

ABBREVIATIONS: ACA ¼ anterior cerebral artery; aSAH ¼ aneurysmal SAH; DCI ¼ delayed cerebral ischemia; IQR ¼ interquartile range; TCD ¼ transcranial
Doppler sonography

Despite advances in the acute management of aneurysmal
SAH (aSAH), cerebral vasospasm is a frequent complica-

tion.1 It remains a risk factor of delayed cerebral ischemia (DCI)
and an important predictor of poor outcome.2 Conservative
treatment strategies include induced hypertension, maintaining
euvolemia, and oral or intravenously administered calcium

channel blockers to prevent and treat DCI. When conservative
treatment strategies fail, the application of an intra-arterial vaso-
dilator or angioplasty of the affected vessel segments has been
proposed.3 DSA is considered the criterion standard to assess
cerebral vasospasm.4 However, DSA is a time-consuming diag-
nostic technique and can be accompanied by rare-but-severe
complications due to its invasive nature.5 Transcranial Doppler
sonography (TCD) is used as a noninvasive screening method
to determine patients at risk of cerebral vasospasm. However,
this technique is highly operator-dependent, requires a suffi-
cient acoustic window, and has a low sensitivity.6 Therefore,
CTA is widely used to evaluate vessel narrowing in patients after
aSAH and to guide further invasive treatment decisions.3

Unfortunately, it offers only a low sensitivity in detecting cere-
bral vasospasm, and interrater reliability has been reported to be
moderate at best.7-9 However, the interrater reliability of CTA
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in combination with CTP to assess cerebral vasospasm and guide
treatment decisions has not been sufficiently studied.8,10,11

The aim of this study was to investigate the reliability of CTA
alone and in combination with CTP in the detection of cerebral
vasospasm and the decision to initiate endovascular treatment.
We hypothesized that adding CTP to CTA in the assessment of
vasospasm will increase the interrater reliability. In addition, we
hypothesized that CTP would be useful in clinical decision-mak-
ing regarding the need for invasive treatment.

MATERIALS AND METHODS
Study Design
This retrospective cohort study was conducted in accordance with
the Guidelines for Reporting Reliability and Agreement Studies
(GRAAS) (https://www.equator-network.org/wp-content/uploads/
2012/12/GRRAS-checklist-for-reporting-of-studies-of-reliability-
and-agreement.pdf).12 We conducted a single-center retrospective
study at our tertiary stroke center, including all patients treated for
aSAH between January 2019 and December 2022. Inclusion crite-
ria for our study were the following: a complete baseline image
data set including CTA, suspected vasospasm with follow-up mul-
timodal CT including perfusion imaging, and subsequent DSA
with the decision for endovascular treatment.

Imaging data were assessed in 2 stages by 3 neuroradiologists,
each with different levels of experience, spanning 3, 9, and 15 years:
1) The first rating contained nonenhanced cranial CT and CTA
images at baseline and follow-up imaging. 2) The second rating
additionally included CTP images of the same patients. The second
rating was performed at least 6weeks after the first one to mini-
mize recall bias. All raters were blinded to clinical information, the
reason for follow-up imaging, and whether all patients received
endovascular treatment. The decision to perform endovascular
treatment was made by the treating neurointerventionalist. In 8 of
71 cases of vasospasm, the endovascular treatment was performed
by raters participating in this study. Clinical data including patient,
aneurysm, and treatment characteristics were obtained from medi-
cal records. Furthermore, the indication for conducting follow-up
CT, along with the time interval between the admission and fol-
low-up CT, was retrieved.

The study was approved by the local ethics committee
(Ärztekammer Hamburg, Germany; 2022–300245-WF). All study
protocols and procedures were conducted in accordance with the
Declaration of Helsinki. Patient consent was not needed due to
the retrospective nature of the study.

Diagnostic Protocol for the Detection of Vasospasm
Daily clinical and TCD assessments were conducted to detect
neurologic deterioration or sonographic signs of vasospasm.
TCD was performed by trained physicians or technicians, who
measured the mean velocity in both the MCA and anterior cere-
bral artery (ACA) whenever possible. Following the Association
of the Scientific Medical Societies in Germany (AWMF; https://
www.ncbi.nlm.nih.gov/pmc/articles/PMC4106509/) guidelines,13

the TCD measurements were recorded as the mean velocity
(cubic centimeters). Elevated TCD measurements in the MCA
were identified by a mean velocity exceeding 140 cm/s or dou-
bling within a 24-hour period. If patients experienced a new

neurologic deficit, deterioration in consciousness, or elevated
TCD measurements, multimodal imaging including CTA and
CTP was performed. Also refer to the Online Supplemental Data
illustrating our local protocol of a diagnostic algorithm for the
detection of cerebral vasospasm after aSAH.

Imaging and Ratings: Classification and Categories
All CT scans were performed on a 256 dual-section scanner
(Somatom Definition Flash; Siemens). Details on image acquisi-
tion can be found in the Online Supplemental Data. One data set
per patient included axial nonenhanced cranial CT images, thin-
section axial CTA, and axial, coronal, and sagittal MIP images. In
addition, each CTP data set for the second rating contained
whole-brain coverage of the perfusion CBF, CBV, MTT, and
time-to-maximum. CTP images were automatically processed
using syngo.via (Version VB30A_HF91; Siemens). The imaging
data and corresponding DICOM source information were fully
anonymized before being provided to the raters in digital format.
The raters performed the evaluations using a commercially avail-
able DICOM viewer (Horos: Version 3.3.6; Horosproject).
According to a previous study,14 raters were asked to grade vaso-
spasms by visual judgment using a tripartite scale for each vessel
separately. The scale included no vasospasm, mild vasospasm
,50% narrowing, and severe vasospasm .50% narrowing. The
admission CTA was used as a reference when evaluating vaso-
spasm on follow-up CTA.7,11,15 Arterial segments were predefined
as follows: supraclinoid ICA; M1 and M2 segments of the MCA;
A1 and A2 segments of the ACA; P1 and P2 segments of the pos-
terior cerebral artery, as well as the basilar artery. Finally, readers
were requested to determine whether endovascular treatment was
recommended for the patients. Within the framework of the sec-
ond rating, raters were additionally asked whether perfusion defi-
cits were present.

Statistical Analysis
Descriptive statistics were performed to display clinical informa-
tion, including patient, aneurysm, and treatment characteristics
as well as the reason for follow-up CT being performed. The nor-
mality of data distribution was assessed using Shapiro-Wilk tests.
Continuous variables are presented as mean (SD) for normally
distributed variables and medians with interquartile ranges (IQR)
for non-normally distributed variables. Categoric variables are
described as counts and percentages. According to a previous
study,16 a per-patient assessment with dichotomization between
no vasospasm and severe vasospasm was calculated if the rater
estimated narrowing to be severe for at least 1 of the ICA, M1,
M2, A1, A2, P1, P2, or basilar segments. Interrater agreement for
dichotomized variables was assessed using the Fleiss k for all 3
raters and the Cohen k for the 2 senior raters (M.B. and C.T.)
using 95% bias-corrected confidence intervals obtained with 1000
bootstrap resampling. The interrater agreement of each vessel’s
vasospasm rating was calculated using the Krippendorff a.
Intrarater agreement was assessed using the Cohen k for dicho-
tomized variables and the Krippendorff a for the per-segment
analysis of each vessel.

An illustration depicting the various statistical tests is included
in the Online Supplemental Data. The level of agreement was
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interpreted according to Landis and Koch17 (slight agreement, 0–
0.2; fair agreement, 0.21–0.4; moderate agreement, 0.41–0.6; sub-
stantial agreement, 0.61–0.8; and almost perfect agreement 0.81–
1.0). Significant differences between point estimates or between k
values were considered to exist when 95% confidence intervals
did not overlap. The data analysis was conducted using Stata 18.0
(Stata/MP 18.0; StataCorp).

Data Availability
Data supporting the findings of this study are available from the
corresponding author on reasonable request.

RESULTS
A total of 206 patients were treated for aSAH during our inclu-
sion period. Of those, 47 patients met the inclusion criteria. One
patient was excluded from final analysis due to severe imaging
artifacts caused by coiling. The final analysis incorporated imag-
ing data from 46 patients, comprising 25 patients who underwent
CT imaging more than once. Therefore, a total of 71 CT exami-
nations was assessed. Among the 25 patients who underwent 2 CT
examinations, the median time between the first and second CT

was 49hours (IQR, 26–99 hours). The
mean age was 56.6 (SD, 12.6) years, and
71.7% of patients were female. The me-
dian Hunt and Hess score was 3 (IQR,
2–4), and the median modified Fisher
scale score was 4 (IQR, 3–4). Aneurysms
were most frequently located at the
ACA (37.0%) and ICA (34.8%). Most
aneurysms were treated endovascularly,
accounting for 82.6% of all cases. For
further information regarding patient,
aneurysm, and treatment characteristics
refer to Table 1.

Reasons for suspected vasospasm
and subsequent follow-up imaging are
shown in Table 2. The median time
from ictus to follow-up imaging was
9 days (IQR, 6–11.5 days). The most
frequent indication for follow-up imag-
ing was a neurologic deterioration (eg,
reduced level of consciousness or a new
focal deficit) in 42.3% of all cases. Solely
elevated TCD profiles accounted for
23.9%, and neurologic deterioration to-
gether with elevated TCD profiles
accounted for 26.8% of reasons to per-
form follow-up CT. Further reasons
were screening for vasospasm in coma-
tose patients without a TCD acoustic
window (5.7%) and decreased partial
pressure of brain tissue oxygen (1.4%).
In 22 cases, patients were intubated
while receiving follow-up imaging.

Table 3 and Figure 1 provide the
distribution of interrater reliability
stratified by each vessel segment. The

Table 1: Patient baseline, procedural, and outcome
characteristics

Patient Characteristics (n= 46)
Age (mean) 56.6 (SD, 12.6)
Female sex (No.) (%) 33 (71.7)
Hunt and Hess (median) (IQR) 3 (2–4)
Modified Fisher scale (median) (IQR) 4 (3–4)
Intracerebral hemorrhage (No.) (%) 23 (50.0)
Hypertension (No.) (%) 29 (63.0)
Smoker (No.) (%) 17 (37.0)
Aneurysm characteristics
Ruptured aneurysm location
ICA (No.) (%) 16 (34.8)
MCA (No.) (%) 5 (10.9)
ACA (No.) (%) 17 (37.0)
Posterior circulation (No.) (%) 8 (17.4)
Aneurysm size (median) (IQR) (mm) 6.5 (5–8.25)
Patients with multiple aneurysms (No.) (%) 3 (6.5)
Treatment characteristics
Clip (No.) (%) 8 (17.4)
Endovascular treatment (No.) (%) 38 (82.6)
EVD placement (No.) (%) 36 (78.3)
Patients with 2 instances of vasospasm (No.) (%) 25 (54.3)

Note:—EVD indicates external ventricular drain.

Table 2: Reasons to perform follow-up CT examination (n= 71)
Reasons

Only neurologic deterioration (eg, reduced level of consciousness or
new focal deficit) (No.) (%)

30/71 (42.3)

Only elevated TCD profiles (No.) (%) 17/71 (23.9)
Neurologic deterioration and elevated TCD profiles (No.) (%) 19/71 (26.8)
Decreased PbtO2, (No.) (%) 1/71 (1.4)
Screening CT (comatose patients without TCD acoustic window) (No.) (%) 4/71 (5.6)

Note:—PbtO2 indicates partial pressure of brain tissue oxygen.

Table 3: Interrater reliability and agreement for the graduation of vasospasm on CTa

First Rating (CTA) Second Rating (CTA + CTP)
Agreement

(%)
Interrater Reliability

j (95% CI)
Agreement

(%)
Interrater Reliability

j (95% CI)
Supraclinoid ICA
Right (n¼ 68) 87 0.31 (0.12–0.51) 86 0.13 (�0.03–0.28)
Left (n¼ 70) 89 0.27 (0.07–0.48) 91 0.30 (0.05–0.56)

MCA, M1
Right (n¼ 68) 87 0.58 (0.46–0.69) 82 0.43 (0.27–0.60)
Left (n¼ 67) 87 0.55 (0.39–0.70) 86 0.50 (0.34–0.67)
MCA, M2
Right (n¼ 71) 83 0.38 (0.22–0.53) 80 0.25 (0.05–0.45)
Left (n¼ 71) 82 0.16 (�0.01–0.32) 86 0.32 (0.15–0.49)
ACA, A1
Right (n¼ 68) 83 0.50 (0.36–0.64) 75 0.36 (0.20–0.53)
Left (n¼ 67) 85 0.61 (0.48-0.74) 76 0.36 (0.18–0.55)

ACA, A2
Right (n¼ 70) 77 0.37 (0.20-0.53) 70 0.20 (0.06–0.35)
Left (n¼ 70) 78 0.40 (0.24–0.55) 66 0.12 (�0.03-0.26)
Basilar (n¼ 70) 93 0.37 (0.19–0.55) 91 0.28 (0.09–0.47)
PCA, P1
Right (n¼ 70) 89 0.53 (0.37–0.68) 85 0.13 (�0.02–0.28)
Left (n¼ 70) 87 0.44 (0.29–0.60) 86 0.18 (0.00–0.35)
PCA, P2
Right (n¼ 71) 89 0.36 (0.17–0.55) 89 0.15 (0.05–0.25)
Left (n¼ 71) 89 0.43 (0.20–0.65) 91 0.21 (0.08–0.34)

Note:—PCA indicates posterior cerebral artery.
a Vasospasm was graded using a tripartite scale for each vessel separately. The scale included no vasospasm, mild
vasospasm ,50%, and severe vasospasm .50%. Interrater reliability was calculated using the Krippendorff a.

286 Heitkamp Mar 2024 www.ajnr.org



left A1 segment accounted for the highest interrater reliability with
substantial agreement (k ¼ 0.61; 95% CI, 0.48–0.74). In general,
we observed a tendency toward higher interrater reliability in prox-
imal vessel segments (M1, A1, P1), except for the ICA (Figs 1 and
2). The addition of perfusion maps in the second assessment did

not substantially improve interrater reli-
ability for the individual vessels (Fig 1).
In a subsequent analysis, we investi-
gated the interrater reliability for the
detection of severe vasospasm in any ar-
terial segment. Interrater reliability was
fair for the first (k ¼ 0.27; 95% CI,
0.11–0.42) and second (k ¼ 0.31; 95%
CI, 0.15–0.46) ratings of all raters. Most
interesting, there was an increase from
fair agreement in the first rating (k ¼
0.28; 95% CI, 0.10-0.46) to moderate
agreement in the second rating (k ¼
0.46; 95% CI, 0.26-0.66) when focusing
on senior raters. In addition, the restric-
tion to proximal vessels (ICA, A1, M1,
P1) further increased point estimates of
the interrater reliability of the senior
raters from k ¼ 0.51 (95% CI, 0.31–
0.72) to k ¼ 0.59 (95% CI, 0.38–0.79)
during the 2 assessments.

Regarding the decision about whether
endovascular treatment was indicated,
the interrater reliability based on CTA
alone was fair for all raters (k ¼ 0.23;
95% CI, 0.06–0.39) and reached moder-
ate agreement (k ¼ 0.47; 95% CI, 0.30–
0.64) when adding CTP images for the
second assessment. If we took only sen-
ior raters into account, interrater reli-
ability increased from fair (k ¼ 0.23;
95% CI, �0.01�0.46) to substantial

(k ¼ 0.73; 95% CI, 0.55�0.91) across the course of the 2 ratings.
Refer to Table 4 for further statistics regarding diagnosis and treat-
ment decisions of vasospasm on CT.

Regarding intrarater agreement, we observed a broad spec-
trum of agreement among the raters, ranging from slight to

FIG 1. The interrater reliability of first and second ratings (Krippendorff a) is stratified by vessel segments. Vasospasm was graded on CTA using
a tripartite scale for each vessel separately. The scale included no vasospasm, mild vasospasm ,50%, and severe vasospasm .50%.
Krippendorff a values are displayed by black triangles and blue squares for the first and second ratings, respectively. The black and blue lines
indicate the 95% CIs.

FIG 2. Illustrative case of a patient without left-hemispheric vasospasm on follow-up imaging.
The ICA, A1, and A2 segments of the ACA as well as the M1 and M2 segments of the MCA are
highlighted in color. The color graduation indicates the interrater reliability (Krippendorff a) for
the first rating. The graduation ranges from slight (a ¼ .0) to substantial (a ¼ .8) agreement. Note
that proximal segments accounted for higher interrater reliability except for the ICA.
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substantial when focusing on the per-segment analysis of each
vessel (Online Supplemental Data) separately. Fair intrarater
agreement was observed for all 3 raters (rater 1: k ¼ 0.22; 95%
CI, �0.02–0.47; rater 2: k ¼ 0.28; 95% CI, 0.06-0.51; rater 3: k ¼
0.34; 95% CI, 0.17–0.52) concerning the question of whether to
perform endovascular treatment (Online Supplemental Data).

DISCUSSION
In this single-center retrospective study, we investigated the inter-
rater reliability of CTA alone and in combination with CTP for
the detection of cerebral vasospasm after aSAH. Our second
objective was to determine the interrater reliability regarding the
CT-based decision about whether endovascular treatment was
indicated. We observed that the interrater reliability of vasospasm
on a vessel segment level was overall very low and highly variable.
Higher interrater reliability was observed for proximal vessel seg-
ments except for the ICA. CTP did not improve the interrater
reliability for the per-segment analysis. However, when focusing
on senior neuroradiologists, we found that the addition of CTP
images resulted in higher interrater reliability for severe vaso-
spasm and subsequently higher concordance for the decision of
whether endovascular treatment was indicated.

To date, most studies focused on the diagnostic accuracy of
CTA compared with DSA for the detection of vasospasm.8,10,15,18

In previous studies, interrater reliability for detecting cerebral
vasospasm on CTA alone ranged from moderate to substantial,
challenging its sufficiency in diagnosing vasospasm and guiding
further treatment decisions.7,15,18 We also observed low interrater
reliability with CTA alone in our study, even when dichotomized
for any severe vasospasm. One reason for the low or at least vary-
ing interrater agreements might be that there is no consensus on
a definition of critical vessel narrowing or a reference standard
for evaluating vasospasm, such as whether to use the baseline ex-
amination or the contralateral hemisphere as a comparison. For
example, Letourneau-Guillon et al7 found 8 different classifica-
tion systems with various cutoffs for the evaluation of vasospasm
on CTA. Furthermore, the reduction of vessel diameters can be
subtle, making it even more challenging when using grading sys-
tems with multiple increments. Especially in smaller vessels such
as the M2 or A2 segments or even more distal, visual grading
becomes more difficult. This issue might explain our observation
of higher interrater reliability in proximal vessel segments, except

for the ICA, which is consistent with findings in previous stud-
ies.7,18 Due to the relatively short and tortuous course of the
supraclinoid ICA, raters may encounter challenges in establishing
a detailed graduation of vasospasm in this vessel. Proximal vessels
such as the M1 or the A1 segment typically have a larger diameter
and a more extended horizontal course in comparison with their
distal counterparts. As a result, it is assumed that changes in these
proximal vessel calibers are easier to detect, particularly when
contrasted with the inherently narrower calibers observed in dis-
tal segments. Therefore, focusing on proximal vessels may be
more reliable for clinicians when evaluating vasospasm, but it
also highlights the problem of accurately and reliably detecting
relevant vasospasm in distal cerebral arteries.

It is not clear which cutoff value of vessel stenosis is most pre-
dictive of cerebral ischemia and would necessitate an adjustment
of the treatment strategy.19,20 Thus, we also provided our observ-
ers with CTP images because these might indicate hemodynami-
cally relevant vasospasm.21 We observed substantial agreement
for all raters and almost perfect agreement for senior raters in the
assessment of perfusion deficits. In contrast to CTA alone, perfu-
sion imaging additionally yields insights into microvascular vaso-
spasm, which may not necessarily affect large- or medium-sized
vessels.22 It has been shown that CTP improves the detection of
distal medium- and small-vessel occlusions in patients with em-
bolic stroke,23 leading to the assumption that it can also enhance
the detection of cerebral vasospasm. However, perfusion deficits
due to vasospasm are certainly not confined to 1 vascular terri-
tory but can be diffuse or only affect the watershed areas between
2 vascular territories.24 This feature may be an explanation for
the relatively low interrater reliability for the per-segment analysis
despite additional CTP imaging data, because it can be challeng-
ing to assign the perfusion deficit to a distinct vessel segment.

We observed that CTP images increased point estimates
regarding the detection of severe vasospasm and, clinically more
important, the decision about whether endovascular treatment
was indicated. This finding was particularly evident among expe-
rienced raters. In previous studies, CTA in combination with
CTP has shown high diagnostic accuracy for vasospasm diagno-
sis, and perfusion deficits have been associated with DCI.10,25 So
far, the role of perfusion imaging to guide treatment decisions in
cerebral vasospasm and its benefit as a screening technique on
clinical outcome remain unanswered. Perfusion imaging provides

Table 4: Interrater reliability and agreement regarding graduation and treatment decisions of vasospasm on CT

Interrater Reliability and Agreementa

All Raters (n= 3) Senior (n= 2)
Agreement

(%)
Interrater Reliability j

(95% CI)
Agreement

(%)
Interrater Reliability j

(95% CI)
First rating (CTA)
Detection of severe vasospasm in any arterial
segment (.50% narrowing)

63 0.27 (0.11–0.42) 61 0.28 (0.10–0.46)

Endovascular treatment? 62 0.23 (0.06–0.39) 61 0.23 (�0.01–0.46)
Second rating (CTA 1 CTP)
Detection of severe vasospasm in any arterial
segment (.50% narrowing)

65 0.31 (0.15–0.46) 73 0.46 (0.26–0.66)

Endovascular treatment? 75 0.47 (0.30–0.64) 89 0.73 (0.55–0.91)
Perfusion deficit? 92 0.77 (0.63–0.91) 93 0.82 (0.66–0.97)

a Interrater reliability was calculated using the Fleiss k for all raters and Cohen k for senior raters.
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additional information about the blood supply at the tissue level
and indicates possible tissue at risk. This information may help
observers determine which of the caliber irregularities may be
functionally relevant and therefore provides additional information
to justify endovascular treatment options, such as intra-arterial
administration of spasmolytic drugs or percutaneous transluminal
angioplasty. Of note, it must be considered that CTP entails a sub-
stantially higher radiation exposure, especially in the case of multi-
ple examinations.

The raters were not given any clinical information such as the
presence of new focal neurologic symptoms or TCD elevations.
However, information about the patient’s clinical status or neuro-
logic deterioration is essential when assessing the risk of focal
brain damage in patients with suspected vasospasm and guiding
further treatment decisions. The decision to pursue endovascular
treatment should be driven by a combination of the patient’s clini-
cal and neurologic status as well as imaging findings including
DSA.3 However, patients after aSAH are often sedated or coma-
tose and cannot be evaluated clinically. In this patient cohort, the
degree of vasospasm on multimodal CT imaging plays a crucial
role in clinical decision-making. Although our study shows that
CT screening alone for vasospasm should be used with caution,
because interrater reliability for individual vessel segments is low,
it may be helpful to focus on proximal vessels and to use perfusion
imaging to identify hemodynamically relevant perfusion deficits.

Limitations
This study has some limitations. Patients were chosen on the basis
of the completeness of imaging modalities, possibly introducing
selection bias. Furthermore, the generalizability of our findings may
be limited because for 25 patients, 2 data sets were included because
these patients presented more than once with suspected vasospasm.
In addition, our cohort of raters is all from the same institution,
and we included only 1 junior rater, restricting the results concern-
ing physicians with limited work experience. In 8 of 71 cases, the
endovascular treatment was performed by raters participating in
this study. Despite the anonymization of all cases, the raters could
have recognized these cases, potentially introducing bias. The heter-
ogeneity of the study cohort was reduced by including only patients
who had undergone endovascular treatment, resulting in a scarcity
of patients with mild vasospasm. Because the experimental setup of
our study differs from the real-life assessment of patients, we can
only speculate that responders devoted the necessary time and
attention to respond as they would have when evaluating actual
patients. Some patients who underwent CT examination were
under general anesthesia. Because anesthetic drugs can impact cere-
bral hemodynamics, their use potentially confounds the interpret-
ability of CTP. Of note, this study focused on the interrater
reliability of CTA and CTP in diagnosing vasospasm and the result-
ing treatment decision. It was not the purpose of this study to inves-
tigate the diagnostic accuracy of these 2 modalities, which has been
demonstrated previously.8,10,27 Therefore, we did not compare the
CTA and CTP ratings with the DSA.

CONCLUSIONS
The grading of vasospasm on a per-segment analysis using CTA
alone offers only low interrater reliability and is not a sufficient

criterion to guide treatment decisions regarding endovascular
therapy. However, perfusion imaging might help experienced
neuroradiologists visualize perfusion deficits of presumed vaso-
spastic origin and might improve interrater reliability regarding
endovascular treatment decisions.

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
NEUROVASCULAR/STROKE IMAGING

Prevalence of “Ghost Infarct Core” after Endovascular
Thrombectomy

Johanna M. Ospel, Nathaniel Rex, Leon Rinkel, Nima Kashani, Brian Buck, Jeremy Rempel, Demetrios Sahlas,
Michael E. Kelly, Ron Budzik, Michael Tymianski, Michael D. Hill, and Mayank Goyal,

On behalf of the ESCAPE-NA1 Investigators

ABSTRACT

BACKGROUND AND PURPOSE: Baseline CTP sometimes overestimates the size of the infarct core (“ghost core” phenomenon). We
investigated how often CTP overestimates infarct core compared with 24-hour imaging, and aimed to characterize the patient sub-
group in whom a ghost core is most likely to occur.

MATERIALS AND METHODS: Data are from the randomized controlled ESCAPE-NA1 trial, in which patients with acute ischemic
stroke undergoing endovascular treatment were randomized to intravenous nerinetide or placebo. Patients with available baseline
CTP and 24-hour follow-up imaging were included in the analysis. Ghost infarct core was defined as CTP core volume minus 24-
hour infarct volume. 10 mL). Clinical characteristics of patients with versus without ghost core were compared. Associations of
ghost core and clinical characteristics were assessed by using multivariable logistic regression.

RESULTS: A total of 421 of 1105 patients (38.1%) were included in the analysis. Forty-seven (11.2%) had a ghost core. 10 mL, with a
median ghost infarct volume of 13.4mL (interquartile range 7.6–26.8). Young patient age, complete recanalization, short last known
well to CT times, and possibly male sex were associated with ghost infarct core.

CONCLUSIONS: CTP ghost core occurred in �1 of 10 patients, indicating that CTP frequently overestimates the infarct core size at
baseline, particularly in young patients with complete recanalization and short ischemia duration.

ABBREVIATIONS: AIS ¼ acute ischemic stroke; eTICI ¼ expanded TICI; EVT ¼ endovascular treatment; LVO ¼ large vessel occlusion; rCBF ¼ relative CBF

Endovascular treatment (EVT), the current standard of care for
acute ischemic stroke (AIS) due to large vessel occlusion

(LVO), improves clinical outcomes through reperfusion of ische-
mic tissue, which stops the progression from ischemia to infarc-
tion.1-5 Based on our current understanding, if the entire ischemic
area is irreversibly damaged (ie, there is only infarct “core,” with
no penumbra left), EVT is likely to be futile.

Different imaging modalities allow us to estimate the size of the
ischemic core; perhaps the most widely used is CTP.4,6 In CTP, the
brain is repeatedly imaged (over 45–90 seconds) after intravenous
injection of a bolus of iodinated contrast. These repeated measure-
ments are then used to derive time to maximum, relative CBF
(rCBF), and CBV maps. The most commonly used threshold to
identify infarct “core” is rCBF,30%.3,4,7 Thresholded CTP maps
sometimes overestimate the size of the infarct core: a phenom-
enon that is colloquially known as “ghost core,” occurring in
16%–38% of patients.8,9 This overestimation of initial infarct size
on CTP can cause several problems, including inaccurate out-
come prognostication and erroneous treatment decisions.9

Therefore, it is of interest to quantify the prevalence of the ghost
core phenomenon.

In this post hoc analysis of the randomized controlled
ESCAPE-NA1 trial, we therefore assessed the prevalence of the
ghost core phenomenon and assessed its associations with patient
characteristics and clinical outcomes.

MATERIALS AND METHODS
Study Sample
This study is a post hoc analysis of the Safety and Efficacy of
Nerinetide in Subjects Undergoing Endovascular Thrombectomy
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for Stroke, or ESCAPE-NA1, trial (clinicaltrials.gov: NCT02930018),
a double-blind, multicenter randomized controlled trial that eval-
uated the efficacy of nerinetide in patients with AIS who under-
went EVT.10 Patients were randomly allocated to either receive
intravenous nerinetide versus placebo in addition to best medical
management. Inclusion criteria were as follows: presence of a
LVO, moderate to good collateral circulation, an ASPECTS of 5
or greater, age of at least 18 years, NIHSS of.5, functional inde-
pendence before the stroke (Barthel index .90), and time since
last known well,12 hours. The study was approved by the ethics
committee of the University of Calgary and at each participating
site. Informed consent was obtained from participants, legally
authorized representatives, or via 2-physician consent, depending
on national laws and regulations.

Imaging Acquisition
The ESCAPE-NA1 protocol mandated at minimum a noncon-
trast head CT and a multiphase CT angiography at baseline and
either NCCT or diffusion-weighted MR imaging at 24 hours.
Perfusion imaging was performed when part of clinical routine at
each respective site, but not mandated by the trial, and therefore
only available in a subset of patients. We only included patients
with available CT perfusion imaging in the analysis. Perfusion
source images, when available, were processed by using RAPID
perfusion software version 5.2.2 (iSchemaView) to generate
standard rCBF,30% volumes.

Imaging Analysis
All imaging was assessed by a central imaging core lab that was
blinded to treatment allocation and clinical outcomes (Online
Supplemental Data). Disagreement between 2 readers was solved
by a senior neuroradiologist (M.G.; 24 years of experience). Core
lab members were blinded to clinical outcomes. During baseline
imaging assessment, core lab members were also blinded to 24-
hour follow-up imaging. Time intervals between baseline and fol-
low-up imaging readout sessions were$4weeks.

Noncontrast CT and CT Angiography. ASPECTS score was
assessed on baseline NCCT. Occlusion location on multiphase
CT angiography was reported as either terminal internal carotid
artery or M1 segment of the MCA.

CT Perfusion. All output DICOMs were converted to NIfTI by
using dcm2niix (http://www.github.com/rordenlab/dcm2niix),
and then underwent automated segmentation by using color-
based thresholding in Python version 3.10 (http://www.python.
org). Segmentation volumes for each threshold were extracted by
using 3DSlicer version 5.0.2 (http://www.slicer.org). Key Python
functions necessary for reproduction of feature extraction and
processing are detailed on Github (https://github.com/naterex23/
RAPID_Perfusion_Processing).

Angiography. Expanded TICI score (eTICI) was assessed on the
final intracranial DSA run. Successful reperfusion was defined as
eTICI 2b–3 (ie, .50% reperfusion of the target territory) and
near-complete reperfusion as eTICI 2c–3 (ie, .90% reperfusion
of the target territory).

24-Hour Imaging. Final infarct volumes were manually seg-
mented for all patients with follow-up imaging (either NCCT or
diffusion-weighted MR imaging) through manual planimetric
measurements on axial NCCT or diffusion-weighted MRI follow-
up imaging by using the open source software ITK snap (http://
www.itksnap.org).

Outcomes of Interest
The primary outcome of this study was CTP ghost core.
Because small ghost core volumes could be artificial related to
CTP postprocessing or variability in manual infarct segmenta-
tions, we opted to define ghost core as ghost core volume
.10mL, that is, final infarct volume at 24 hour – rCBF,30%
volume at baseline,�10 mL (motivated by a previous publica-
tion by Boned et al).8

In a secondary analysis, we further assessed the association of
ghost core with clinical outcomes, as measured by the mRS at
90 days, which was assessed by blinded assessors who were
unaware of the patients’ treatment allocation.

Statistical Analysis
Prevalence of ghost core, patient baseline characteristics, and
clinical outcomes in patients with versus without ghost core
were described as counts and percentages for categoric variables
and median and interquartile ranges for continuous variables.
Baseline and treatment characteristics and clinical outcomes
were compared between patients with versus without CTP ghost
core.

The relationship between ghost infarct core and clinical out-
come was modelled in an exploratory approach by using ordinal
logistic regression. We adjusted the model for the following pre-
specified variables: patient age, baseline NIHSS, alteplase treat-
ment, nerinetide treatment, reperfusion status (final eTICI), and
final infarct volume. Furthermore, variables for which associa-
tions were seen in univariable analysis were included as adjust-
ment factors. No imputation was performed for missing data
because missing data were minimal. The analyses were performed
separately for both “any ghost core” and “ghost core.10mL” as
a dependent variable.

All statistical tests were 2-sided and conventional levels of
significance (alpha¼ 0.05) were used for interpretation. All
analysis was performed by using Stata 17 (StataCorp).

RESULTS
Of the 1105 patients enrolled in ESCAPE-NA1, 421 had available
CTP and 24-hour follow-up imaging and were included in the
analysis. Their baseline characteristics are shown in the Online
Supplemental Data. Forty-seven of 421 (11.2%) had a ghost core
(defined as ghost core volume .10mL). The median CTP ghost
infarct volume was 13.4mL (IQR 7.6–26.8) (Fig 1). In the early
time window, a ghost core.10mL was seen in 39/311 (12.5%)
patients. In the late time window, a ghost core.10mL was seen in
8/109 (7.3%) patients. When comparing patients with CT versus
MRI 24-hour imaging, a ghost core.10mL was seen in 23/224
(10.3%) patients with 24-hour CT and 24/197 (12.2%) patients
with 24-hour MR imaging (P¼ .540).
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Association of Baseline and Treatment Variables with
Ghost Infarct Core
Patients with ghost core were younger, more often male, had better
collateral status, a higher proportion of eTICI 2b/3, and shorter

last known well–to-CT times (Online Supplemental Data).
In the adjusted analysis, variables that significantly differed

between patients with and without ghost core.10mL were included
in a binary logistic regression model with ghost core .10mL as a
dependent variable. Young patient age (adjusted OR 0.83 per 5-year
increase [95% CI, 0.74–0.93]), male sex (adjusted OR 1.08 [95% CI,
1.06–4.09]), final eTICI (adjusted OR 1.51 [95% CI, 1.10–2.08]),
and last known well–to-CT time (adjusted OR 0.97 per 10-min
increase [95% CI, 0.95–0.996]) were associated with ghost core.

Association of Ghost Infarct Core
with Clinical Outcomes
The median mRS in patients with
ghost core .10mL was 1 (IQR 0–2)
versus 2 (IQR 1–5) in those without
ghost core (P, .001) (Fig 2). Forty-
one of 47 (87.2%) patients with versus
210/374 (56.2%) patients without ghost
core.10mL achieved a good outcome
at 90 days (P, .001).

After adjusting for baseline and treat-
ment variables, including final infarct
volume, ghost core .10mL was associ-
ated with ordinal mRS (adjusted com-
mon OR 0.52 [95% CI 0.28–0.95]).

DISCUSSION
A ghost core, that is, an overestimation
of the infarct size on baseline CTP
compared with 24-hour imaging
.10mL, was seen in�1 of 10 patients.
The median ghost core volume was
13mL. Patients with ghost core were
younger, more often male, and had
better recanalization status at the end
of the EVT procedure and shorter last
known well–to-CT times.

Recent randomized controlled trials
have shown that EVT is safe and effec-
tive even in patients with very large
infarcts.11-13 The implication is that
estimating the core infarct by using
CTP may not be required for endovascu-
lar treatment decision-making. However,
it is not yet clear that the benefit of EVT
observed in these large core EVT trials
will be maintained outside the clinical
trial setting, and physicians are often still
hesitate to proceed with EVT when a
large core is seen on baseline imaging.14

In some patients, the ghost core phenom-
enon may be a contributing reason for
the observation of benefit in these trials.
Furthermore, current North American

and European guidelines recommend perfusion imaging for treat-
ment decision-making in patients with AIS only for patients pre-
senting beyond 6 hours from last known well, but not for those
presenting within 6hours.2,5 In clinical practice, however, a single
stroke imaging protocol is often used for the early and late time win-
dow for the sake of simplicity, and this protocol often includes CTP.
This means that CTP information is routinely available to physicians
in many centers, and therefore invariably taken into account during
treatment decision making. CTP overestimation of core volume
could influence prognostication, in discussion with family members
and possibly result in denial of treatment for a patient who might
still benefit from reperfusion.9 For these reasons, understanding
ghost core is essential for the neuroradiologist.

FIG 2. mRS at 90days in patients with and without ghost infarct core.10mL (ie, CBF,30%
infarct core at baseline minus infarct volume at 24 hours .10 mL). mRS categories are shown in
ascending order from left to right. Note that 4.3%, 0% and 0% patients achieved mRS 4, 5 and 6
respectively in the lower bar.

FIG 1. “Ghost core” infarct volumes (baseline CTP core volume – 24-hour infarct volume) in the 77
patients who had a baseline CTP rCBF.30% volume that was larger than 24-hour final infarct vol-
ume. To be considered a “ghost core” in the current analysis, this difference in volumes had to be
.10mL. Individual patient (blue dot). Median “ghost core” volume was 0.4mL (black horizontal line).
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Brain tissue tolerance to ischemia is time-dependent: when is-
chemia duration is short, much lower cerebral blood flow can be
tolerated compared with longer ischemia durations. This was
proved as early as 1981, when Jones et al15 used macaques ische-
mic stroke models to show that CBF thresholds for infarction
were much lower when ischemia duration was short, whereas at
longer ischemia durations, infarction already occurred at a higher
CBF. This has subsequently been confirmed in human patients
with acute ischemic stroke.16 CTP core thresholds as they are
used in clinical practice for AIS imaging today are not time-de-
pendent, and likely represent “average” thresholds that may be
accurate in the middle range of ischemia duration. At very short
ischemia durations, however, brain tissue can tolerate CBF
impairments that are more severe than the commonly used core
thresholds.

The current study confirms that the imprecision surrounding
the CTP “core” concept is indeed clinically relevant: baseline
CTP overestimated infarct volumes compared with 24-hour
imaging in .10% of patients, which is roughly similar to previ-
ous studies.8,9 The median ghost core volume was 13mL; in one-
fourth of the patients with ghost core, it exceeded 26mL. It is not
surprising that the use of a single rCBF dichotomy does not
adequately delineate infarct core from penumbra, given that is-
chemia tolerance of brain tissue has been shown to depend on
numerous factors, including tissue and cell type,17 duration of is-
chemia, and patient age.18

The fact that younger patient age was positively associated
with ghost infarct core is in line with previous literature, which
describes an accelerated ischemic tissue-to-infarct conversion
speed in older patients.18 Furthermore, the age-related decrease
in responsivity of the cerebral microvasculature and decrease in
cerebral vessel attenuation likely contributes to a reduced recov-
ery potential of ischemic tissue in elderly patients,19 and may
therefore also lead to a reduced prevalence of ghost infarct core.

Previous studies have shown an association of ghost core and
poor collateral status.20 Conversely, we found a significant posi-
tive association with better collateral status, but only in the unad-
justed analysis. After adjusting for patient baseline factors, no
signification association was seen anymore. There are 2 possible
explanations for this: first, the ESCAPE-NA1 study included only
patients with moderate-to-good collaterals. This preselection of
patients may have confounded the results and precluded detec-
tion of a significant effect in the multivariable analysis.
Second, the decrease in cerebrovascular capacity, and therefore
also collateral status, with patient age suggests some degree of
multicollinearity of patient age and collateral status. This may
be the reason why, after adjusting for patient age, no inde-
pendent effect of collateral status was observed anymore.

There is robust evidence that ghost core occurs more often in
patients with short onset-to-imaging times.20 Our findings sup-
port these previous observations when analyzing the entire
patient sample that also included late time window patients. We
deliberately refrained from analyzing patient subgroups stratified
by ischemia duration due to the relatively small number of
patients in these subgroups. Hence, we cannot comment on
potential heterogeneity of the effect of onset-to-imaging times
within these subgroups.

While the association of ghost core with better recanalization
status has been previously described9 and seems intuitively logi-
cal, we do not have a clear explanation for the observed difference
in ghost core prevalence between men and women, and suspect
that this effect, which was small in magnitude, may have been
artificial.

Limitations
This study has several limitations. First, we batch processed per-
fusion studies frommultiple sites with different sequence acquisi-
tion settings and CT machines through the RAPID software
algorithm, which has introduced some heterogeneity in our data.
Second, we defined CTP infarct core as rCBF,30%, which is the
most commonly used threshold, and the results would have
looked different if another core threshold had been used. Third,
most of the patient population included in this study presented
within 6 hours from onset and therefore did not meet guideline-
based recommendations for CTP imaging, the latter being re-
stricted to late window patients. Our study included only 109 late
window patients, a group that was deemed too small for sub-
group analysis, and thus limiting the generalizability of our
results to late window patients. However, this simply reflects clin-
ical reality, because CTP was part of the acute stroke imaging
protocol in many participating sites, irrespective of the time of
patient presentation. Fourth, follow-up infarct volumes were
assessed at �24hours, but in some patients, but these measure-
ments may not represent final infarct volumes, because infarcts
can continue to grow after 24 hours.21 Fifth, there is a possibility
that intravenous thrombolysis treatment may have influenced the
occurrence of ghost infarct core in our study and our study was
powered to detect such an effect. Lastly, the ESCAPE-NA1 trial
had rather stringent eligibility criteria, and our results may there-
fore not be generalizable to the general EVT population.

CONCLUSIONS
Baseline CTP overestimated the infarct size in 1 of 10 patients
compared with 24-hour imaging, particularly in young patients
with complete recanalization and short ischemia duration.

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
NEUROVASCULAR/STROKE IMAGING

Effect of Clot Burden Score on Safety and Efficacy of
Intravenous Alteplase Prior to Mechanical Thrombectomy in
Acute Ischemic Stroke: A Subgroup Analysis of a Randomized

Phase 3 Trial
Zifu Li, Yu Zhou, Xiaoxi Zhang, Lei Zhang, Yongwei Zhang, Pengfei Xing, Yongxin Zhang, Qinghai Huang,

Qiang Li, Qiao Zuo, Xiaofei Ye, Jianmin Liu, and Pengfei Yang,
on behalf of DIRECT-MT Investigators

ABSTRACT

BACKGROUND AND PURPOSE: Whether thrombus burden in acute ischemic stroke modify the effect of intravenous thrombolysis
(IVT) before mechanical thrombectomy (MT) remains uncertain. We aim to investigate the treatment effect of stratified clot bur-
den score (CBS) on the efficacy and safety of direct versus bridging MT.

MATERIALS AND METHODS: This is an exploratory subgroup analysis of a randomized trial evaluating the effect of CBS on clinical
outcome in the DIRECT-MT trial. CBS was divided into 3 groups (0–3, 4–6, and 7–10) based on preoperative CTA, where higher
scores indicated a lower clot burden. We report the adjusted common odds ratio for a shift toward better outcomes on the mRS
after thrombectomy alone compared with combination treatment by stratified CBS groups.

RESULTS: No modification effect of mRS distribution was observed by CBS subgroups (CBS 0–3: adjusted common ratio odds 1.519
[95% CI, 0.928–2.486]; 4–6: 0.924 [0.635–1.345]; 7–10: 1.040 [0.481–2.247]). Patients with CBS 4–6 had a higher rate of early reperfusion
(adjusted OR (aOR), 0.3 [95% CI, 0.1–0.9]), final reperfusion (aOR 0.5 [95% CI, 0.3–0.9]), and fewer thrombectomy attempts (aOR 0.4
[95% CI, 0.1–0.7]). Patients with CBS 7–10 had a higher rate of asymptomatic intracranial hemorrhage (14.9% versus 36.8%, P¼ .0197)
for bridging MT. No significant difference was observed in other safety outcomes by trichotomized CBS.

CONCLUSIONS: The subgroup analysis of DIRECT-MT suggested that thrombus burden did not alter the treatment effect of IVT
before MT on functional outcomes in CBS subgroups.

ABBREVIATIONS: AIS ¼ acute ischemic stroke; aOR ¼ adjusted OR; acOR ¼ adjusted common odds ratio; CBS ¼ clot burden score; eTICI ¼ expanded
TICI; ICH ¼ intracerebral hemorrhage; IVT ¼ intravenous thrombolysis; MT ¼ mechanical thrombectomy

Mechanical thrombectomy (MT) plus intravenous thromboly-
sis (IVT) has been the standard care for patients who have

had acute ischemic stroke (AIS).1 IVT enhances the probability of
early recanalization while carrying the risk of intracerebral hemor-
rhage. For large thrombus burden, IVT is believed to be less effi-
cient because the rate of recanalization is low for occlusion of
proximal large arteries.2-6 In the meantime, a larger thrombus
burden can lead to lower recanalization rates, worse clinical out-
comes, and a higher risk of hemorrhagic complications.4,6,7

Therefore, IVT may exert a different treatment response to
varying thrombus burden.

DIRECT-MT (Direct Intra-arterial Thrombectomy in Order to
Revascularize Acute Ischemic Stroke Patients with Large Vessel
Occlusion Efficiently in Chinese Tertiary Hospitals Multicenter
Randomized Clinical Trial) is a multicenter randomized clinical trial
to compare the efficacy of direct MT and bridging MT (MT plus
IVT) in eligible patients with acute ischemic stroke, aiming to see
whether IVT can be skipped before MT.8 We hypothesized that
thrombus burden may impose a treatment effect on the functional
and safety outcomes when applying bridging or direct MT for strati-
fied thrombus burden. Hereby, we sought to examine the effect of
stratified clot burden score (CBS 0–3 versus 4–6 versus 7–10) on
the clinical outcomes in the subgroup analysis of DIRECT-MT.

MATERIALS AND METHODS
This is an exploratory analysis of the DIRECT-MT trial, a multi-
center randomized clinical trial to determine whether direct MT
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was noninferior to bridging MT in patients with AIS due to ante-
rior circulation large-vessel occlusion within 4.5 hours after
stroke onset. The trial protocol and patient eligibility criteria have
been previously published.8,9 In this secondary analysis, we di-
vided CBS into 3 groups to investigate the treatment effect of
CBS on the efficacy and safety of direct MT versus combined
thrombolysis with MT.

Patients
The subgroup analysis was conducted within the intention-to-
treat population. Patients who received randomization were en-
rolled in the subgroup analysis. The inclusion criteria for the
DIRECT-MT trial included age $18 years, the occlusion of ICA
together with the first or proximal segment of the middle cere-
bral artery on CTA, NIHSS$2, time window of 4.5 hours
applicable to IVT. The exclusion criteria included mRS .2 or
any contraindication to IV alteplase. Patients with missing
data of CTA and graded CBS were excluded from the subgroup
analysis. The functional outcomes were evaluated by an inde-
pendent outcome assessment committee. The adverse event
was judged by the adverse event committee. Written informed
consent was obtained from each patient before randomization.
The study protocol was approved by the hospital ethics com-
mittee and the research board of participating centers.

Stratification of CBS
CBS is a grading system of reflecting the extent and location of
thrombus formation for semiquantitative analysis of thrombus
burden for large-vessel occlusion in anterior circulation estimated
on CTA.10 The value of CBS was graded by using the previously
described algorithm.10 The purpose of CBS grading was to qualify
the extent of intracranial thrombus, allotting 10 points for the
presence of large arteries on CTA. For occlusion of each involved
artery, corresponding points were subtracted from the total 10
points. The lower CBS signified a larger thrombus burden. To
stratify the CBS rationally, the curve filling on the relationship of
a favorable outcome, mortality, and CBS was validated. After bi-
nary logistic regression, we stratified the CBS into 3 subgroups:
0–3, 4–6, and 7–10 (Online Supplemental Data).

Outcome Measures
The radiologic outcomes were evaluated by the DIRECT-MT
imaging core lab. All the imaging data were read by 2 independ-
ent readers from the core lab who were blinded to treatment
allocation and final outcomes. A third reader provided a final
adjudication in cases of discrepancies between the 2 readers.
The required data regarding the baseline demographics, imag-
ing results, time intervals, and functional and safety outcomes
were retrieved from the locked database, and transferred to an
independent statistician (X.Y.). The NIHSS was assessed at
baseline, thrombectomy after 24 hours, and at 5–7 days or dis-
charge. Early reperfusion before thrombectomy was defined as
expanded TICI (eTICI) $2a on angiogram and successful
reperfusion was defined as eTICI $2b. The clinical outcome
was evaluated by means of mRS at 90 days, which was further
classified as an excellent functional outcome of mRS 0–1, a
favorable outcome of mRS 0–2, and a moderate outcome of

mRS 0–3. Follow-up CT and CTA scanning were performed
within 24–72 hours after endovascular treatment. Asymptomatic
and symptomatic intracerebral hemorrhages (ICHs) were classi-
fied according according to the Heidelberg criteria.11 Procedural
complications included any procedural complications, vessel
dissection, contrast extravasation, and embolization in a new
cerebrovascular territory. Contrast extravasation was defined as
contrast leakage on intraprocedural dynamic angiograms.

The primary outcome was to estimate the treatment effect on
the functional outcome in patients with stratified CBS by using
multivariable ordinal regression to observe the adjusted common
ratio odds (acOR) for the shift toward a better functional out-
come of the mRS at 90 days for direct MT versus bridging MT.
The secondary outcomes included functional and radiologic out-
comes. The functional outcomes included the dichotomized mRS
at 90 days, Barthel Index 95 or 100 at 90 days, NIHSS after 24
hours, and at 5–7 days or discharge. The radiologic outcomes
included early reperfusion before thrombectomy ($2a), final
reperfusion of eTICI score $2b, the recanalization rate at 24–72
hours, midline shift, thrombectomy attempts, and the outcome
lesion volume on postprocedural CT.

Safety outcomes were death, and asymptomatic and sympto-
matic ICH, which were classified according to the Heidelberg
criteria.11 Procedural complications included any procedural
complications, vessel dissection, contrast extravasation, and
embolization in a new cerebrovascular territory. Contrast extra-
vasation was defined as contrast leakage on intraprocedural
dynamic angiograms.

Statistical Analysis
Normality of distributions was examined by using histograms
and Shapiro–Wilk test. Data are presented as median (inter-
quartile range) or as percentage. The baseline characteristics,
functional and safety outcomes were compared by using the
adjusted common odds ratio or x 2 test for categorical varia-
bles, Cochran-Mantel-Haenszel test for stratified categorical
data, and Wilcoxon rank-sum test for non-Gaussian distribu-
tions by CBS subgroups. Univariate and multivariate regres-
sion analyses were performed to observe whether CBS was
included as one of the independent prognostic factors that
influenced the favorable outcome. The adjusted factors
included age, ASPECTS, baseline NIHSS, baseline mRS, time
from onset to randomization, collateral score, medical history,
CBS, and treatment allocation.

To observe the treatment effect of IVT before MT on the
functional outcome by CBS subgroups, multivariable ordinal
regression analysis was performed to calculate the acOR for a
shift in a direction toward a better functional outcome on the
mRS at 90 days. Binary logistic regression was used to calculate
the adjusted and unadjusted OR and 95% CIs for secondary out-
comes to observe the modification or confounders effect based
on CBS stratification, and adjusted and unadjusted relative risk
and 95% CI for safety and serious adverse events outcomes.
Linear regression was used to calculate adjusted and unadjusted
b with 95% CIs for continuous outcomes. Interobserver agree-
ment for trichotomized CBS was measured by using the weighted
k statistic with quadratic weighting.
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The subgroup analysis was performed by using the SAS ver-
sion 9.4 (SAS Institute) and R version 4.1.3 software package. A
level of P, .05 was accepted as statistically significant.

RESULTS
The trial profile is shown in the Online Supplemental Data. In the
DIRECT-MT trial, 656 patients under randomization, 641 patients
were included for subgroup analysis, of whom 315 patients were
allocated in direct MT group and 326 patients in bridging MT
group. Among the 641 patients, 209 patients had CBS 0–3 (108
[51.7%] in direct MT group versus 101 [48.3%] in bridging MT
group, and 347 had CBS 4–6 (direct MT: bridging MT; 160
[46.1%] versus 187 [53.9%]) and 85 had CBS 7–10 (direct MT:
bridging MT; 47 [55.3%] versus 38 [44.7%]).

The baseline characteristics of the patients are summarized by
CBS subgroups in the Online Supplemental Data. The median
time from intravenous alteplase to groin puncture is 27 (inter-
quartile range, 15–39) minutes. No significant difference was
observed in the proportion of patients treated with direct or
bridging MT between groups. We noticed a longer median time
from groin puncture to reperfusion, from randomization to
reperfusion, and from stroke onset to reperfusion in patients with
lower CBS. However, no significant differences in the median

time from stroke onset to IV alteplase,
from stroke onset to reperfusion, or
from intravenous alteplase to groin
puncture were observed.

Patients with lower CBS had higher
NIHSS scores, lower ASPECTS, worse
collateral scores (combined grade 0–1,
87.9% of 206 patients with CBS 0–3;
75.3% of 340 patients with CBS 4–6;
61.4% of 83 patients with CBS 7–10), a
higher incidence of cardioembolic sour-
ces on stroke etiology, a higher propor-
tion of ICA occlusion, and longer time
interval from admission to reperfusion,
from groin puncture to reperfusion and
from randomization to reperfusion
(Online Supplemental Data). The time
from stroke onset to groin puncture is
slightly longer in patients with CBS 4–6.
Univariate and multivariate logistic
regression analyses showed that CBS
was an independent prognostic factor
for favorable outcomes (OR, 1.181
[95% CI, 1.064–1.312, P¼ .002]) (Online
Supplemental Data).

The outcome of patients was sum-
marized by CBS stratification between
2 groups in the Online Supplemental
Data. We noted that patients with
lower CBS had a worse degree of
overall disability, a lower incidence of
excellent, favorable, and moderate
functional outcome, Barthel Index 95
or 100 at 90 days, and a higher median

NIHSS after 24 hours and at 5–7 days or discharge. In the
meantime, no difference in the rate of early reperfusion before
MT and the recanalization rate at 24–72 hours was observed.
Patients with lower CBS had a higher successful reperfusion
rate (Online Supplemental Data).

The acOR for a better 90-day mRS was 1.5 (95% CI 0.9–2.5)
for CBS 0–3, 0.9 (0.6–1.3) for CBS 4–6, and 1.04 (0.5–2.2) for
CBS 7–10 in the direct MT group compared with the bridging
MT group (Fig 1). There was no significant treatment-by-tricho-
tomized CBS interaction for the ordinal mRS distribution (acOR
interaction term relative to CBS 7–10: CBS 0–3, 0.73 [95% CI
0.30–1.81], P¼ .503; CBS 4–6, 1.06 [95% CI 0.45–2.48], P¼ .894)
(Fig 2; Online Supplemental Data). No significant difference in
the bridging effect was observed for dichotomized mRS, Barthel
Index 95 or 100 at 90 days, NIHSS after 24 hours and 5–7 days, or
discharge by CBS subgroups.

In the adjusted analysis, patients with CBS 4–6 had a higher
rate of early reperfusion (absolute difference 5.76%, adjusted
OR (aOR) 0.3 [95% CI, 0.1-0.9]), final reperfusion (absolute dif-
ference 8.17%, aOR 0.5 [95% CI, 0.3-0.9]), and less thrombec-
tomy attempts (aOR 0.4 [95% CI, 0.1-0.7]) in bridging MT
group than direct MT group for patients with CBS 4–6. With
respect to other secondary radiologic outcomes, we noted no

FIG 1. Treatment effect for mRS distribution shift on 90days in trichotomized subgroups.

FIG 2. Treatment effect for mRS distribution shift on 90days by treatment group in trichotom-
ized subgroups.
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significant treatment-by-trichotomized CBS interaction for the
recanalization rate at 24–72 h on CTA, midline shift, and out-
come lesion volume on CT (Online Supplemental Data).

Patients with lower CBS had higher rates of mortality, asymp-
tomatic ICH, midline shift, any procedural complication, and
embolization into a new territory (Online Supplemental Data).
We noted no significant difference in symptomatic ICH, vessel
dissection, and contrast extravasation between CBS subgroups.
With the exception of asymptomatic ICH, we noted no signifi-
cant treatment-by-trichotomized CBS interaction for any of the
other safety outcomes. The asymptomatic rate in the bridging
MT group was higher than that in the direct MT group in
patients with CBS 7–10 (OR, 0.279 [95% CI, 0.094–0.825], P ¼
.0197) (Fig 3; Online Supplemental Data).

The observed agreement for trichotomized CBS was 588 (92%)
of 636, yielding a weighted k of 0.936 (SE 0.012). The concord-
ance correlation coefficient for numeric CBS was 0.941 (95% CI
0.933–0.948).

DISCUSSION
The subgroup analysis of DIRECT-MT showed that neither mod-
ification effect of the treatment strategy of adopting direct or
bridging MT nor interaction effect by trichotomized CBS was
shown for patients with AIS regarding the overall functional dis-
ability. Despite the significantly increased rate of asymptomatic
ICH in patients with CBS 7–10, other safety outcomes were not
significantly different by CBS subgroups. Thereafter, our results
do not support our hypothesis that the degree of clot burden
alters the treatment effect of IVT. The clot burden should not alter
the physician’s decision on whether to use thrombolysis or not.

We found no interaction and modification effect of IVT on
the mRS distribution by stratifying thrombus burden. The previ-
ous findings showed there was no significant treatment-by-occlu-
sion site interaction for internal carotid artery, M1, and M2.15,16

In the subgroup analysis, the stratified CBS of 0–3, 4–6, and 7–10
mostly corresponded with the occlusion site of ICA, M1, and M2,
respectively. The nonsignificant treatment effect of IVT by CBS
stratification may be attributed to several aspects. First, thrombus
composition may also pose an important determining effect for

IVT besides thrombus length.17 Second, the transfer model
adopted in the DIRECT-MT is the mothership model. In the
model, the working time from intravenous alteplase to groin
puncture for IVT was very short, approximately 27 minutes in
the DIRECT-MT, leading to inadequate time for alteplase work-
ing. Nguyen and Fischer18 also considered the treatment effect of
IVT could not be reflected in the mothership paradigm but drip-
and-ship model. For the latter paradigm, the time interval from
needle to puncture was significantly longer, and early reperfusion
was significantly increased in the drip-and-ship paradigm than in
the mothership paradigm.19,20 Under the drip-and-ship para-
digm, patients would potentially benefit from treatment effect of
IVT, especially for distal occlusions.

The DIRECT-MT main results showed higher percentages of
early reperfusion before MT in the bridging MT group but with-
out statistical significance, and the result was similar to other
randomized clinical trials.9,21,22 On the basis of our prior sub-
group analysis, we found that patients with CBS 0–5 had early
reperfusion more frequently when they were treated with IVT
before MT.16 Likewise, for patients in the current subgroup anal-
ysis, we inferred those patients with CBS 0–3 would also benefit
from early reperfusion. However, subgroup analysis showed that
early reperfusion occurred more frequently in patients with CBS
4–6 in the bridging MT group, while patients with CBS 0–3 and
7–10 did not achieve this benefit. For patients with CBS 0–3, the
occlusion site mostly occurred at the ICA. The proximal occlu-
sion with large thrombus burden had poor response to IVT and
could be hardly recanalized.23-25 This conformed to our anticipa-
tion in the clinical practice. In the meantime, patients with CBS
4–6 had a higher rate of early reperfusion, which may be attrib-
uted to relatively short thrombus length and thrombus location
of M1 segment. Arrarte Terreros et al24 also reported early recan-
alization mostly occurred in M1, and more often in M2 after IVT
in the drip-and-ship paradigm. Moreover, we failed to observe
significant change in early reperfusion in those patients with CBS
7–10 which mainly (79%) occurred at M2. As expected, treatment
effect of IVT should be presented with higher recanalization rate
for distal occlusions. This may be attributed to the paradigm used
in DIRECT-MT. For distal occlusions, adequate time was needed
for alteplase to work with the thrombus.20,23 The nonsignificant

FIG 3. Safety outcomes by treatment group in trichotomized subgroups.
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treatment effect of IVT was probably caused by limited time
interval from alteplase use to groin puncture to dissolve the
thrombus before MT in these patients with CBS 7–10 in the
mothership paradigm.

Reperfusion is strongly associated with clinical outcomes in
patients with AIS who underwent MT. A higher percentage of final
successful reperfusion was observed in the bridging MT group in
the main results of DIRECT-MT, though a lack of statistical signifi-
cance was observed.9 Bridging MT was associated with higher rates
of successful reperfusion and less thrombectomy attempts.26 In this
further subgroup analysis, we found that patients with CBS 4–6 had
a significantly higher rate of successful reperfusion and required
less thrombectomy attempts in the bridging MT group. The occlu-
sion site of patients with CBS 4–6 was mainly M1, and the throm-
bus was mostly restricted in the distal M1 or bifurcation. After IVT
pretreatment, the size of thrombus was reduced, and the number of
thrombectomy passes was less required to retrieve these clots.26-29

The main concerns about IVT pretreatment are the hemor-
rhagic complications. Patients with low CBS had significantly
higher rates of mortality, symptomatic or asymptomatic ICH, any
procedural complications, and new territory embolization than
patients with high CBS. With the exception of asymptomatic ICH,
other safety outcomes were comparable in CBS subgroups. Patients
with CBS 7–10 had higher incidence of asymptomatic ICH in the
bridging MT group, and patients with CBS 0–3 had similar safety
outcomes between the two groups. The results did not support our
initial assumption that IVT may have a detrimental effect, resulting
in a higher rate of symptomatic ICH in patients with a large throm-
bus burden. In clinical practice, a large dose of unfractionated hepa-
rin is conventionally used in the direct MT group while not used in
the bridging MT group. The latest evidence showed that periproce-
dural use of unfractionated heparin was associated with increased
risk of symptomatic ICH.30 The safety outcomes could be con-
founded by the periprocedural use of unfractionated heparin.

There are several limitations of this subgroup analysis. First,
due to post hoc analysis design with relatively small sample size
and potential selection bias, the statistical analysis may be under-
powered for interaction test between IVT and thrombus burden.
In the meantime, the findings in the subgroup analysis were
interpreted on the basis of the mothership paradigm imple-
mented in DIRECT-MT, which cannot reflect the treatment
effect of IVT in the drip-and-ship paradigm. Therefore, the result
of subgroup analysis cannot be overinterpreted, and further
randomized controlled trials were warranted for all paradigms.

CONCLUSIONS
Our findings of the DIRECT-MT trial did not support skipping
IVT before MT based on CBS stratification due to the benefit of
early reperfusion and comparable safety outcomes in the CBS sub-
groups. The subgroup analysis showed no modification effect of
treatment strategy of using direct or bridging MT for trichotomized
CBS subgroups regarding the overall disabilities. Further meta-anal-
ysis of randomized controlled trials or cohort studies are warranted
to investigate the treatment effect of IVT in all paradigms.

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
NEUROINTERVENTION

MR-Guided Focused Ultrasound Thalamotomy in the Setting
of Aneurysm Clip

Henrik Odéen, Lubdha M Shah, Viola Rieke, Dennis L Parker, and Shervin Rahimpour

ABSTRACT

SUMMARY:We report on a 75-year-old woman with a history of right MCA aneurysm clipping and medically refractive right-hand
tremor. We successfully performed focused ultrasound thalamotomy of the left ventral intermediate nucleus under MR imaging-
guidance at 3T. A thorough pretreatment evaluation of MR thermometry was critical to ensure that adequate precision could be
achieved at the intended target. The tremor showed a 75% decrease at 24 hours postprocedure and a 50% decrease at a 3-month
follow-up. There were no immediate adverse events.

ABBREVIATIONS: MRgFUS ¼ MR-guided focused ultrasound; MRT ¼ MR thermometry; VIM ¼ ventral intermediate nucleus

MR-guided focused ultrasound (MRgFUS) is a stereotactic
technique that is increasingly being used for essential

tremor and Parkinson-related tremor, in which high-intensity
focused ultrasound is used to heat and ablate the thalamic target
via precise intraprocedural target localization and the real-time
monitoring of thermal dynamics with MR imaging.1,2 Staged
bilateral thalamotomy is a regulatory-approved procedure with a
potential for adverse events, including ataxia, dysarthria, and
dysphasia.3-5 However, there is a paucity of literature for MRgFUS
in the setting of an intracranial aneurysm clip, which can present
challenges with magnetic field inhomogeneity that can render
MR thermometry (MRT) unreliable. Here, we present a case of
unilateral MRgFUS ventral intermediate nucleus (VIM) thala-
motomy for medically refractory tremor in the setting of a con-
tralateral MCA aneurysm clip on a 3T MR imaging scanner. It
is shown that a pretreatment MRT study can both aid in evalu-
ating patient-specific MRT performance and result in a safe and
efficacious procedure.

Case
The patient is a 75-year-old, right-handed woman with a history
of hypertension, seizure disorder, and aneurysmal subarachnoid
hemorrhage treated by MCA clip (Yasargil FE784K, conditional

B0 # 3T) ligation. The patient presented for a medically refrac-
tory right-hand tremor that was diagnosed 10 years prior. The
patient had a preprocedural diagnosis of poststroke parkinson-
ism. The tremor was characterized by a prominent resting and
postural tremor (right upper extremity: Clinical Rating Scale for
Tremor [CRST]-A 7 [rest 3, postural 3, kinetic 1], CRST-B 11,
CRST-C 16). The symptoms, including imbalance, affected her
activities of daily living. After discussing the results from the
main randomized controlled trial of MRgFUS for essential
tremor, including the expected 50% reduction in tremor6 as well
as the risks, benefits, and alternatives, the patient agreed to pro-
ceed with MRgFUS of the left VIM.

Before referral to our institution, the patient had a head CT
scan done, according to the specifications of the MRgFUS vendor
(Insightec). The day before the procedure, diagnostic MR imag-
ing was performed for the structural evaluation and assessment
of the degree of susceptibility artifact from the aneurysm clip in
the right Sylvian fissure (CT shown in Online Supplemental
Data). All MR imaging scans were performed at 3T (Skyra,
Siemens). The MR imaging revealed extensive encephalomalacia
and gliosis in the right MCA territory from aneurysmal subarach-
noid hemorrhage and associated ischemic injury.

On the day of the treatment, the standard MRT protocols
were tested with the patient in a focused ultrasonography trans-
ducer (Exablate Neuro, Insightec) without the coupling water
bath. Before shaving her head or placing the stereotactic frame,
the patient’s head was stabilized with pads, and imaging was per-
formed with the embedded 2-channel head coils (Insightec). To
investigate the homogeneity of the magnetic field and its impact
on the MRT in the region of the left VIM target, 30-second dura-
tion MRT scans were acquired (8 dynamics). Scans were acquired
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in 3 orthogonal orientations, and for each orientation, both
phase-encoding directions were acquired. Scans were performed
with vendor-supplied single-echo (TMAP) and multi-echo
(MEMP) protocols, for a total of 12 scans (Figure 1). TMAP has a
frequency encoding bandwidth of 45 Hz/pixel, whereas MEMP
has a bandwidth of 250 Hz/pixel, and hence, less susceptibility to
off-resonance effects. For the multi-echo protocol, the echoes
were optimally combined by weighting the signal by (TEj*Mj),
where TE is the echo time, M is the magnitude image, and j ¼ 1:
N for N echoes.7 To investigate the precision of the measurement
as a function of the spatial location, the standard deviation
through time was calculated over each 30-second scan, as shown
in Figure 1.

Following the verification of adequate MRT precision in the
target area, the patient’s head was shaved, secured in a stereotac-
tic head frame, and placed in a cold bath of degassed water. The

patient was placed and secured on the MR imaging scanner table
within the Exablate Neuro System (Insightec). After turning off
the transducer elements that were interacting with the aneurysm
clip, calcifications, etc, 861 of 1024 elements were active (Online
Supplemental Data), with a skull attenuation ratio of 0.60. Next,
test doses of ultrasonography were delivered while monitoring
side effects and tremor reduction (Online Supplemental Data).
No side effects were observed during the alignment sonications.
During the verification sonications, substantial tremor reduction
was not observed in the initially targeted location. Therefore, the
target was moved 1 mm posterior and, later, 1.5 mm lateral, given
that the patient did not have any sensory changes. The target was
moved a total of 4 times, until a tremor reduction was seen with
sonications at a temperature of�49–52°C. A total of 11 sonications
with power ranging from 200–952 W, lasting between 11.5–31.4
seconds, and delivering between 2002–22202 J, were performed.

FIG 1. CT scan and precision of MRT scans. MRT precision is measured as the standard deviation through time. For all 3 orientations, both
phase-encoding directions for both the single-echo and multi-echo MRT sequences are shown. The scans were performed in the Exablate
transducer (without the coupling water bath) with a 2-channel radiofrequency receiver coil. The patient’s head was stabilized with pads,
but no stereotactic frame was used. The scans were performed before the patient’s head was shaved.

FIG 2. MRT of the hottest time point for one heating in each orientation (sonications 2, 7, and 11, respectively, are shown). The inlay in each
panel zooms in on a 33� 33-mm region around the focal spot.
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The last 3 sonications were stopped prematurely by the patient
because of discomfort, but it was not believed to be related to the
aneurysm clip. MRT was successfully acquired during all sonica-
tions (Figure 2 and Online Supplemental Data), with a maximum
temperature rise of 53.0°C (Online Supplemental Data).

Posttreatment T2-weighted images (axial sampling perfection
with application-optimized contrasts by using different flip angle
evolution [SPACE sequence; Siemens]) that were acquired im-
mediately posttreatment in 20-channel head coil (Siemens)
showed a hyperintense signal at the treatment site (Online
Supplemental Data).

DISCUSSION
Patient-specific factors complicate the MRgFUS treatment of
drug refractory tremor. Understanding the technical basis
through additional pretreatment scans can aid in the safe per-
formance of the procedure. Successful MRgFUS VIM ablation
was achieved with a 75% tremor reduction recorded at 24 hours
postprocedure in a patient with an MCA aneurysm clip. A pre-
treatment MRT study was performed to ensure that satisfactory
temperature map quality could be achieved at the intended target.
MRT was subsequently successfully acquired in all 3 orthogonal
scan planes during the treatment. The pretreatment investigation
helped guide which MRT sequence, scan planes, and phase-
encoding direction would ultimately be most successful during
the treatment. As shown in Figure 1, multi-echo protocols
(MEMP), in general, provided better precision than did the
single-echo protocol (TMAP) and were therefore used throughout
the treatment. The additional preprocedure experiments showed
that MRT would be feasible in the thalamus contralateral to the
clip, and it was also predicted that MRT would be unreliable in
the ipsilateral thalamus. Based on this experience, a pretreatment

scan using the treatment hardware and pulse sequences (espe-
cially thermometry) is recommended to evaluate the extent of
artifact, based on patient-specific clip type and location.

CONCLUSIONS
This report demonstrates the feasibility of MRgFUS thalamotomy
in a patient with an aneurysm clip. We showed accurate MRT on
a 3T scanner by using the multi-echo MRT sequence.

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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INFECTION

Dynamic Changes in Long-Standing Multiple Sclerosis
Revealed by Longitudinal Structural Network Analysis Using

Diffusion Tensor Imaging
Hui-Qin Zhang, Jacky Chi-Yan Lee, Lu Wang, Peng Cao, Koon-Ho Chan, and Henry Ka-Fung Mak

ABSTRACT

BACKGROUND AND PURPOSE: DTI can be used to derive conventional diffusion measurements, which can measure WM abnormalities
in multiple sclerosis. DTI can also be used to construct structural brain networks and derive network measurements. However, few
studies have compared their sensitivity in detecting brain alterations, especially in longitudinal studies. Therefore, in this study, we
aimed to determine which type of measurement is more sensitive in tracking the dynamic changes over time in MS.

MATERIALS AND METHODS: Eighteen patients with MS were recruited at baseline and followed up at 6 and 12months. All patients
underwent MR imaging and clinical evaluation at 3 time points. Diffusion and network measurements were derived, and their brain
changes were evaluated.

RESULTS: None of the conventional DTI measurements displayed statistically significant changes during the follow-up period; how-
ever, the nodal degree, nodal efficiency, and nodal path length of the left middle frontal gyrus and bilateral inferior frontal gyrus,
opercular part showed significant longitudinal changes between baseline and at 12months, respectively.

CONCLUSIONS: The nodal degree, nodal efficiency, and nodal path length of the left middle frontal gyrus and bilateral inferior
frontal gyrus, opercular part may be used to monitor brain changes over time in MS.

ABBREVIATIONS: AD ¼ axial diffusivity; EDSS ¼ Expanded Disability Status Scale; FA ¼ fractional anisotropy; IFGoperc ¼ inferior frontal gyrus, opercular
part; MD ¼ mean diffusivity; MFG ¼ middle frontal gyrus; NAWM ¼ normal-appearing WM; ORBsupmed ¼ superior frontal gyrus, medial orbital part; RD ¼ radial
diffusivity; SPMS ¼ secondary-progressive MS

Multiple sclerosis is the most prevalent CNS inflammatory
demyelinating disease1 and poses a great threat to the

quality of life for patients and their caregivers. DTI, a diffusion
model, has frequently been used to explore WMmicrostructural
abnormalities in MS conditions.2,3 Widely used diffusion meas-
urements include fractional anisotropy (FA), mean diffusivity
(MD), axial diffusivity (AD), and radial diffusivity (RD).4

Microstructural damage can develop in both the lesion area5

and normal-appearing WM (NAWM)6 in MS. According to
accumulating evidence from current research,7,8 FA in lesions

often decreases and MD, AD, and RD increase due to demyelin-
ation and axonal injury. Similarly, though to a lesser extent, FA
in the NAWM also shows a reduction, and MD, AD, and RD are
often elevated.9 However, research on longitudinal microstruc-
tural alterations in MS during the follow-up period is limited.

DTI can also be processed by using a network-based approach10

that maps the topological organization of the brain. Structural
networks have provided new insights into the pathologic proc-
esses of MS.11 One of the advantages of graph theory network
analysis is that it supports the axonal tension hypothesis,12

which can reflect the information transfer and neuroplasticity of
the brain.13 The commonly used network measurements are the
nodal degree, nodal efficiency, nodal path length, and nodal
clustering coefficient.10 Several recent studies have reported
structural DTI network disruption in different subtypes of MS,
such as relapsing-remitting MS,14 secondary-progressive MS
(SPMS),15 and primary-progressive MS,15 compared with that
in healthy controls. For example, Shu et al16 reported disrupted
topological efficiency in MS in terms of reduced global and
nodal efficiency compared with those in healthy controls. The
clinical relevance of these network measurements has also been
reported in previous studies17,18; more specifically, Hawkins et
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al17 observed that reduced network efficiency could impact mul-
tiple cognitive domains in MS, and Welton et al18 proved that
network disruption may serve as a major determinant of cogni-
tive deficits in MS. Charalambous et al19 proved that structural
network disruption measurements could explain disability.
However, studies on longitudinal structural DTI network altera-
tions in MS are limited.

Though abundant cross-sectional DTI research on MS focus-
ing on either conventional diffusion measurements or structural
network measurements has been published in the past decades,
few studies tried to explore whether network measurements or
diffusion measurements are more sensitive to detect abnormalities
in MS. Research in comparing their sensitivity in longitudinal
DTI studies is imperative to probe the brain changes in MS. The
conventional diffusion measurements are more vulnerable to the
crossing or diverging fibers,4 while the network measurements
may not be, so we hypothesize that the network measures would
be superior to capture the brain alterations in MS during the fol-
low-up.

Hence, the main objective of this longitudinal study was to
track brain microstructural alterations and brain network
changes in MS during a short-term follow-up period of 1 year
and then to compare which kind of measurement is more sensi-
tive to capture brain changes over time in MS.

MATERIALS AND METHODS
Participants
This longitudinal study was authorized by the local institutional
review board, and written informed consent was obtained from
all patients. Eighteen patients with MS were recruited for this 1-
year longitudinal investigation from the Clinic of the Department
of Medicine of the University of Hong Kong from November
2017 to February 2020. All patients with MS were diagnosed
according to the latest revised McDonald criteria,20 and the clini-
cal phenotype classification was based on the latest Lublin crite-
ria.21 The exclusion criteria were as follows: 1) patients who had
claustrophobia or contraindications for MR imaging, 2) patients
who had other severe disorders that caused neurologic abnormal-
ities in addition to MS, and 3) patients who were pregnant.

All patients underwent physical examination, neurologic test-
ing, and MR imaging at 3 time points: baseline (t1), at 6 months
(t2), and at 12 months (t3). All clinical assessments were per-
formed by the same neurologist during the same week as the MR
imaging examinations. The Expanded Disability Status Scale
(EDSS) was used to assess physical disability.

MR Imaging Acquisition
MR imaging was performed at the University Imaging Center
by using a 3T scanner (Achieva, Philips Healthcare) with a 32-
channel head coil. All participants underwent MR imaging at
the 3 time points. The MR imaging protocol included 3D T1-
weighted MPRAGE (TR ¼ 6.8ms, TE ¼ 3.2ms, TI ¼ 900ms,
matrix ¼ 256 � 256mm, FOV ¼ 240 � 256 � 204mm, slice
thickness ¼ 1.2mm), 3D T2-weighted FLAIR (TR ¼ 4800ms,
TE ¼ 266ms, TI ¼ 1650ms, matrix ¼ 512 � 512, FOV ¼ 250 �
250 � 184mm, slice thickness ¼ 0.56mm), and DTI (TR ¼
3900ms, TE ¼ 810ms, matrix ¼ 80 � 80, FOV ¼ 230 � 90 �

230mm, slice thickness ¼ 3mm). DTI was performed by using a
single-shot, spin–echo EPI sequence with a nonzero b-value
(b¼ 1,000 s/mm2) along 15 diffusion-encoding gradient direc-
tions. Postcontrast (gadolinium) T1WI was acquired at each
time point to determine whether the lesions were active or inac-
tive. The total scanning time was 37min.

WM Lesion and NAWMMask
WM Lesion Segmentation. 3D T2-weighted FLAIR WM lesions
were identified and automatically segmented for each patient at
each time point by using the Lesion-Prediction Algorithm22

implemented in the Lesion Segmentation Toolbox,23 version
3.0.05, and run in Statistical Parametric Mapping, version 12
(SPM12; http://www.fil.ion.ucl.ac.uk/spm/). All produced lesion
maps were visually checked and manually corrected to ensure
that no errors occurred. The lesion mask that referred to the all
voxels of all lesions identified after WM lesion segmentation was
also produced.

Brain Segmentation. Brain segmentation was carried out by using
the Computational Anatomy Toolbox, version 12.6 (CAT12), run
with SPM12 implemented in MATLAB R2020a version 9.8.0
(MathWorks). To avoid tissue segmentation bias, lesion-filling was
first conducted for MPRAGE images, with the average intensity of
surrounding NAWM via “lesion-filling” implemented in Lesion
Segmentation Toolbox.24 Then, the brain was segmented into 3
classes: GM, WM, and CSF, and the WM mask was automatically
generated. NAWM masks were obtained by subtracting the lesion
mask from the whole WMmask.

DTI Diffusion Measurements Analysis
DTI data were preprocessed by using the FMRIB Software
Library (http://www.fmrib.ox.ac.uk/fsl).25 In the preprocessing
steps, the parametric maps (FA, MD, AD, and RD) were derived.
The details are provided in the Online Supplemental Data. Then
b0 images were transformed into native MPRAGE space.26 The
derived transformation was applied to FA, MD, AD, and RD
maps. Then, the measurement values were obtained by using
“fslmeants,” part of FMRIB Software Library (https://fsl.fmrib.ox.ac.
uk/fsl/fslwiki/Fslutils),25 by using the abovementioned masks.

Structural WM Network Analysis
Node definition. Node and edge were 2 essential components of
structural network. Details of the structural WM network analysis
are provided in the Online Supplemental Data. Node definition
was performed through the following procedures by using
SPM12: 1) MPRAGE and b0 first underwent re-origin to make
the subsequent co-registration much more accurate; 2) MPRAGE
was linearly co-registered to the native b0 image, and the trans-
formation obtained was N; 3) MPRAGE was nonlinearly normal-
ized to the ICBM152 T1 template in the standardized Montreal
Neurological Institute space. The transformation matrix pro-
duced was M, and the inverse transformation matrix obtained
was M�1; and 4) M�1 and N were applied to 90 regions derived
from the Automated Anatomical Labeling (https://omictools.
com/aaltool)27 atlas in the Montreal Neurological Institute space.
Then, the brain was divided into 90 regions in the native diffu-
sion space, which represented the nodes of the brain network.
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This node definition method has been adopted in previous
research.16,28,29 The parcellation quality of the b0 image is pro-
vided in the Online Supplemental Data.

WM Tractography. After preprocessing, DTI was applied to the
Diffusion Toolkit30 for deterministic tractography. For the
tractography setting, the Fiber Assignment by Continuous
Tracking31 algorithm was applied; the FA threshold of tracking
was set between 0.2 and 1, and the turning angle was 45°, which
indicated that if the FA value was ,0.2 or the turning angle of
the fiber was .45°, the tractography would terminate automati-
cally.32 These settings have been commonly used in previous
studies.16,29,33,34

Edge Definition. The edges represent the structural connections
between 2 separate GM regions. A threshold value of the edge
connection was needed to be set to reduce false-positive connec-
tions caused by noise and the limitations of tractography. In this
study, a threshold of 3 (fiber bundles) was used, which indicated
that 2 pair regions were considered connected only if more than
3 fibers existed between them. This threshold value has been
commonly used in previous studies.16,34

Network Construction. The UCLA Multimodal Connectivity
package (https://github.com/jbrown81/umcp) was used to mea-
sure the structural connections between between 2 regions. A
structural WM network was established for each participant at
each time point. Network measurements, including the nodal
degree, nodal efficiency, nodal path length, and nodal clustering
coefficient, were computed by using the GRaph thEoreTical
Network Analysis toolbox (GRETNA).35

Statistical Analysis
All statistical analyses were performed by using SPSS Statistics
Version 25 (IBM) and GraphPad Prism version 8.0.0 for
Windows (GraphPad Software). Statistical significance was set at
P, .05 in all analyses. The normality of the continuous data dis-
tribution was tested by using the Shapiro-Wilk test.

Repeated-measures ANCOVA was applied to quantify longi-
tudinal changes in DTI and network measurements assuming
normal distribution and equal variance, wherein the measure-
ments served as a within-subject variable, and age and sex were
the confounders. The Bonferroni method was used in the subse-
quent post hoc pair-wise analysis for these variables. Sphericity
was a necessity for data distribution in repeated-measures
ANCOVA. The Greenhouse-Geisser method was adopted when
sphericity could not be satisfied, as determined by the Mauchly

test. When neither normal distribution
nor equal variance assumptions were
satisfied, the nonparametric Friedman
test method was used. The false discov-
ery rate was used to correct for multiple
comparisons.

To explore the relationship between
these measurements of all brain nodes
and EDSS, a series of correlation analy-
ses were first conducted to select the
significant regions with EDSS. The left

and right nodes were averaged as 1 node (we did not differentiate
between the left and right hemispheres, and the measurement
values of the left and right hemispheres of the same node were
averaged). All the significant regions, age, and sex together were
then put into the stepwise linear model to select the significant
predictor of EDSS.

RESULTS
Demographic and Clinical Characteristics
All the enrolled 18 patients with MS (15 relapsing-remitting and
3 SPMS) completed the MR imaging scanning and clinical assess-
ment at the 3 time points. The demographic and clinical charac-
teristics of the patients are presented in Table 1. The duration,
the time since initial diagnosis of MS, was also provided.

All patients received disease-modifying drugs at the beginning
of the study. Two patients with RRMS and 3 patients with SPMS
showed worsening during the follow-up period. The details of the
patients are presented in Online Supplemental Data. The EDSS
scores did not change significantly (Table 1).

DTI Measurements and Association with EDSS
We observed that FA of lesion was smaller than that of NAWM,
while MD, AD, and RD of lesion was larger than that of NAWM
across all subjects and time points (Online Supplemental Data).
However, all DTI measurements of the lesion and NAWM
remained stable over time, as shown in the Online Supplemental
Data. There was no significant association among the diffusion
measurements of the lesions, NAWM, and EDSS.

Structural WM Network Measurements
Longitudinal changes in the significant nodal measurements are
presented in Figure 1 and the Online Supplemental Data. The
nodal degree and nodal efficiency of the left middle frontal gyrus
(MFG) and bilateral inferior frontal gyrus, opercular part
(IFGoperc) displayed significant decline between t3 and t1; in
contrast, the nodal path length of these regions showed a signifi-
cant increase between t3 and t1. Between t1 and t2 and between
t2 and t3, only the region of the left IFGoperc presented signifi-
cant alterations; that is, the nodal degree and nodal efficiency dis-
played reduction, whereas the nodal path length showed an
increase at t2 compared with those at baseline and at t3 compared
with those at t2. In addition, the right superior parietal gyrus
exhibited a significant reduction in nodal efficiency between t1
and t2, and between t1 and t3. The nodal clustering coefficients
of all the regions remained stable over time (data not shown).

Table 1: Demographic and clinical characteristics of MS

MS

P ValueBaseline 6 Months 12 Months
Sample size 18 18 18 NA
Female:male 13:5 13:5 13:5 NA
Age (yr) 39.11 6 13.03 39.61 6 13.03 40.11 6 13.03 NA
Duration (yr) 12.78 6 8.53 13.28 6 8.53 13.78 6 8.53 NA
EDSS 3.94 6 2.25 3.94 6 2.25 4.03 6 2.18 .633

Note:—NA indicates not applicable. The continuous measurements are presented as mean 6 standard deviation.
EDSS did not show significant changes during the follow-up period. Duration: the time since initial diagnosis of MS.
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Association between Network Measurements and EDSS
A series of correlations were analyzed to further explore which
type of measurement showed a significant association with
EDSS. The regions significantly related to EDSS are shown in
Figure 2 and the Online Supplemental Data. All selected nodes
were entered into the stepwise linear model. Only the nodal
path length of the superior frontal gyrus, medial orbital part
(ORBsupmed) was selected as a significant predictor for EDSS
(Fig 3; Table 2).

DISCUSSION
In this study, we probed the brain changes in DTI and network
measurements over a 1-year follow-up period in 18 patients with
MS. The whole lesions (defined as all voxels of all lesions identi-
fied after WM lesion segmentation) and NAWM were chosen
separately as the ROIs in the conventional diffusion measurement
analysis. DTI measurements did not change significantly over the
entire study period. While the network measurements showed
significant alteration, and their clinical relevance with EDSS was
also observed. Based on these findings, we speculated that the
network measures may be used to monitor brain changes for MS
during follow-up.

DTI Measurements
Brain changes within 1 year in MS as
measured by using DTI remain incon-
clusive. Some research did not detect
significant alterations of diffusion mea-
surement in NAWM or lesions for MS
during the 1-year follow-up period.5,36-38

For example, Ontaneda et al5 observed
that the FA, MD, AD, and RD of
NAWM remained stable during the 1-
year follow-up period. Our study
about diffusion measures can replicate
their findings. However, some other
studies did report significant progres-
sive microstructural damage during
their follow-up period,39,40 which devi-
ated from our findings. This may be
attributed to the lower sample size,
different MS subtypes included, analy-
sis methods, or heterogeneous disease-
modifying drugs used.

Structural WM Nodal Network
Measurements
We detected topological changes in MS
in several frontal brain regions in
patients with MS. Compared with base-
line, MS showed a significant decrease
in the nodal degree and nodal efficiency
and significant increase in the nodal
path length in the left MFG and bilat-
eral IFGoperc. Reduced nodal effi-
ciency has been reported in previous
studies on the MFG and IFGoperc for
MS compared with healthy controls.16

Our longitudinal studies extended this to a longitudinal period,
as these regions exhibited significant changes during the 1-year
follow-up period. The pathophysiological changes behind the
reduced nodal efficiency may be related to the demyelination and
axonal damage, which caused the disconnection between the
nodes and eventually induced the lower efficiency of information
transfer/communication.41 Our findings indicate that the nodal
degree, nodal efficiency, and nodal path length of the left MFG
and bilateral IFGoperc could be used to monitor brain changes
over time; moreover, these measurements may be developed as
neuroimaging biomarkers to track brain changes in MS, but
much more future work is needed. Specifically, the small sample
size can be increased in future longitudinal studies, and prospec-
tive experiments should be performed. External validation could
further verify their clinical values. Due to the small sample size,
we could not differentiate between RRMS and SPMS. However,
the results were almost stable when we excluded the 3 patients
with SPMS (Online Supplemental Data). Another factor that
may impact the findings was the disease-modifying treatment.
However, we performed the subgroup analysis–the group was
divided into 2 subgroups: high-efficiency group (patients who
were stable) and low-efficiency group (patients who displayed

FIG 1. Plots of significant nodal network measurements of MS at different time points. *P, .05;
**P, .01; ***P, .001.
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worsening, including MS02, MS04, MS06, MS07, and MS16).
The results are presented in the Online Supplemental Data. We
did not detect any significant difference between the 2 subgroups.
This suggested that the disease-modifying treatment did not
impact the findings.

In our analysis, statistically significant changes were not
detected for the diffusion measurements. However, brain struc-
tural network measurements showed significant alterations
compared with those at baseline. This suggests that conven-
tional diffusion disruption and WM network reorganization
may not share identical temporal patterns, indicating that

network measurements could be used to monitor brain changes
during follow-up.

Association between Network Measurements and EDSS
We further explored the relationship between the nodal measure-
ments of all brain regions and EDSS. A multiple linear regression
model was established between the nodal path length of
ORBsupmed and EDSS, which indicated that it had the poten-
tial to be a promising predictor for EDSS. In a longitudinal MS
study, Tsagkas et al42 found that cortical thickness changes in
the ORBsupmed region were significantly correlated with EDSS
changes during the follow-up period, indicating a relationship
between this brain region and EDSS. The underlying cytostruc-
tural mechanism may be related to the intralesional axonal loss
and the following Wallerian degeneration. This eventually may
cause the clinical disability. Similarly, these cytostructural changes
may also cause the disconnection between the brain regions and
increase the path length needed to information transfer. So, we
were allowed to observe a positive relationship between nodal path
length of ORBsupmed and EDSS.

Limitations
Our study still has some limitations. We did not recruit healthy
controls; therefore, we could not track longitudinal changes in
healthy individuals and were unable to compare the longitudinal
differences between patients with MS and healthy controls. Future
studies should also recruit healthy controls. Furthermore, our

FIG 3. Plots of the stepwise linear regression between the nodal path
length of superior frontal gyrus, medial orbital part (ORBsupmed), and
baseline EDSS.

FIG 2. Three-dimensional graphs showed regions representing significant association with EDSS. A, Nodal degree. B, Nodal clustering coefficient. C,
Nodal efficiency. D, Nodal path length. Brain region corresponding to the anatomical labels can be found in Automated Anatomical Labeling template.
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sample size was relatively small, and our findings may be viewed
as preliminary and need confirmation in a larger cohort of MS.
However, in this longitudinal study, each patient was examined
and assessed 3 times, and the findings could still provide some
clinical value.

CONCLUSIONS
The nodal degree, nodal efficiency, and nodal path length of the
left MFG and bilateral IFGoperc may be used to monitor the brain
changes over time in MS. The nodal path length of ORBsupmed
could be used to evaluate physical disability in patients with MS.
These findings together could elevate our understanding of MS.

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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Synthesizing Contrast-Enhanced MR Images from
Noncontrast MR Images Using Deep Learning

Gowtham Murugesan, Fang F. Yu, Michael Achilleos, John DeBevits, Sahil Nalawade, Chandan Ganesh, Ben Wagner,
Ananth J Madhuranthakam, and Joseph A. Maldjian

ABSTRACT

BACKGROUND AND PURPOSE: Recent developments in deep learning methods offer a potential solution to the need for alterna-
tive imaging methods due to concerns about the toxicity of gadolinium-based contrast agents. The purpose of the study was to
synthesize virtual gadolinium contrast-enhanced T1-weighted MR images from noncontrast multiparametric MR images in patients
with primary brain tumors by using deep learning.

MATERIALS AND METHODS:We trained and validated a deep learning network by using MR images from 335 subjects in the Brain
Tumor Segmentation Challenge 2019 training data set. A held out set of 125 subjects from the Brain Tumor Segmentation Challenge
2019 validation data set was used to test the generalization of the model. A residual inception DenseNet network, called T1c-ET,
was developed and trained to simultaneously synthesize virtual contrast-enhanced T1-weighted (vT1c) images and segment the
enhancing portions of the tumor. Three expert neuroradiologists independently scored the synthesized vT1c images by using a
3-point Likert scale, evaluating image quality and contrast enhancement against ground truth T1c images (1 ¼ poor, 2 ¼ good,
3 ¼ excellent).

RESULTS: The synthesized vT1c images achieved structural similarity index, peak signal-to-noise ratio, and normalized mean square
error scores of 0.91, 64.35, and 0.03, respectively. There was moderate interobserver agreement between the 3 raters, regarding the
algorithm’s performance in predicting contrast enhancement, with a Fleiss kappa value of 0.61. Our model was able to accurately
predict contrast enhancement in 88.8% of the cases (scores of 2 to 3 on the 3-point scale).

CONCLUSIONS: We developed a novel deep learning architecture to synthesize virtual postcontrast enhancement by using only
conventional noncontrast brain MR images. Our results demonstrate the potential of deep learning methods to reduce the need
for gadolinium contrast in the evaluation of primary brain tumors.

ABBREVIATIONS: BraTS ¼ Brain Tumor Segmentation Benchmark; ET ¼ enhancing tumor; GBCA ¼ gadolinium-based contrast agent; MSE ¼ mean squared
error; NMSE ¼ normalized mean squared error; PSNR ¼ peak signal-to-noise ratio; RID ¼ Residual Inception DenseNet; SFL ¼ spatial frequency loss; SPL ¼
structural perception loss; SSIM ¼ structural similarity index; T2w ¼ T2-weighted; vT1c ¼ virtual contrast-enhanced T1-weighted; WT ¼ whole tumor

Structural MR imaging offers superior soft tissue contrast
compared with other imaging modalities, and plays a crucial

role in the evaluation of brain tumors by providing information
about lesion location as well as morphologic features such as ne-
crosis, the extent of tumor spread, and the associated mass effect
on surrounding brain parenchyma. The administration of

intravenous gadolinium-based contrast agents (GBCAs) short-
ens T1 relaxation times and increases tissue contrast by accentu-
ating areas where contrast agents have leaked through the
blood-brain barrier into the interstitium. This blood-brain bar-
rier breakdown is a feature of certain brain tumors, including
high-grade gliomas, and can serve as an important tool for diag-
nosis and assessment of a treatment response.1

GBCAs have been used for decades in MR imaging and have

historically been considered safe for patients with normal renal

function.1 It is well-known that there is a risk of nephrogenic sys-

temic fibrosis associated with GBCA administration in patients

with renal impairment, particularly when linear conjugates of gad-

olinium are used.2 Moreover, recent studies have shown gadolin-

ium deposits in tissues throughout the body, even in the setting of

normal renal function, which has raised additional concerns about
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the long-term safety of these agents.3 Within the brain, persistent

increased signal intensity on T1-weighted (T1w) MR images has

been reported within the dentate nucleus and globus pallidus fol-

lowing the prior administration of both linear and macrocyclic

GBCAs.
Because of these concerns about the toxicity of gadolinium,

there has been growing interest in alternative approaches to con-
trast-enhanced MR imaging. Examples include manganese-based
contrast agents4 as well as noncontrast techniques, such as arterial
spin-labeling5 and chemical exchange saturation transfer.6 Recent
developments in deep learning algorithms have shown promise
in image synthesis and reconstruction. The main goal of this
study is to investigate the potential of deep learning methods to
simulate contrast enhancement within brain gliomas by using a
limited set of standard clinical noncontrast MR images. Our con-
tributions in this work are 3-fold. First, we developed a novel deep
learning network to demonstrate the ability of deep learning to
synthesize virtual contrast-enhanced T1w images (vT1c) by using
only noncontrast FLAIR, T1w, and T2-weighted (T2w) images.
Second, we utilized imaging data from different scanners at multi-
ple sites to train the model and evaluated its performance in pre-
dicting gadolinium enhancement by using quantitative and
qualitative metrics. Third, we analyzed the contribution of each
set of input MR images in synthesizing the vT1c image to gain
insights regarding the further optimization and streamlining of
the MR imaging protocol for clinical application.

MATERIALS AND METHODS
Data and Preprocessing
The multimodal Brain Tumor Segmentation Benchmark (BraTS)
data set provides a general platform for developing deep learning

models.7 The BraTS 2019 data set used in our study consists of
MR imaging data from 460 patients with gliomas, acquired from
multiple institutions,8 including the University of Pennsylvania;
MD Anderson Cancer Center; Washington University School of
Medicine in St. Louis; and Tata Memorial Centre in India. The
data set has a wide variation in imaging protocols and acquisition
parameters. All subjects had precontrast T1w, T2w, and FLAIR
as well as postcontrast T1c images. From this set, a single-fold
training split of 335 subjects, including 259 high-grade glioma
subjects and 76 low-grade glioma subjects, were used for training,
while 125 subjects were held out for testing. The training data set
was further randomly split into 300 and 35 subjects for the train-
ing and in-training validation of the model, respectively.

Data Preprocessing. The standard preprocessing steps performed
by BraTS included coregistration to an anatomic brain template,9

resampling to isotropic resolution (1 mm3), and skull stripping.10

Additionally, we performed N4 bias field correction11 to remove
radiofrequency inhomogeneity and normalized to zero mean and
unit variance.

Network Architecture
A schematic of our proposed network architecture is shown in
Fig 1. The residual inception DenseNet (RID) network was first
proposed and developed by Khened et al12 for cardiac segmenta-
tion. Our implementation of the RID network incorporated slight
modifications in Keras with a TensorFlow backend (Fig 2). In the
DenseNet architecture, the GPU memory footprint increases as
the feature maps and spatial resolution increases. The skip con-
nections from the down-sampling path to the up-sampling path
used elementwise addition, instead of the concatenation operation

FIG 1. Residual inception DenseNet (RID). A, RID model for virtual contrast enhancement (vT1c prediction) and enhancing tumor (ET) segmenta-
tion. B, RID model for whole tumor (WT) segmentation.
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in DenseNet, to mitigate feature map explosion in the up-sam-
pling path. For the skip connections, a projection operation was
done by using Batch-Norm-1�1-convolution-drop-out to
match the dimensions for element-wise addition (Fig 3). These
modifications to the DenseNet architecture helped to reduce the
parameter space and the GPU memory footprint without affect-
ing the quality of the segmentation output. In addition to per-
forming dimension reduction, the projection operation helped
in learning interactions of cross-channel information13 and

accelerated convergence. Furthermore, the initial layer of the

RID network included parallel convolutional neural network

(CNN) branches that were similar to the inception module with

multiple kernels of varying receptive

fields, which helped to capture view-

point-dependent object variability and

learn relationships between image

structures at multiple scales.14

Model Training
The RID model was trained on 2D
input patches of size 64�64�3 that
were extracted from each image section,
with 3 channels (1 for each input image
contrast). T1w, T2w, and FLAIR images
were concatenated to create the 3 chan-
nels of the input. The decoder part of
the network was bifurcated to generate
2 outputs: 1) synthesized virtual T1c
images (vT1c) and 2) a segmentation

mask of enhancing tumor (ET). Linear and sigmoid activations
were utilized for the vT1c generation and ET segmentation,
respectively. The mean squared error (L2) loss assumes that the
input data set consists of uncorrelated Gaussian signals. This
assumption is not always true in real-world data and can result in
blurry images. To create sharper output images, we optimized the
RID model with the structural perception loss for the vT1c crea-
tion and the Dice loss for the ET segmentation. The structural

perception loss (SPL), which is further detailed below, is a combi-

nation of L2, perception, spatial frequency, and structural similar-

ity loss. Additionally, a separate model, referred to as the whole

tumor (WT) model, was trained by using only T2w images to

FIG 2. Residual inception DenseNet (RID). A, RID model for whole tumor segmentation. B, RID model for virtual contrast enhancement and
enhancing tumor segmentation.

FIG 3. Building blocks of residual inception network. From left to right, dense block, convolution
block, transition block, and projection block.
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segment the entire tumor by minimizing Dice loss (Fig 1B). At
each stage, the RID model and the WT model were trained until

convergence by using Adam optimizers with a learning rate of

0.001 on NVIDIA Tesla P40 GPUs. The tumor grades and man-

ual ground truth annotations for the held out 125 subjects were

not made available by BraTS. To facilitate the quantitative analy-

sis and ET segmentations on the held out data set, we derived the

annotations by using a model15 that was trained on the same

BraTS 2019 training data set.

Structural Perception Loss
The loss function based on the mean squared error (MSE)
between the pixel values of the original images and the recon-
structed images is a common choice for learning. However, only
using the MSE (L2 loss) results in blurry image reconstruction16

with a lack of high spatial frequency components that represent
edges. Therefore, in addition to the L2 loss, we used the spatial
frequency loss (SFL) to emphasize the high-frequency compo-
nents. Furthermore, a convolutional layer with a Laplacian filter
bank as weights was added to the model to emphasize sharp fea-
tures, such as edges. Perceptual and structural similarity-based
(SSIM) losses were also added to improve the model’s perform-
ance. We used a pretrained VGG-16 network to define perceptual
loss functions that measure perceptual differences between pre-
dicted images and ground truth images.17 The VGG loss network
remained fixed during the training process. The model was
trained to optimize the combination of all of the above losses,
which we refer to as structural perception loss (SPL) for simplic-
ity, and can be determined as follows:

SPL ¼ 1� að Þ:L2þ a: SSIMþ b : SFLþ g : Perceptual;

where a, b , and g represent the normalized contribution of each
individual loss. The values were selected to give equal weights for
each loss. We combine multiple similarity and error losses to
obtain a smooth and realistic virtual contrast synthesis. In this
study, we used a ¼ .5, b ¼ .5, and g ¼ .5. The combination of
multiple loss functions can be interpreted as a form of regulariza-
tion, as it constrains the search space for possible candidate solu-
tions for the primary task.18

Evaluation and Statistical Analysis
Quantitative Evaluation. Model performance was evaluated by
comparing the model predicted output (vT1c) image to the
ground truth T1c image. We computed the SSIM, peak signal-
to-noise ratio (PSNR), and normalized mean squared error
(NMSE). The PSNR measures the voxelwise difference in signal,
the NMSE captures the L2 loss, and the SSIM compares the non-
local structural similarity. To evaluate the algorithm’s perform-
ance for a segmenting enhancing tumor, Dice scores were
calculated separately for the whole brain, whole tumor, and
enhancing tumor regions by using our previously developed
brain tumor segmentation ensemble network.15 The Dice scores
of the ET segmentation were calculated without any correction
for the whole brain image after skull stripping (whole brain) but
with corrections for whole tumor (after removing predictions
outside of the whole tumor segmentation) and ET (after

removing predictions outside of the ET segmentation) to quan-
tify the performance of the model in segmenting ET.

Qualitative Evaluation. To assess the subjective visual quality of
the synthesized GBCA enhancement (vT1c), 3 board-certified
neuroradiologists (FY [8 years of experience], JD [8 years of expe-
rience], and MA [6 years of experience]) rated the synthesized
vT1c images by comparing them to the ground truth T1c scans.
For each data set, scores were determined by taking into account
the general image quality and the degree of visual conformity of
the ET region to the ground truth by using a 3-point Likert scale
(1 ¼ poor, the algorithm misidentifies the presence or absence
of contrast enhancement over the whole tumor volume; 2 ¼
good, the algorithm correctly simulates the signal intensity and
the regional extent of enhancement in a portion of the tumor;
and 3 ¼ excellent, the algorithm correctly simulates enhance-
ment throughout nearly the full volume of the tumor). The
interrater agreement between each rater was computed by using
the Fleiss kappa for 3 scale ratings. When discrepancies arose
between raters, a consensus rating was obtained through major-
ity voting. The consensus ratings were also dichotomized into
low (1) and high (2–3) ratings. The raters also examined the
results of the enhancement predictions at a granular level. This
included the degree of overestimation or underestimation, the
location of enhancement within the tumor (peripheral or lat-
eral), the presence of distant enhancement, the presence of any
artifacts, and the overall improvement in image quality.

Importance of the Input MR Sequences for Prediction. To deter-
mine the contribution of different input MR imaging sequences
on the prediction of the vT1c image, we tested the trained model
by iteratively replacing all voxels of each input MR image with ze-
ros while retaining the other 2 input noncontrast MR images.

RESULTS
Quantitative Evaluation
The T1c-ET RID model was tested on 125 held out test subjects.
The average PSNR, NMSE, and SSIM for the whole brain were
64.35, 0.03, and 0.91. The whole tumor and ET regions demon-
strated lower SSIM and PSNR values compared with the whole
brain (Table 1). The Dice coefficients for ET on 125 validation
subjects were .32, .35, and .62 for the uncorrected (whole brain),
corrected for whole tumor, and corrected for ET cases, respec-
tively. In most cases, the model was able to synthesize T1c images
with well-defined enhancing regions, as shown in Fig 4. Out of
the 125 subjects tested, only 13 were labeled as low performance
after the consensus rating between 3 raters, resulting in an accu-
racy of 88.8% in synthesizing vT1c. Table 2 summarizes the qual-
ity of enhancement, the location of enhancement in the tumor

Table 1: Quantitative evaluation. Analysis of virtual enhance-
ment prediction by using various masks generated by an exter-
nal model

Mask SSIM NMSE Dice PSNR
Whole brain 0.91 0.03 0.32 64.35
Whole tumor 0.90 0.01 0.35 48.99
Enhancing tumor 0.90 0.01 0.62 49.93
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(peripheral/lateral), the prediction of distant enhancement, the
presence of artifacts, and the predicted image quality improvement.

Qualitative Evaluation
Representative images are shown in Fig 4. Comparing the synthe-
sized vT1c images with the ground truth T1c images, 89.6% of
the subjective rater scores after consensus were within the good
and excellent range (Supplemental Online Data). The intraclass
rater reliability of the 3 neuroradiologists was 0.61, indicating
moderate interrater agreement by using the 3-point Likert scale.
A consensus rating was obtained through majority voting in sit-
uations in which the raters had different scores. In cases where
the 3 ratings differed, the lowest rating was taken as the consen-
sus. After consensus, a subset of cases (11.2%, 14 cases) was rated
as low, in which enhancing regions were not well-captured or
were absent, compared with the ground truth T1c data (Fig 5).
An example of a low-rated vT1c image is shown in Fig 4.

Importance of the Input MR Sequences for Prediction of
Contrast Enhancement
By replacing each input sequence with zeros, we were able to
determine which sequences are important in the prediction of
specific components of the output vT1c images. The T1w image
contributes primarily structural brain information in the pre-
dicted vT1c image. The FLAIR and T2w images primarily influ-
ence the predicted contrast enhancement (Fig 6).

DISCUSSION
We developed and trained a deep learning model utilizing a
diverse multi-institutional data set that was able to synthesize
vT1c images for primary brain tumors by using only noncon-
trast FLAIR, T2w, and T1w images. Qualitative and quantita-
tive evaluations showed the robust performance of the model
when predicting tumor enhancement. In most cases, the
enhancing and nonenhancing portions of the tumors were cor-
rectly predicted.

Gong et al20 developed a deep learning method to predict full-
dose T1w postcontrast (T1c) images by using one-tenth of the
standard GBCA dose. With respect to this prior work, our study
represents an advancement by using only noncontrast sequences
to predict T1c images.19 Narayana et al20 evaluated whether deep
learning can predict enhancing demyelinating lesions on MR
imaging scans that were obtained without the use of contrast ma-
terial and demonstrated moderate to high accuracy in patients
with multiple sclerosis. Kleesiek et al12 developed a Bayesian net-
work to predict T1c by using noncontrast T1w, T2w, FLAIR,
DWI, and SWI as a 10-channel input.12 Recently, Calabrese et al21

conducted a study to explore the feasibility of dose-free synthesis
by training 3D convolutional networks on an internal data set of
400 subjects with 8 noncontract MR images as input and evaluating

FIG 4. Synthesized virtual contrast enhanced T1w (vT1c) images in 3 different subjects. Ground truth (left column) and synthesized vT1c (right
column) image pairs for 9 subjects.

Table 2: Quantitative presence and location of the under/over-
estimation of synthetic contrast enhancement, the introduc-
tion of artifacts, and the image quality improvement on vT1c

Reviewer
1 (FY)

Reviewer
2 (MA)

Reviewer
3 (JD)

Overestimate (O) 26 27 20
Underestimate (U) 71 69 58
Both (O and U) 11 8 34
Central 54 35 64
Peripheral 94 71 97
False distant enhancement 10 9 15
Missed distant enhancement 5 4 2
Artifact 17 22 25
Image quality improved 10 NA 3

Note:—NA indicates not applicable.
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the model on an external BraTS data set
of 200 subjects. For quantitative evalua-
tion, the authors employed an external
model that was trained on BraTS data to
generate enhancing tumor segmentation
by incorporating real (T1c) and virtual
contrast (vT1c) in addition to other
noncontrast multiparametric MR
images (T1, T2, and FLAIR). They
reported that the synthesized whole
brain postcontrast images exhibited
both qualitative and quantitative simi-
larity to the real postcontrast images,
as indicated by quantitative metrics
such as the Dice coefficients of 0.65 6

0.25 and 0.62 6 0.27 for the internal
and external BraTS data sets, respec-
tively, for the enhancing tumor com-
partment. In contrast, our method
solely utilizes noncontrast multipara-
metric MR images (T1, T2, and
FLAIR) to predict and segment virtual
contrast enhancement, which accounts

FIG 6. Importance of input sequences example. Top row, input images: T1w, FLAIR, T2, and the ground truth T1c. Bottom row, output images
with (A) all inputs (T1w, FLAIR, and T2w) given to the model, (B) T1w replaced with zeros in the input, (C) FLAIR replaced with zeros in the input,
and (D) T2 replaced with zeros in the input. The T2 and FLAIR inputs together provide contrast enhancement prediction, whereas T1w input pro-
vides primarily anatomic detail.

FIG 5. Mosaic plot illustrating the distribution of 3 expert radiologists and their consensus along
a 3-point Likert scale.
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for the comparatively lower enhancing tumor Dice score
observed for the whole brain in our study.

Our results further support this approach by demonstrating
the successful prediction of enhancement in almost 90% of the
testing data set. Moreover, we were able to achieve comparable
results (with superior performance in quantitative metrics,
including PSNR and SSIM) while utilizing notably fewer sequen-
ces (only T1w, T2w, and FLAIR images) that are standard for
clinical brain imaging protocols. Furthermore, the need for fewer
sequences also facilitates reduced scan times, which is an impor-
tant consideration for critically ill, claustrophobic, and cognitively
impaired patients.

Another advantage of our strategy included the use of a more
diverse data set (BraTS) for both training and testing. Whereas
prior studies utilized imaging data from a single institution, BraTS
comprises data from multiple sites with variations in acquisition
parameters, scanner platforms, and imaging protocols.12,19

Introducing more heterogeneity to the training data set enhances
the generalizability of the trained networks. Furthermore, testing
on a substantially larger data set quantifies the generalizability of
the model more accurately. Taken together, these result in a more
generalized approach that is robust to differences in imaging hard-
ware and software and is therefore more amenable to clinical
translation.

Our analysis of the relative contributions of the input sequen-
ces revealed that the FLAIR and T2w images contributed comple-
mentary information in predicting enhancement within the
tumor. This is consistent with the results presented by Kleesiek
et al12 who noted that T2w images were the most important for
predicting contrast. FLAIR and T2w images are generally thought
of as having greater contrast-to-noise for the delineation of pa-
thology, compared with T1w images. Tissue changes that are
related to disruption of the blood-brain barrier that led to or are
seen in association with contrast enhancement, such as necrosis
and edema, may be better delineated with these sequences. The
T1w images contributed information primarily toward delineat-
ing structural details of the brain. T1w images are generally
regarded as anatomic images for their ability to capture the fine
anatomic details of the brain.

The T1c-ET model failed to predict gadolinium enhancement
in subjects for whom 1 or more of the input sequences had a sig-
nificant motion artifact and for whom the tumor was isointense
to normal brain parenchyma on both T2w and FLAIR sequences
(Supplemental Online Data). The failure of the model in the latter
scenario may be due to an inadequate representation of tumors
with these imaging features in the training set. This could be alle-
viated through the incorporation of additional, larger data sets
for training in the future. The deterioration of image quality due
to image artifacts, such as motion, could be separately addressed
by either preventing them during acquisition or correcting them
retrospectively.22 Another potential limitation for implementa-
tion is that we used only primary brain tumor cases for the train-
ing and testing of the model. The application of the algorithm in
cases of sub-centimeter brain metastases and its extension to
other body parts represent exciting areas to explore in the future.

An in-depth qualitative review of the synthesized vT1c revealed
that, though the enhancement accuracy is satisfactory, there is a

tendency to overestimate or underestimate the enhancement, and
there is also a potential for distant enhancement. Regarding this
approach, the implications of these observations and the effective-
ness of radiologic/surgical decisions and survival predictions based
on vT1c, compared with those of real T1c images, must be further
investigated before the method can be translated into a clinical
tool. Taken together, the results of the current study should be
regarded as a proof-of-concept study of clinical feasibility. Future
directions to augment the performance of our model include
the incorporation of larger data sets and different pathologies as
well as the potential acquisition of additional sequences, includ-
ing rapid low-dose, low-resolution echo-planar gadolinium-
enhanced images (as are used for dynamic perfusion MR imag-
ing techniques).19

CONCLUSIONS
We developed a novel deep learning architecture to synthesize
virtual contrast-enhanced T1w images (vT1c) by using only
standard clinical noncontrast multiparametric MR images. The
model demonstrated good quantitative and qualitative perform-
ance in a larger and more heterogeneous data set than those used
in prior studies, and showed the feasibility of gadolinium-free
predictions of contrast enhancement in gliomas. FLAIR and T2w
images were found to provide complementary information for
predicting tumor enhancement. Further studies in larger patient
data sets with different neurologic diseases are needed to fully
assess the clinical applicability of this novel approach.

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
NEURODEGENERATIVE DISORDER IMAGING

Imaging Biomarker for Early-Stage Alzheimer Disease: Utility
of Hippocampal Histogram Analysis of Diffusion Metrics

Hiroto Takahashi, Yoichi Takami, Shuko Takeda, Naoki Hayakawa, Tsuneo Nakajima, Yasushi Takeya,
Chisato Matsuo-Hagiyama, Atsuko Arisawa, Hiromi Rakugi, and Noriyuki Tomiyama

ABSTRACT

BACKGROUND AND PURPOSE: Biomarkers have been required for diagnosing early Alzheimer disease. We assessed the utility of
hippocampal diffusion parameters for diagnosing Alzheimer disease pathology in mild cognitive impairment.

MATERIALS AND METHODS: Sixty-nine patients with mild cognitive impairment underwent both CSF measurement and multi-shell
diffusion imaging at 3T. Based on the CSF biomarker level, patients were classified according to the presence (Alzheimer disease
group, n¼ 35) or absence (non-Alzheimer disease group, n¼ 34) of Alzheimer disease pathology. Neurite orientation dispersion and
density imaging and diffusion tensor imaging parametric maps were generated. Two observers independently created the hippo-
campal region of interest for calculating histogram features. Interobserver correlations were calculated. The statistical significance
of intergroup differences was tested by using the Mann-Whitney U test. Logistic regression analyses, using both the clinical scale
and the image data, were used to predict intergroup differences, after which group discriminations were performed.

RESULTS: Most intraclass correlation coefficient values were between 0.59 and 0.91. In the regions of interest of both observers, there
were statistically significant intergroup differences for the left-side neurite orientation dispersion and density imaging–derived intracellular
volume fraction, right-side diffusion tensor imaging-derived mean diffusivity, left-side diffusion tensor imaging–derived mean diffusivity,
axial diffusivity, and radial diffusivity (P, .05). Logistic regression models revealed that diffusion parameters contributed the most to
discriminating between the groups. The areas under the receiver operating characteristic curve for the regions of interest of observers
A/B were 0.69/0.68, 0.69/0.68, 0.73/0.68, 0.71/0.68, and 0.68/0.68 for the left-side intracellular volume fraction (mean), right-side
mean diffusivity (mean), left-side mean diffusivity (10th percentile), axial diffusivity (10th percentile), and radial diffusivity (mean).

CONCLUSIONS: Hippocampal diffusion parameters might be useful for the early diagnosis of Alzheimer disease.

ABBREVIATIONS: AD ¼ axial diffusivity; AzD ¼ Alzheimer disease; FA ¼ fractional anisotropy; ICVF ¼ intracellular volume fraction; MCI ¼ mild cognitive
impairment; MD ¼ mean diffusivity; NODDI ¼ neurite orientation dispersion and density imaging; ODI ¼ orientation dispersion index; RD ¼ radial diffusivity;
Viso ¼ isotropic volume fraction

Identifying Alzheimer disease (AzD) at the earliest stage would
offer better disease management and greater therapeutic

opportunities. In this regard, great attention has been paid to
the evaluation of mild cognitive impairment (MCI).1 Clinically,
it is difficult to exclude the presence of AzD pathologic changes

in cognitively normal subjects and also to discriminate AzD pa-
thology that is associated with a risk of AzD development from
non-AzD pathology that is related to other types of dementia in
patients with MCI. Therefore, it is desirable to identify quanti-
tative biologic markers that are specific to AzD.

Currently, the most promising biomarkers are CSF tau pro-
teins and b -amyloid 42 (Ab 42) peptides. Of these, a tau pathol-
ogy model in AzD has been suggested, and the utility of the CSF
phosphorylated tau (P-tau) level has been reported as a predictor
of disease progression in AzD with hippocampal atrophy.2 In
addition, a decreased Ab 42 level with amyloid deposition in con-
junction with an elevated tau level, especially P-tau, differentiates
patients with AzD from normal subjects and from patients with
other neurologic conditions with high accuracy.3 Previous studies
have reported these changes in patients with MCI who later
developed AzD.4,5 Accordingly, the CSF P-tau/Ab 42 ratio might
be a useful biomarker of AzD pathologic changes in MCI and
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might predict both the occurrence and the timing of the conver-
sion of MCI to AzD.6,7

Previous diffusionMR imaging studies of AzD-related pathologies
have applied a tensor model, termed DTI, to investigate changes in
neuronal cytoarchitecture.8,9 However, the common diffusion tensor
model is based on the assumption of a simple underlying Gaussian
diffusion process.10 In contrast, the neurite orientation dispersion and
density imaging (NODDI) technique uses a non-Gaussian biophysical
model that has a higher sensitivity to non-monoexponential diffusion
in microstructural features of the brain, such as neurite density and
dendritic structure.10,11 NODDI assumes a 3-compartment (intracel-
lular, extracellular, and CSF) biophysical tissue model for each voxel,
enables the detection of the microstructure of dendrites and axons,
and offers greater specificity than that offered by DTI by separating
the volume fraction of Gaussian isotropic diffusion, thereby represent-
ing the freely diffusing water, such as CSF, from the neural tissue.12

The greater focus on the medial temporal lobe of the brain with
diffusion MR imaging improves the detection of the presence and
progression of cognitive disorders, such as AzD. Functionally
related regions in the medial temporal lobe, particularly the ento-
rhinal cortex, perirhinal cortex, and parahippocampal cortex, are
tightly interconnected with the hippocampus as parts of the medial
temporal memory networks.13 The perirhinal and entorhinal corti-
ces are among the earliest sites of neurodegeneration in AzD.13

Similarly, hippocampal subregions are variably affected by AzD pa-
thology.14 Accordingly, we hypothesized that hippocampal analysis
via diffusion MR imaging could provide indirect and highly sensi-
tive measurements of AzD pathology in MCI. Therefore, our aim
was to assess the clinical application of hippocampal histogram
features of diffusion metrics as imaging biomarkers for the CSF-
biomarker-aided diagnosis of early-stage AzD.

MATERIALS AND METHODS
Our Institutional Review Board approved this study, and all par-
ticipants provided written informed consent.

Patients
This study included 123 patients who were referred for an investiga-
tion of suspected dementia between February 2019 and November
2021. The patients were evaluated by neurologists by using the
Diagnostic and Statistical Manual of Mental Disorders, Fifth Edition,
and also by using the following clinical scales: the Mini-Mental
State Examination, the Alzheimer’s Disease Assessment Scale–
Cognitive Subscale, the Rivermead Behavioral Memory Test, and
the Clinical Dementia Rating.15 The measurements of Ab 42 and
P-tau in CSF and MR imaging examinations were performed
within 5 days of the neurologic evaluations. After applying the
inclusion and exclusion criteria (Fig 1), 69 patients (34 women,
35 men; age, 78 6 7.90 years) were diagnosed with MCI (defined
as the 0.5 point of the Clinical Dementia Rating scale) and were
included in the analysis. Based on a previous report of CSF bio-
markers,6 we adopted a CSF P-tau/Ab 42 ratio value of 0.087 as
the cutoff value for discriminating AzD pathology from non-AzD
pathology. On this basis, 34 patients were diagnosed with non-
AzD pathology (, 0.087, non-AzD group), and 35 patients were
diagnosed with AzD pathology (. 0.087, AzD group).

Imaging Studies
All MR imaging studies were performed by using a 3T system
(Achieva; Philips Healthcare). We adopted a 2-shell diffusion
protocol for a reasonable acquisition time in routine clinical prac-
tice. Diffusion-weighted imaging was performed by using a spin-
echo EPI sequence with the following parameters: TR, 9810ms;
TE, 100ms; FOV, 256� 256mm; acquisition matrix, 126� 128;
section thickness, 2mm; flip angle, 90°; 2 b-values (1000 and
2000 seconds/mm2) with diffusion encoding in 32 isotropic diffu-
sion gradient directions for every b-value and 1 b-value of 0 sec/
mm2; and acquisition time, 10min.

Three-dimensional sections of a T1-weighted magnetiza-
tion-prepared rapid acquisition gradient-echo sequence were
obtained in the sagittal plane. The sequence parameters were as
follows: TR, 6.68ms; TE, 3.21ms; FOV, 240� 240mm; acquisi-
tion matrix, 256� 326; section thickness, 1.2mm; and flip
angle, 8° with no intersection gaps, thereby enabling volumetry.
In addition to these imaging approaches, axial T2-weighted
imaging was performed via fast spin-echo sequences for all sub-
jects as part of their screening or routine clinical care to con-
firm that there were no other structural abnormalities. The
sequence parameters were as follows: TR, 3000ms; TE, 80ms;
FOV, 254� 254mm; acquisition matrix, 464� 329; section
thickness, 5mm; and flip angle, 90°.

Diffusion Image Reconstruction
One neuroradiologist with 20 years of experience who was
blinded to the clinical details performed all image reconstruc-
tion and analysis. All image data were exported to a computer
as a DICOM file and were then converted into Neuroimaging
Informatics Technology Initiative (NIfTI) format by using
dcm2nii with MRIcron (https://www.nitrc.org/projects/mricron).
All image data were corrected for distortions and eddy currents by
the respective TOPUP and eddy current correction procedure
implemented in FMRIB Software Library 4.1.5 (FSL, www.fmrib.
ox.ac.uk/fsl).16 TOPUP estimates susceptibility-induced distortion

FIG 1. Inclusion and exclusion criteria.
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by extracting 2 nondiffusion-weighted images with opposed phase-
encoding polarities (http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/TOPUP).17

The eddy current correction was then applied via the eddy_correct
tool (EDDY) (http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/EDDY),18 using
the default settings. The resulting 2-shell diffusion-weighted data
with b¼ 0, 1000, and 2000 seconds/mm2 were then fitted to the
NODDI model19 by using the NODDI MATLAB Toolbox5
(http://www.nitrc.org/projects/noddi_toolbox). Maps of the in-
tracellular volume fraction (ICVF), orientation dispersion index
(ODI), and isotropic volume fraction (Viso) were generated. Only
diffusion-weighted images with b¼ 0 and b¼ 1000 seconds/mm2

were used for DTI fitting because each of the DTI parameters of
fractional anisotropy (FA), mean diffusivity (MD), axial diffusiv-
ity (AD), and radial diffusivity (RD) can be estimated by using a
conventional monoexponential model.12 The maps of all DTI
parameters for all subjects were calculated by using the DTIFIT
tool (http://fsl.fmrib.ox.ac.uk/fsl/fsl-4.1.9/fdt/fdt_dtifit.html)
implemented in FMRIB Software Library 4.1.5 to fit a tensor
model to each voxel of the diffusion-weighted image data.

ROI Analysis
The hippocampal ROI for each side was created manually as a
3-section axial ROI drawn in the hippocampus on the b¼ 0
image by 2 neuroradiologist observers (observer A and ob-
server B) with 10 and 15 years of experience, respectively, who
were blinded to the research plan (Fig 2). An ROI was set, and
diffusion parameter values were measured for both the left and
right hippocampus by using commercially available software

(NordicICE v3.3.12; Nordic Imaging
Lab). The features from the histogram
of the DTI-derived and NODDI-
derived diffusion parameters were
calculated from the ROI pixel values
by using commercially available soft-
ware (SPSS Statistics for Windows,
version 27.0; IBM and Excel forWindows,
version 2019, Microsoft). The histogram
features were defined as minimum,maxi-
mum, mean, standard deviation, distri-
bution, skewness, kurtosis, and the 10th
and 90th percentiles.

Volumetry
The hippocampal volume of each side
was calculated from 3D volume T1-
weighted image data that were acquired
via conventional volumetric imaging
techniques. In a preprocessing step, the
3D volume images were exported as a
DICOM file and were then converted
into NIfTI format by using the dcm2nii
tool with MRIcron (https://www.nitrc.
org/projects/mricron). The automated
reconstruction and estimation of the
volume for the hippocampus were
performed on the preprocessed 3D
T1 volume image data by using the

FreeSurfer image analysis suite, version 7.1.1 (http://surfer.
nmr.mgh.harvard.edu).20

Statistical Analysis
All statistical analyses were performed by using commercially
available software (SPSS Statistics for Windows, version 27.0).
Two-sided P values of less than .05 were considered to be indica-
tive of a statistically significant result. The statistical significance of
intergroup differences in the clinical data was tested by using a
2-tailed Mann-Whitney U test. Correlations between the diffusion
parameter values (mean) of the interobservers’ ROIs were calcu-
lated for the intraclass correlation coefficients. For the histogram
features of the diffusion parameter values and volume, the statisti-
cal significance of the intergroup differences on each side of the
hippocampus was tested by using a 2-tailed Mann-Whitney U test.
Additionally, multiple comparisons with an analysis of variance
were performed to assess the histogram features of the diffusion
parameter values of 4 data sets, including the groups with each
2 observers’ ROIs, as an exploratory analysis. The histogram fea-
tures that showed P values of less than .05 and that were the lowest
among the features of each NODDI and DTI parameter for identi-
fying the statistical significance of the intergroup differences were
then selected to set up logistic regression models. The image data,
age, sex, and clinical scale were used to assess performance for
discriminating between the groups. The logistic regression model
aimed to predict a transformation of the logit (p) of the response
variable that was used. We assumed that P represented the proba-
bility that the diagnosis was AzD pathology and that 1 – P

FIG 2. A b0 image showing the 3-section axial ROI that was created manually for each side of
the hippocampus.
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represented the probability that the diagnosis was non-AzD pa-
thology. The logistic regression model enables the prediction of
the probability of AzD pathology in relation to the clinical scale
and the image data by using the following equation:

logit pð Þ ¼ b 0þ b 1� the image dataþ b 2� the scale;

where b 0 is the intercept term and b 1 and b 2 are the coefficients
in the model that are associated with the image data and the clini-
cal scale. We assumed that these data were linearly related to the
log odds of the response. The odds ratio for discriminating
between the groups can be estimated as the exponentiation of the
associated coefficient in the model. The performance of logit (p)
for the group discrimination was assessed via a receiver operating
characteristic analysis. Additionally, in both groups, the correla-
tions between the diffusion parameter values (mean) in each
observer’s ROIs and the volumes were assessed by using the
Pearson correlation coefficient.

RESULTS
Participant Demographics
The detailed demographic and clinical data for each group are listed
in Table 1. The diagnoses in the non-AzD group were vascular cog-
nitive impairment (n¼ 6), normal pressure hydrocephalus (n¼ 5),
frontotemporal degeneration (n¼ 1), and depression (n¼ 1). The
diagnoses were not confirmed in 21 cases, including the suspicious
cases: argyrophilic grain disease (n¼1), dementia with Lewy bodies
(n¼ 1), and frontotemporal degeneration (n¼1).

There was no significant difference in Mini-Mental State
Examination between the groups, whereas the Alzheimer’s Disease
Assessment Scale–Cognitive Subscale scale was significantly higher
in the AzD group than in the non-AzD group, and the Rivermead
Behavioral Memory Test scale was significantly lower in the AzD
group than in the non-AzD group.

Hippocampal Values
The intraclass correlation coefficients of the diffusion parameter
values (mean) are shown in Table 2. The intraclass correlation
coefficients of almost all diffusion parameter values were 0.59–
0.91, besides the Viso values (0.12 and 0.07). Table 3 lists the dif-
fusion parameter values that showed significant intergroup differ-
ences in both observers’ hippocampal ROIs and the volumes of
each side of the hippocampus. All results are shown in the Online

Supplemental Data. Compared with those in the non-AzD group,
the ICVF values of the left hippocampus (mean and 90th per-
centile) were significantly lower, and the MD value of the right
hippocampus (mean), the MD and AD values of the left hippo-
campus (mean, 10th and 90th percentiles), and the RD value of
the left hippocampus (minimum, mean, and 90th percentile)
were significantly higher in the AzD group. The hippocampal
volumes were significantly lower bilaterally in the AzD group
than in the non-AzD group. Multiple comparisons showed no
statistically significant intergroup differences in both observers’ hip-
pocampal ROIs, and the diffusion parameter values that showed
statistically significant intergroup differences are shown in the
Online Supplemental Data. The Online Supplemental Data lists the
raw data of some representative diffusion parameters.

Performance for the Diagnosis of the AzD Pathology in MCI
The receiver operating characteristic analysis quantified the per-
formance of the logistic regression model, showing the statisti-
cally significant intergroup differences with the least P values
among the histogram feature values of each parameter (Fig 3).
The respective areas under the receiver operating characteristic
curve of logit (p) and the odds ratios of the variables in each logis-
tic regression model are listed in Table 4. In the respective ROIs
made by observer A and observer B, the areas under the curve for
ICVF (mean) of the left hippocampus were 0.69 and 0.68, those
for the MD (mean) of the right hippocampus were 0.69 and 0.68,
those for the MD (10th percentile) of the left hippocampus were
0.73 and 0.68, those for the AD (10th percentile) of the left hippo-
campus were 0.71 and 0.68, those for the RD (mean) of the left
hippocampus were 0.68 and 0.68, and those for the volume of the
left and right hippocampus were 0.67 and 0.68. Among the varia-
bles in the entire logistic regression model, the diffusion parame-
ters contributed the most, whereas volume contributed the least,
according to the odds ratio.

Correlations between the Hippocampal Values
Heat maps of the correlations among the diffusion parameters and
the volume of the left hippocampus in the AzD group are shown
in Fig 4. Other heat maps are provided in the Online Supplemental
Data. There were many significant correlations among the diffu-
sion parameter values (mean) and volumes in both groups. In
detail, the ICVF values were highly correlated with each of the
MD, AD, and RD values (R absolute value greater than 0.55). The
ODI value was highly correlated with the FA value (R absolute
value greater than 0.45). Each of the ICVF, MD, AD, and RD

Table 1: Detailed demographic and clinical data of patients
with MCI

Group non-AzD AzD
Number 34 35
Age (Median 6 SD) 78 6 9.15 79 6 6.58
Sex (M:F) 18:16 17:18
MMSE (Median 6 SD) 26 6 5.09 24 6 3.81
ADAS-Cog (Median 6 SD) 9.40 6 6.91a 11.60 6 4.19a

RBMT (Median 6 SD) 11 6 6.38a 6.5 6 4.99a

P-tau/Ab 42 ratio 0.05 6 0.01 0.18 6 0.07
Ab 42 (pg/mL) 919.38 6 323.78a 554.94 6 148.24a

P-tau (pg/mL) 46.47 6 15.36a 91.37 6 28.69a

Note:—MMSE indicates Mini-Mental State Examination; ADAS-Cog, Assessment
Scale–Cognitive Subscale; RBMT, Rivermead Behavioral Memory Test; Ab 42,
b -amyloid 42; P-tau, phosphorylated tau.
a Statistically significant difference between the groups (P, .05).

Table 2: ICCsa of the left and right hippocampal ROI values

Left Right
NODDI ICC ICC
ICVF (mean) 0.87 (0.65�0.94) 0.91 (0.86�0.94)
Viso (mean) 0.07 (�0.06�0.23) 0.12 (�0.07�0.31)

ODI (mean) 0.70 (0.36�0.85) 0.74 (0.52�0.85)
DTI
FA (mean) 0.68 (0.53�0.79) 0.59 (0.41�0.72)
MD (mean) 0.86 (0.40�0.95) 0.84 (0.69�0.91)
AD (mean) 0.82 (0.31�0.93) 0.84 (0.39�0.94)
RD (mean) 0.77 (0.53�0.88) 0.84 (0.65�0.92)

Note:—ICCs indicates intraclass correlation coefficient.
a The data in parentheses are 95% confidence intervals.
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values was significantly correlated with the volume (R absolute
value greater than 0.35). The Viso value and the volume were
weakly correlated (not statistically significant) in the AzD group (R
absolute values mostly around 0.30), compared with those of the
non-AzD group (R absolute values around 0.01–0.10).

DISCUSSION
The present findings indicate that, in addition to the clinical scale,
quantitative biomarkers are needed for diagnosing AzD pathology
in MCI. In terms of cognitive symptoms, the Mini-Mental State
Examination score showed no statistically significant difference
between the MCI groups, whereas both the Alzheimer’s Disease

Assessment Scale–Cognitive Subscale and Rivermead Behavioral
Memory Test scores showed statistically significant intergroup
differences. However, in both groups, neither the Mini-Mental
State Examination score nor the Rivermead Behavioral Memory
Test score met the cutoff value for cognitive decline. Alzheimer’s
Disease Assessment Scale–Cognitive Subscale is commonly used
for follow-up studies.21

The diffusion metrics showed that hippocampal neurodegen-
eration was more frequent in patients with MCI with AzD pa-
thology than in patients without AzD pathology. Our results
revealed leftward lateralization in hippocampal neurodegenera-
tion. Tau positron emission tomography studies showed leftward

Table 3: Statistically significant intergroup differences (P< .05) in the left and right hippocampal ROI values

Hippocampal ROI (Observer A) Hippocampal ROI (Observer B)

Value (Mean 6 Standard Deviation) P Value Value (Mean 6 Standard Deviation) P Value

non-AzD AzD non-AzD AzD
NODDI parameter
Left ICVF (dimensionless)
Mean 0.377 6 0.032 0.358 6 0.031 .008 0.366 6 0.033 0.349 6 0.033 .026
90th percentile 0.474 6 0.041 0.452 6 0.047 .032 0.469 6 0.093 0.438 6 0.049 .029

DTI parameter
Right MD (mm2/s)
Mean 0.699 6 0.030 0.715 6 0.031 .022 0.707 6 0.031 0.723 6 0.030 .046

Left MD (mm2/s)
Mean 0.706 6 0.033 0.726 6 0.034 .004 0.721 6 0.038 0.739 6 0.039 .014
10th percentile 0.641 6 0.032 0.666 6 0.032 .001 0.658 6 0.035 0.676 6 0.039 .011
90th percentile 0.769 6 0.042 0.787 6 0.040 .029 0.787 6 0.058 0.803 6 0.047 .026

Left AD (mm2/s)
Mean 0.790 6 0.035 0.812 6 0.036 .002 0.809 6 0.043 0.829 6 0.039 .008
10th percentile 0.716 6 0.033 0.739 6 0.036 .001 0.733 6 0.038 0.753 6 0.040 .003
90th percentile 0.869 6 0.045 0.887 6 0.042 .037 0.894 6 0.069 0.912 6 0.051 .039

Left RD (mm2/s)
Minimum 0.531 6 0.053 0.556 6 0.053 .028 0.543 6 0.076 0.564 6 0.066 .044
Mean 0.663 6 0.033 0.682 6 0.034 .006 0.676 6 0.036 0.697 6 0.047 .013
90th percentile 0.730 6 0.040 0.747 6 0.038 .038 0.745 6 0.054 0.771 6 0.076 .027

Volume (mm3)
Left 3148.913 6 519.884 2872.464 6 488.542 .006
Right 3236.159 6 438.547 3015.669 6 423.202 .017

FIG 3. Receiver operating characteristic curve of each logistic regression model for each diffusion parameter and volumetry. The diffusion
parameter values are from the ROIs of each of observer A and observer B.
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uptake in the medial temporal region, which is consistent with
the Braak stage.22,23 However, subject selection bias might have
affected our results. Subjects with cognitive symptoms were
recruited to the study, and leftward hippocampal neurodegenera-
tion tends to induce cognitive symptoms.24

The present findings revealed a statistically significant inter-
group difference in hippocampal neuron microstructure. In detail,
in the left hippocampus, the ICVF values were statistically

significantly lower, whereas the MD, AD, and RD values were stat-
istically significantly higher, in the AzD group than in the non-
AzD group. Only theMD value was statistically significantly higher
in the right hippocampus. In contrast, the ODI and FA values
showed little intergroup difference in the bilateral hippocampus. A
previous diffusion MR imaging study reported that the NODDI
model was sensitive to neurodegeneration, displaying higher ODI
and lower ICVF values in patients with MCI compared with

Table 4: The logistic regression model used in the prediction of the intergroup differences

AUCa Odds Ratio

Logit (p) Diffusion Parameter Volume Age/Sex MMSE/ADAs-Cog/RBMT Intercept Term
NODDI parameter
Left ICVF (mean)
Observer A 0.69 (0.56�0.82) 0.00 1.00 0.91/1.71 1.19/1.00/0.81 20682.03
Observer B 0.68 (0.55�0.81) 0.00 1.00 0.91/1.79 1.19/1.02/0.82 3487.07

DTI parameter
Right MD (mean)
Observer A 0.69 (0.56�0.82) 159.68 1.00 0.91/1.73 1.19/1.01/0.82 35.23
Observer B 0.68 (0.55�0.81) 31.01 1.00 0.91/1.69 1.17/1.00/0.82 238.04

Left MD (10th percentile)
Observer A 0.73 (0.61�0.85) 199854741945.31 1.00 0.91/2.08 1.22/1.02/0.79 0.00
Observer B 0.68 (0.55�0.81) 126.30 1.00 0.91/1.91 1.19/1.02/0.82 8.02

Left AD (10th percentile)
Observer A 0.71 (0.58�0.83) 42437669.81 1.00 0.92/2.05 1.20/1.01/0.80 0.00
Observer B 0.68 (0.55�0.81) 47.98 1.00 0.91/1.93 1.19/1.02/0.82 11.89

Left RD (mean)
Observer A 0.68 (0.55�0.81) 128.06 1.00 0.91/1.92 1.18/1.01/0.82 11.57
Observer B 0.68 (0.54�0.81) 46.62 1.00 0.91/1.87 1.18/1.01/0.82 26.58

Volume
Left 0.67 (0.54�0.81) NA 1.00 0.91/1.95 1.18/1.01/0.82 543.73
Right 0.68 (0.55�0.81) NA 1.00 0.91/1.72 1.17/1.01/0.82 4849.30

Note:—AUC indicates area under the receiver operating characteristic curve; MMSE, Mini-Mental State Examination; ADAS-Cog, Assessment Scale–Cognitive Subscale;
RBMT, Rivermead Behavioral Memory Test; NA, not applicable.
a The data in parentheses are 95% confidence intervals.

FIG 4. R absolute value (jRj) of the left hippocampal values in the AzD group. Heat map of the correlations between the diffusion metrics and the
volume. Values of 0.34, jRj , 0.43 indicate a statistically significant difference with P, .05. Values of 0.43, jRj indicate a statistically significant
difference with P, .01.
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healthy controls; however, the DTI model was more sensitive.25 In
the DTI model, FA is limited in estimating pathologic changes
because of its nonspecific changes.26 The NODDI model helps to
interpret changes in FA; in particular, it allows for the assessment
of neurite density, using the ODI and ICVF values of nerve fibers
as 2 key variables.12 In contrast, our results revealed that ODI
highly correlates with FA and that ODI and FA showed almost the
same values between the AzD and non-AzD pathologies. These
results indicate that there is a greater change in neurite density
than in neurite projections in the hippocampi of patients with AzD
pathology, compared with patients with non-AzD pathology. As
the hippocampal structure atrophies with neurodegeneration,
the space generally becomes occupied by CSF. The ability of
NODDI to remove the effect of neurodegeneration-derived
CSF contamination increases its specificity for cytoarchitec-
ture.27 The present finding of no statistically significant differ-
ence in Viso between the AzD and non-AzD groups indicates
only a small effect of hippocampal neurodegeneration-derived
CSF contamination on the performance of diffusion metrics.
Meanwhile, there was a stronger negative correlation between the
hippocampal volume and the Viso value in the AzD group than in
the non-AzD group, which indicates that hippocampal neurode-
generation is greater in patients with AzD pathology. Accordingly,
we consider that NODDI-derived neuronal density and DTI-
derived diffusivity are similar and that both play an important role
in the diagnosis of AzD pathology in MCI.

Both amyloid burden with a decreased CSF Ab 42 level and
neurofibrillary tangle burden with an elevated CSF P-tau level
might affect the measurements of diffusion metrics in patients
with AzD pathology. During the preclinical progression of amyloid
deposition, a weaker diffusion restriction at a higher burden has
been reported in both gray matter and white matter.28,29 A previ-
ous study using a tau pathology mouse model reported both a pos-
itive correlation between increased MD and tau density in gray
matter regions, indicating disruption to the cytoarchitecture, and a
negative correlation between the hippocampal volume and neuro-
fibrillary tangle density, indicating a strong link between neurofi-
brillary tangle formation and hippocampal atrophy.30 Accordingly,
measuring neuronal density and volume can be sensitive to neuro-
degeneration in patients with AzD pathology. Meanwhile, based
on the logistic regression model, we consider that diffusion metrics
contribute considerably to the diagnostic process for AzD pathol-
ogy in patients with MCI. Previous studies have reported that hip-
pocampal diffusivity changes were better than the hippocampal
volume for diagnosing MCI or predicting conversion fromMCI to
AzD, which is consistent with our outcome.31

There are some limitations to the present study. First, the
group of non-AzD pathology included cases of MCI that were
not clinically confirmed. However, the group discrimination
based on the CSF biomarker level was performed mainly for the
diagnosis of AzD pathology in MCI. Second, the hippocampal
ROIs were drawn on b0 maps, which are inherently low resolu-
tion. Therefore, it is unclear whether the average ROI pixel value
was contaminated by adjacent CSF pixel values in the diffusion
metrics. According to the high interobserver correlation in the
ROI values of the diffusion metrics for quantifying neuronal
structures, we believe that the effect of free water diffusion in the

CSF space within each ROI was small. Meanwhile, we consider
that the increase of the diffusion image resolution can reduce the
CSF contamination in the hippocampal ROI and thereby improve
the ability to quantify neuronal structure changes. Finally, given
the small sample size, the present study is relatively underpowered
to produce strong statistics; therefore, multiple comparisons were
performed as an exploratory analysis.

CONCLUSIONS
Logistic regression analysis, by using both clinical information
and the hippocampal image data, revealed that diffusion pa-
rameters contributed the most to the CSF-biomarker-aided
diagnosis of AzD pathology in MCI, and hippocampal histo-
gram analysis of diffusion metrics might provide additional
suitable biomarkers for the diagnosis of early-stage AzD.

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
NEURODEGENERATIVE DISORDER IMAGING

Prediction of Surgical Outcomes in Normal Pressure
Hydrocephalus by MR Elastography

Pragalv Karki, Matthew C. Murphy, Petrice M. Cogswell, Matthew L. Senjem, Jonathan Graff-Radford,
Benjamin D. Elder, Avital Perry, Christopher S. Graffeo, Fredric B Meyer, Clifford R. Jack, Jr., Richard L. Ehman, and

John Huston III

ABSTRACT

BACKGROUND AND PURPOSE: Normal pressure hydrocephalus is a treatable cause of dementia associated with distinct mechanical
property signatures in the brain as measured by MR elastography. In this study, we tested the hypothesis that specific anatomic
features of normal pressure hydrocephalus are associated with unique mechanical property alterations. Then, we tested the hy-
pothesis that summary measures of these mechanical signatures can be used to predict clinical outcomes.

MATERIALS AND METHODS: MR elastography and structural imaging were performed in 128 patients with suspected normal pres-
sure hydrocephalus and 44 control participants. Patients were categorized into 4 subgroups based on their anatomic features.
Surgery outcome was acquired for 68 patients. Voxelwise modeling was performed to detect regions with significantly different
mechanical properties between each group. Mechanical signatures were summarized using pattern analysis and were used as fea-
tures to train classification models and predict shunt outcomes for 2 sets of feature spaces: a limited 2D feature space that
included the most common features found in normal pressure hydrocephalus and an expanded 20-dimensional (20D) feature space
that included features from all 4 morphologic subgroups.

RESULTS: Both the 2D and 20D classifiers performed significantly better than chance for predicting clinical outcomes with esti-
mated areas under the receiver operating characteristic curve of 0.66 and 0.77, respectively (P , .05, permutation test). The 20D
classifier significantly improved the diagnostic OR and positive predictive value compared with the 2D classifier (P , .05, permu-
tation test).

CONCLUSIONS: MR elastography provides further insight into mechanical alterations in the normal pressure hydrocephalus brain
and is a promising, noninvasive method for predicting surgical outcomes in patients with normal pressure hydrocephalus.

ABBREVIATIONS: AUROC ¼ area under the receiver operating curve; DESH ¼ disproportionately enlarged subarachnoid hydrocephalus; DOR ¼ diagnostic
OR; FDR ¼ false discovery rate; HCTS ¼ high-convexity tight sulci; MRE ¼ MR elastography; NPH ¼ normal pressure hydrocephalus; NPV ¼ negative predictive
value; PPV ¼ positive predictive value; SVM ¼ support vector machine

Normal pressure hydrocephalus (NPH) is a CSF dynamics
disorder1 with imaging features of enlarged ventricles and

clinical symptoms of cognitive decline, gait disturbance, and uri-
nary incontinence.2 NPH has an estimated prevalence of 2.1% for
ages 65 and 70 and 8.9%3 for ages 80 and older. Overlapping
symptoms with Alzheimer disease4 or Parkinson disease5 could
lead to misdiagnosis of NPH. Contrary to these proteinopathies,

NPH may be treated with ventriculoperitoneal shunt surgery6

with sustained improvement in about 80% of cases.7,8 Surgery
can even reverse the symptoms of progressive dementia.9-11

However, due to the invasive nature of surgery, improving the
predictability of outcomes is imperative.

A spinal tap test is commonly used to predict shunt outcome,
with a high positive predictive value (PPV) of 92% but a low neg-
ative predictive value (NPV) of 37%12 An improved area under
the receiver operating curve (AUROC) and diagnostic OR
(DOR) can be achieved by extended lumbar drainage and intra-
cranial pressure measurements.13 These methods, however, have
higher rates of infection and complications14-17 and are less
widely available than the tap test. On the basis of a meta-analysis
of several radiologic predictors, only callosal angle and periven-
tricular white matter changes could significantly differentiate
between shunt responders and nonresponders, though with low
DOR values of 1.88 and 1.01, respectively.18 A machine learning
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method developed on intracranial pressure and electrocardio-
gram features during the lumbar infusion test demonstrated
excellent accuracy of 82% and an AUROC of 0.89.19 However, a
noninvasive, safe, and practical alternative is still needed. A
machine learning approach based on pattern analysis20 of MR
elastography (MRE) data is a promising noninvasive, radiologic
method for predicting the outcome of shunt surgeries.

MRE allows noninvasive evaluation of tissue mechanical
properties using acoustic waves.21 Previous studies have demon-
strated that the mechanical properties of the brain are altered by
NPH.22-24 These alterations occur in specific patterns, the pres-
ence or absence of which can distinguish patients with NPH from
healthy controls and those with Alzheimer disease.20 Past MRE
studies evaluated mechanical changes in the brain due to NPH
with cases considered as a single group. However, patients with
NPH have different morphologic phenotypes that can be assessed
with MR imaging.25-27

In this study, we first tested the hypothesis that the different
morphologic phenotypes of NPH are associated with unique
mechanical signatures. Then, we tested the hypothesis that those
mechanical features could improve prediction of the clinical
response to shunt surgery compared with the use of mechanical
features derived from consideration of patients with NPH as a
single group.

MATERIALS AND METHODS
Patient Recruitment
We retrospectively identified 137 patients who underwent 3T MR
imaging for suspected NPH from April 2014 to December 2022.
Nine cases were excluded because of comorbidities, including
contusions and meningiomas, or technical failure during tissue
segmentation caused by exceptionally large ventricles (particu-
larly in congenital cases). From the remaining 128 suspected
cases, 68 participants who had normal opening pressure (,25 cm
CSF) during lumbar puncture and gait improvement with the spi-
nal tap test underwent treatment with ventriculoperitoneal shunt
placement. Of these patients, 54 were shunt responders, and 14
were nonresponders. Shunt responders were defined as patients
who had improvement in gait, cognition, or urinary incontinence
at .1 month after shunt placement per neurology or neurosur-
gery clinical notes. The clinician’s assessment of improvement
was based on patient reports, gait examination/analysis, and/or
mental status examinations.

Data from a group of cognitively healthy controls were
included from a previously published study.28 These participants
were recruited from the Mayo Clinic Study of Aging and had pre-
viously undergone Pittsburgh Compound B-PET imaging to
determine that they were free of a significant amyloid load.

Image Acquisition
Participants were scanned once on either a GE Signa HDx or
GE Discovery MR750W or a Siemens Magnetom Prisma scan-
ner. The acquisitions were comparable among the scanners and
included MRE and structural imaging. MRE was performed
using a flow-compensated, spin-echo, echo-planar imaging
pulse sequence. Shear waves were introduced via a pneumatic
actuator at a frequency of 60 Hz. Structural imaging included a

whole-brain T1-weighted MPRAGE or 3D inversion-recovery
spoiled gradient-recalled acquisition.

The acquisition parameters for the patients with NPH on the 3T
GE Healthcare scanner were the following: T1-weighted MPRAGE:
TR/TE/TI ¼ 6.3/2.6/900ms, flip angle ¼ 8°, FOV ¼ 260 �
260mm, matrix ¼ 256 � 256, section thickness ¼ 1.2mm; and
MRE: TR/TE ¼ 3601.2/57.3ms, FOV ¼ 240 � 240mm, matrix ¼
72 � 72, section thickness ¼ 3mm. The acquisition parameters
for the control participants were the following: T1-weighted 3D
inversion-recovery spoiled gradient-recalled: TR/TE ¼ 6.3/2.8ms,
flip angle¼ 11°, FOV¼ 270� 270 mm, matrix¼ 256� 256, sec-
tion thickness¼ 1.2mm; and MRE: TR/TE¼ 3600/62ms, FOV¼
240� 240mm, matrix¼ 72� 72, section thickness¼3mm.28

The acquisition parameters on the high-performance Compact
3T scanner (GE Healthcare) were the following: T1-weighted
MPRAGE: TR/TE/TI ¼ 6.3/2.6/900ms, flip angle ¼ 8°, FOV ¼
260 � 260mm, matrix ¼ 256 � 256, section thickness ¼ 1.2mm;
and MRE: TR/TE ¼ 4001.3/59.3ms, FOV ¼ 240 � 240mm, ma-
trix¼ 80� 80, section thickness¼ 3mm.29

The acquisition parameters on the 3T Siemens scanner were the
following: T1-weighted MPRAGE: TR/TE/TI ¼ 2300/3.1/945ms,
flip angle ¼ 9°, FOV ¼ 240 � 256mm, matrix ¼ 320 � 300, sec-
tion thickness ¼ 0.8mm; and MRE: TR/TE ¼ 4800/54ms, FOV ¼
240� 240mm, matrix¼ 80� 80, section thickness¼ 3mm.

Evaluation of Morphologic Features
A neuroradiologist classified patients with suspected NPH into 4
subgroups based on their morphologic features assessed on struc-
tural imaging. These 4 groups were the following: 1) high-convex-
ity tight sulci (HCTS),25 2) congenital hydrocephalus (Congenital),
3) ventriculomegaly alone (Ventric), and 4) neither ventriculome-
galy nor HCTS (Neither). HCTS was defined as focal narrowing or
effacement of the sulci at the midline/vertex. Most of the cases of
HCTS also had enlarged Sylvian fissures and ventriculomegaly,
imaging features of disproportionately enlarged subarachnoid hy-
drocephalus (DESH).30 The patients with HCTS alone and DESH
were considered as 1 group because no significant differences in
mechanical properties were detected. Ventriculomegaly was
defined by Evans Index. 0.3,31 which measures the ratio of fron-
tal horn width to internal skull width and the absence of HCTS.
Congenital was defined as ventriculomegaly, diffusely narrowed
cerebral sulci, and features of impaired aqueductal flow, including
aqueductal web, aqueductal stenosis, or triventriculomegaly with a
normal fourth ventricle.26 The Neither group had neither ventricu-
lomegaly nor HCTS.

Stiffness and Damping Ratio Map Calculation
Stiffness and damping ratio maps were computed using neural
network inversion as previously described.32 After mechanical
property estimation, maps were warped into template space for
analyses.33 These methods are further described in the Online
Supplemental Data.

Mapping of Phenotypic Effects on Mechanical Properties
To identify significant differences in the mean stiffness and
damping ratios between the groups, we fit a linear model at each
voxel with predictors including age, sex, scanner system, and a set
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of categoric variables for group assignment by one-hot encoding.
Difference maps and corresponding t-statistics were calculated
for stiffness and the damping ratio between HCTS and the other
groups. A false discovery rate (FDR) corrected Q , 0.05 as com-
puted by the Storey method34 was considered significant.

Pattern Analysis
In this study, we used a previously described pattern analysis
method.20 This method summarizes each person’s MRE result by
measuring its spatial correlation with the expected mechanical
pattern, which is obtained by contrasting 2 groups of interest,
while controlling for effects of no interest (ie, age, sex, scanner).
Flow charts explaining the procedure are shown in Fig 1. By con-
sidering only a single contrast of interest (HCTS versus controls),
a 2D feature space is computed (1 pattern score for each of stiff-
ness and damping ratio). By considering all possible contrasts
that arise from subtyping the NPH participants, we computed a
20D feature space.

Machine Learning Classification Model for Shunt Prediction
Support vector machine (SVM) classifiers were trained to predict a
successful surgical outcome by using leave-one-out cross-validation
to estimate out-of-sample accuracy. Separate SVMs were trained

using either the 2D or 20D feature spaces. We compared the 2
models using the following performance metrics: the AUROC, ac-
curacy, DOR, PPV, and NPV. We first conducted a permutation
test to assess whether the AUROC of each model was significantly
greater than a random classifier. We then conducted a permutation
test to assess whether the performance metrics of the 20D feature
space offered improvement compared with the 2D space.

RESULTS
There were 172 participants in this study, 44 controls, and 128
with suspected NPH. Of the 128 patients with suspected NPH, 91
had morphologic features of HCTS, 12 had congenital hydro-
cephalus, 20 had ventriculomegaly only, and 5 had neither ventri-
culomegaly nor HCTS.

A group-wise boxplot of the mean shear stiffness is shown in
Fig 2A. There was a statistically significant difference in the mean
stiffness of the whole brain between the HCTS and control
groups (P, .05, t test). Axial slices of the averaged stiffness maps
for each group are shown in Fig 2B. The HCTS group was charac-
terized by stiffening at the midline vertex and softening around
the periventricular region. Ventric and congenital groups showed
patterns similar to those of HCTS, but the stiffening at the vertex
was shifted toward the frontal region of the brain. In the Neither

FIG 1. Pattern analysis. The pattern analysis procedure is depicted in a flow chart (A) with an example of one of the axial slices of a Ventric case.
The procedure is performed for the whole 3D map of an individual. In n-m-1 maps, n represents the total number of cases, and m represents the
number of cases from a group that is not included in the correction of the heldout individual map to create the required contrast. For example,
in the HCTS-versus-control contrast, m is the number of cases in the control group. In the example shown, a voxelwise spatial correlation of the
age, sex, scanner, and the mean corrected heldout individual map was computed in reference to the phenotypic map (HCTS 1 VM 1 ESF) of
the HCTS versus control contrast. Feature spaces. The flow chart (B) displays the 2 feature spaces with their corresponding mechanical corre-
lates of the anatomic features that would comprise the phenotypic map. In the HCTS-versus-Ventric contrast, mechanical correlates of the
HCTS group excluding those common with the Ventric group comprise the phenotypic reference map (HCTS1 ESF) for calculating the correla-
tion scores, allowing more distinction in the scores between the HCTS and Ventric cases compared with the scores from the HCTS-versus-con-
trol contrast. The expanded feature space of 20D includes all the possible contrasts among the 5 groups, allowing systematic extraction of all
possible combinations of the mechanical features that correlate to different anatomic features. ESF indicates enlarged Sylvian fissures; VM,
ventriculomegaly.
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group, softening was evident around the periventricular region,
but without stiffening at the vertex.

Figure 3 shows a group-wise boxplot of the mean damping ra-
tio in panel A and damping ratio maps in panel B. The mean
damping ratio showed a stepwise decrease as groups exhibited an
increasing number of anatomic features. Significant differences in
the t tests between the groups are labeled in the boxplot. In Fig 3B,

damping ratio patterns demonstrated an overall decline in values
in NPH phenotypes compared with controls, with greater differen-
ces toward the cranial direction.

The difference maps for the stiffness between HCTS and other
groups are shown in Fig 4. A gray-scale map of voxelwise differ-
ences is overlaid with a t-statistic map thresholded for statistical
significance (FDR corrected with Q , 0.05). There were 93,254

FIG 2. Group-wise boxplot overlayed on a jitter plot of mean shear stiffness of the whole brain of each participant (A) and averaged shear stiff-
ness maps (B) of each group. The pair-wise Wilcoxon rank sum test and Welch t test results between the groups with P, .05 are indicated with
an asterisk in the boxplot.

FIG 3. Group-wise boxplot overlayed on a jitter plot of the mean damping ratio of the whole brain of each participant (A) and averaged damp-
ing ratio maps (B) of each group. The pair-wise Wilcoxon rank sum and Welch t test results with P, .05 (asterisk) and P, .005 (double asterisk)
are displayed in the boxplot.
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voxels that were significantly different between HCTS and con-
trols. The HCTS group had a cluster of voxels with higher stiff-
ness at the midline vertex compared with the Ventric and Neither
groups. HCTS had 6931 voxels with a significant difference in
comparison with Neither and 11,364 voxels in comparison with
Ventric. The HCTS and Congenital groups differed significantly
in fewer voxels (735), without any discernible pattern.

Figure 5 illustrates the difference maps for damping ratios of
HCTS versus other groups. According to the thresholded t-statistic
maps, damping ratio values were lower overall for the HCTS group.
There were significant differences in 144,233 voxels between HCTS
and control, 40,019 voxels between HCTS and Neither, 43,984 vox-
els between HCTS and Ventric, and none between HCTS and
Congenital. A globally lower damping ratio of the HCTS group is
consistent with the findings in the boxplot of Fig 3A.

In Fig 6, scatterplots of damping ratio and stiffness pattern
scores are shown for 4 different contrasts. In the HCTS versus

control contrast (Fig 6A), HCTS and
control cases form distinct clusters,
demonstrating the separability of these
groups based on pattern scores. The
remaining NPH subgroup cases were
distributed among these clusters with in-
termediate pattern scores. In the HCTS-
versus-Ventric contrast (Fig 6B), Ventric
and HCTS cases were further separated
than mentioned above because the refer-
ence map in this contrast excluded the
feature of ventriculomegaly. Figure 6C
shows the pattern scores for HCTS-ver-
sus-Neither contrast, and Fig 6D shows
the pattern scores for HCTS-versus-
Congenital contrast. The reference fea-
tures extracted in these latter contrasts
are labeled in Fig 1B. The scatterplots
for the remaining 6 contrasts are included
in the Online Supplemental Data.

Figure 7 shows the receiver operat-
ing characteristic curves with 5 perform-
ance metrics for the SVM classification
models trained with the limited (2D) or
expanded (20D) feature space. The
AUROC was 0.66 for the 2D feature
space (greater than a random classifier
with P , .05, permutation test) in com-
parison with 0.77 using the 20D feature
space (P, .01).

The accuracy of the 20D feature
space was 72% compared with 66% for
the 2D feature space. The DOR was 6.50
compared with 1.06. PPV was 0.91 com-
pared with 0.80, and NPV was 0.40
compared with 0.21. Though all metrics
performed better using the 20D feature
space, the difference between the
AUROC and NPV was not statistically
significant on the basis of a permutation

test. The differences in the DOR and the PPV were statistically sig-
nificant with P , .05, and the difference in accuracy approached
the level of significance with P¼ .06.

DISCUSSION
This study reproduced the previous finding that HCTS/DESH is
associated with characteristic patterns of stiffness and damping ra-
tio alterations.20 By subclassifying the patients with NPH accord-
ing to the presence or absence of specific anatomic features, we
reported significant differences in brain mechanical properties
associated with each phenotype. Furthermore, we showed that the
pattern scores computed to summarize these findings at the indi-
vidual level perform significantly better than chance at predicting
the surgical outcomes. Finally, the 20D feature space improved
predictions compared with the 2D feature space, indicating that a
more detailed summary of the MRE result contains clinically use-
ful information and merits further investigation.

FIG 4. Stiffness difference maps. FDR thresholded (Q, 0.05) t-statistic maps overlayed on voxel-
wise calculated stiffness difference maps between each group and the HCTS group. The number
of voxels crossing the FDR threshold was 735 in Congenital, 11,364 in Ventric, 6931 in Neither, and
93,254 in control.

FIG 5. Damping ratio difference maps. FDR thresholded (Q, 0.05) t-statistic maps overlayed on
voxelwise calculated damping ratio difference maps between each group and the HCTS group.
Congenital had no voxels crossing the FDR threshold, whereas Ventric had 43,984, Neither had
40,019, and control had 144,233.
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Predicting the outcome of shunt surgery is a challenging task.
Spinal tap tests are commonly used for prediction with high
PPVs but low NPVs. Due to the invasive nature of surgery and
the potential for complications, the ability to predict negative out-
comes is critical. DESH, which is HCTS along with enlarged
Sylvian fissures, is an imaging feature used in the diagnosis of
NPH under the widely accepted Japanese criteria.30 DESH and
HCTS have been found to predict clinical improvement after
shunt placement in several studies.35-37 However, studies have
indicated that relying only on tight high convexity to predict
shunt outcome38,39 would exclude patients with other NPH phe-
notypes who could also benefit from surgery, given that HCTS
and DESH have even lower performance metrics than the spinal
tap test.12 In this study, we present a noninvasive machine learn-
ing approach based on MRE for predicting surgical outcomes in
NPH that considers the spectrum of NPH imaging phenotypes
and not just DESH.

The results of this study are limited primarily by the number
of cases in each NPH subgroup and the number of cases under-
going shunt placement with clinical follow-up. The sample size
impacts both the pattern score estimation and the classifier train-
ing. Nonetheless, this is the largest MRE study on NPH, to our
knowledge. Another limitation of this study is that some of the
features in the expanded feature set are likely counterproductive
to the classification model. However, we did not use any feature
selection because the sample size was not sufficient to add this
layer of model tuning. Thus, the presented approach should

provide a conservative estimate of model performance and fur-
ther improvement is expected with additional data.

CONCLUSIONS
In addition to the clinical importance of predicting shunt efficacy,
it is also vital to establish biomarker-derived features for various
morphologic phenotypes of NPH to better understand its patho-
physiology. The morphologic phenotypes of NPH exhibit distinct
mechanical signatures using MRE. Pattern analysis based on MRE
presents a promising method for improving diagnosis and predic-
tion of shunt outcomes. In addition, this methodology could be
relevant in distinguishing NPH from other neurologic disorders
that may have overlapping imaging and/or clinical presentations
mimicking NPH, such as Parkinson disease, Alzheimer disease, or
progressive supranuclear palsy.40 The study provides motivation
for further research on the underlying mechanical biomarkers of
different phenotypes of NPH, in addition to collecting more clini-
cal follow-up after shunt surgery to improve prediction abilities.

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 AND NECK IMAGING

Efficacy of MR Neurography of Peripheral Trigeminal
Nerves: Correlation of Sunderland Grade versus

Neurosensory Testing
Shuda Xia, Tyler Thornton, Varun Ravi, Yousef Hammad, John R Zuniga, and Avneesh Chhabra

ABSTRACT

BACKGROUND AND PURPOSE: The current reference standard of diagnosis for peripheral trigeminal neuropathies (PTN) is clinical
neurosensory testing (NST). MR neurography (MRN) is useful for PTN injury diagnosis, but it has only been studied in small case se-
ries. The aim of this study was to evaluate the agreement of Sunderland grades of nerve injury on MRN and NST by using surgical
findings and final diagnoses as reference standards.

MATERIALS AND METHODS: A total of 297 patient records with a chief complaint of PTN neuralgia were identified from the uni-
versity database, and 70 patients with confirmed NST and MRN findings who underwent surgical nerve repair were included in the
analysis. Cohen weighted kappa was used to calculate the strength of the agreement between the 3 modalities.

RESULTS: There were 19 men and 51 women, with a mean age of 39.6 years and a standard deviation of 16.9 years. Most (51/70,
73%) injuries resulted from tooth extractions and implants. MRN injury grades agreed with surgical findings in 84.09% (37/44) of
cases, and NST injury grades agreed with surgical findings in 74.19% (23/31) of cases. MRN and NST both showed similar agreement
with surgery for grades I to III (70% and 71.43%). However, MRN showed a higher rate of agreement with surgery (88.24%) for injury
grades IV and V than did NST (75%).

CONCLUSIONS:MRN can objectively improve preoperative planning in patients with higher-grade nerve injuries.

ABBREVIATIONS: IAN ¼ inferior alveolar nerve; LN ¼ lingual nerve; MRN ¼ MR neurography; NST ¼ neurosensory testing; PTN ¼ peripheral trigeminal
neuropathy

Peripheral trigeminal neuropathy (PTN) can be caused by an
injury of the trigeminal nerve or its branches, specifically the

inferior alveolar nerve (IAN) and lingual nerve (LN). These inju-
ries can cause a loss of sensation to the lower face and oral cavity,
an altered or absent taste sensation of the anterior two-thirds of
the tongue due to damage to the chorda tympani fibers that travel
with the lingual nerve, and neuropathic pain in the trigeminal
nerve distribution.1-3 Common etiologies of PTN include iatro-
genic dentoalveolar surgeries, injection injuries, and trauma, with
third molar extraction being the most common cause. With up to
10 million third molar removals occurring each year and an inci-
dence of permanent paresthesia of the lip, tongue, or cheek ranging
from 11,500 to 35,000 a year, PTN cause substantial morbidity and
can result in significant reductions in quality of life.4-6

The current diagnostic reference standard for PTN injuries is
clinical neurosensory testing (NST), which compares a patient’s
pressure and pain sensation in a nerve distribution with that of
an expected normal. NST incorporates 3 domains: spatiotempo-
ral sensory perception, monofilament contact detection, and pain
tolerance and thresholds.7 The 5 scores of sensory impairment
denote a normal, mild, moderate, severe, or complete loss of
function.8 The results from NST, in combination with clinical
history and examination findings, are used to determine proper
treatment methods based on the Sunderland classification system.
The Sunderland classification system defines the nerve injury in 5
grades, ranging from minor injury to complete nerve transec-
tion.9,10 Higher-grade injuries require timely and accurate inter-
ventions to maximize the possibility of the regeneration of axons.
However, NST poses various limitations, including decreased test
result reliability within the first 3 months following an injury, the
subjectivity of patient responses, and substantial intra observer
and inter observer variability.7,11 In addition, being an indirect
test, NST cannot show nerve anatomy or lesions. As a result of
these limitations, NST may lead to an inaccurate analysis of nerve
damage severity and may delay the treatment of more severe
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nerve injuries that require timely surgical repair to improve a
patient’s prognosis. Thus, the delays can result in otherwise pre-
ventable permanent nerve damage with substantial morbidity.

MR neurography (MRN) is an imaging technique that pro-
vides a noninvasive method by which to delineate the neuromus-
cular anatomy and intraneural architecture of peripheral nerves
in multiple orthogonal planes.12-14 Specifically, it has been vali-
dated for use in PTN and in the identification of the different
Sunderland grades of injuries.7,10,12 Thus, MRN has the advant-
age of showing both nerve lesions for presurgical planning and
the grade of severity of an injury.

Current literature that evaluates the role of MRN for the diag-
nosis and management of PTN in patients has been limited to
small sample sizes, and its value over NST has not been studied
in sufficient detail. The aim of this study was to evaluate the
agreement of Sunderland grades of nerve injury on MRN and
NST by using surgical findings and the final clinical diagnosis as
the reference standards in a larger, consecutive patient cohort.
We hypothesized that the reported MRN injury grade agreed
with surgical findings in a higher percentage of cases than did
NST. As a secondary aim, we also evaluated the agreement
between MRN-assigned and NST-assigned nerve injury grades.

MATERIALS AND METHODS
An Institutional Review Board approved this retrospective cross-
sectional study, and informed consent was waived.

Patient Demographics and Injury Classification
A consecutive group of 297 adults of all genders with a suspected
injury of PTN were queried from an institutional database over a
6-year period (July 2015 to November 2021). All patients were
referred from the institutional oral and maxillofacial surgery
clinic. These patients were all seen at the institution by an experi-
enced maxillofacial surgeon and had trigeminal MRN imaging
that was interpreted by an experienced radiologist. Seventy
patients from the initial cohort had surgery, NST, and MRN, and
these patients were included in the final sample.

Clinical and Surgical Classification
The NST was performed by the same oral and maxillofacial sur-
geon (J.R..Z., with 30 years of experience) and the Sunderland
class grades were reported in the medical charts based on clinical
findings and NST. The 70 patients who underwent surgery were
also graded intraoperatively by using the Sunderland classifica-
tion criteria in Table 1. The NST parameters are described in
Table 2. The final diagnoses with injury grades, based on surgical
and histopathology findings, were reported in the patients’ charts
and served as the reference standards for both MRN and NST.

MRN Imaging and Reports
Seventy patients underwent MRN imaging by using a standar-
dized institutional protocol (Table 3). Sixty-two patients had
MRN on 3T scanners, and 8 patients had MRN on 1.5T scanners.

Table 1. Sunderland nerve injury classification with corresponding surgical findings, MRN findings, and surgical indications
Sunderland

Injury
Classification MRN Findings

Recovery
Potential

Surgery
Indication Surgical Findings

I Homogeneous increased T2 signal of
nerve with no change in caliber,
usually resolve short of surgery

Full None Intact with no internal or external
fibrosis, normal neuroarchitecture

II Homogeneous increased T2 signal of
nerve and mild to moderate nerve
thickening, less than 100%
thickening than the adjacent or
contralateral nerve

Full None unless
persistent pain
for .3 months

Intact with no internal fibrosis, with
external fibrosis, restricted
mobility with intact
neuroarchitecture

III Homogeneous increased T2 signal of
nerve and moderate-marked
nerve thickening, more than 100%
thickening than the adjacent or
contralateral nerve

Slow/incomplete None or neurolysis Intact with internal and external
fibrosis, restricted mobility, and
disturbed neuroarchitecture

IV Heterogeneous increased T2 signal
of nerve and focal enlargement
consistent with a neuroma-in-
continuity in an otherwise
continuous nerve

Poor to none Nerve repair, graft,
or transfer

Partial transected nerve, some
amount of distal nerve with or
without lateral neuroma

V Discontinuous nerve with end bulb
neuroma and a complete nerve gap

None Nerve repair, graft,
or transfer

Completely transected nerve

Table 2: NST parameters. Present values exhibit comparable sensitivity within the normative range. Failed values are less than
those of the control sites or the normative range. Elevated values are greater than those of the control sites. Absent values are
greater than the maximum of the testing device

Injury Degree
Level A: Spatiotemporal
Sensory Perception

Level B: Contact Detection
with Monofilament

Level C: Pain, Temperature, and
Pressure Threshold and Tolerance

Normal Present Present Present
Mild Failed Present Present
Moderate Failed Failed Present
Severe Failed Failed Elevated
Complete Failed Failed Absent
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The same imaging sequences and similar parameters were used
on both types of scanners (Ingenia, Achieva, Philips; Avanto,
Siemens). Most scans were noncontrast scans (90%, 63/70). 1.5T
was used in the setting of dental hardware in a small minority of
cases. The protocol was longer on the 1.5T scanners than on the
3T scanners by 15 minutes, overall. Otherwise, the image quality
was similar, except for less-than-optimal fat suppression on 3D
MR imaging and a less ideal demonstration of the lingual nerve
on 1.5T. We prefer 3T scanners for most cases because of the
time efficiency and better fat suppression on 3D imaging. Con-
trast scans do not make any difference in nerve evaluation, as the
injured nerves do not enhance in our experience. It was a refer-
ring doctor’s preference to obtain a few scans with contrast imag-
ing. The MRN reports were generated by an experienced radio-
logist (A.C., 15 years of postfellowship experience and 14 years of
MRN-reading experience) as the standard of care, and injury
grades were placed in the reports prospectively, based on imaging
and a review of patient history (duration after injury, distribution
of pain to cheek or tongue, paresthesia, taste changes, etc), inde-
pendent of the NST score.

Data Analysis
The medical charts were reviewed by 3 medical students. All
charts were data mined to identify the Sunderland injury
class on NST and MRN, previous surgeries, surgical findings,
whether surgery was performed after the MRN, and surgical
pathology results. The Sunderland classification system of
nerve injury is described in detail in Table 1. Of the cohort, 70
patients had surgery. In the surgical cohort, not all patients had
definitive MRN and NST injury grades in their charts. For
example, inconclusive results included patients whose injury
grades could not be definitively classified into a single grade.
Thus, when doing the statistical analysis, inconclusive results
were not included (Fig 1).

Statistical Analysis
Descriptive statistics were used for the demographic data and
nerve injury classifications on NST and MRN. The agreement of
NST and MR imaging was obtained, using surgical and histopa-
thology findings as reference standards. Cohen weighted kappa

was also calculated. The distribution of injury classes by NST,
MRN, and surgical findings can be found in Figure 2. The agree-
ment coefficient interpretations used were as follows: Excellent
Agreement: 0.75–1.00, Good Agreement: 0.60–0.75, Fair
Agreement: 0.40–0.60, Poor Agreement:, 0.40.15

RESULTS
Patients
Seventy patients underwent surgical repair. The study cohort con-
sisted of 19 (27%) men and 51 (73%) women with a mean age of
39.6 years and a standard deviation of 16.9 years. Most (51/70,
73%) injuries resulted from tooth extractions and implants, with
other injuries including motor vehicle crashes, sinus surgery, and
mandibular bone grafting. Table 4 contains the breakdown of
injury grades for NST, MRN, and surgical findings among the 70
patients. Of the 70 patients, 44 had LN injuries, 15 had IAN inju-
ries, 5 had both IAN and LN injuries, and 6 had maxillary nerve
injuries. The mean time fromMRN to surgery was 87 days, with a
standard deviation of 141 days.

NST, MRN, and Surgical Correlations
The study found that NST showed fair agreement with surgical
findings, whereas MRN exhibited good to excellent agreement
with surgical findings. Overall, NST and MRN had excellent
agreement with each other.

The study found that the MRN Sunderland injury grades
agreed with surgical findings 84% (37/44 cases) of the time,
whereas NST injury grades agreed with surgical findings 74%
(23/31 cases) of the time. The weighted kappa values with 95% CI
for the comparisons of each pair of techniques can be seen in
Table 5. Figure 3 shows a case in which the NST did not agree
with surgical findings but the MRN did. Figure 4 shows a case
in which the NST was inconclusive, but the MRN agreed with
surgical findings. Figure 5 shows a case in which all 3 modalities
agreed. The MRN and NST injury grades agreed 81% of the time
(17/21 cases).

Sunderland injury grades of I through III have better progno-
ses and may not be treated surgically unless either persistent pain
exists or extensive surrounding scarring causes nerve entrapment.
Sunderland injury grades of IV and V show worse prognoses

Table 3: Institutional protocol for MRN imaging

Plane Sequence Coverage
Slice Thickness/

Gap (mm)
Pixel Size
(mm)

FOV
(mm) TR (ms)

TE
(ms) Comments

3 plane Scout Axial: Cover from
skin to skin for
R-L and A-P
FOV

Coronal: Cover
from anterior
nasal skin to
back of the ear;
R-L skin to skin

Sagittal: Cover
both sides even
if unilateral
pain

Axial 2D T2W TSE 4/0.4 0.3 � 0.4 170 � 180 3500–4500 50–65 Base of skull to
C5 level

Axial 2D T1W TSE 4/0.4 0.3 � 0.4 171 � 180 400–600 6–9 Base of skull to
C5 level

Coronal 3D DW-PSIF 0.9 ISO/0 Acquired ISO 172 � 180 12 3–4 Midskull to C5
level; b-value ¼
60/70

Axial 3D BFFE 0.9 ISO/0 Acquired ISO 173 � 180 5.2 3 Midskull to C2
level

Axial DTI 4/0 1.5 � 1.5 174 � 180 5000–10,000 60–75 b-value ¼ 0–600;
12 directions;
echo spacing
# 0.7 ms

Note:—T2W indicates T2-weighted; T1W, T1-weighted; BFFE, balanced fast field echo; R-L, right-left; A-P, anterior-posterior, DW, difffusion-weighted; PSIF, reversed fast
imaging in steady state free precession.
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unless treated timely with surgery.9 Thus, the study also analyzed
the rates of agreement for NST and MRN in these 2 overarching
injury categories. MRN and NST had similar rates of agreement
with surgical findings for Sunderland injury classes I to III (70%
for MRN, 71.43% for NST). However, MRN showed a moder-
ately higher rate of agreement with surgical findings (88.24%) for
Sunderland injury grades IV and V, compared with NST findings
(75%). Detailed statistics can be found in Table 6. Table 1 con-
tains a more detailed explanation of the Sunderland injury classi-
fications as well as their respective surgical indications and
radiologic findings.

DISCUSSION
Peripheral nerve injury is one of the most common causes of
chronic neuropathic pain, contributing to significant disease bur-
den.16 The most common cause of PTN results from molar tooth
extractions, resulting in facial and jaw pain or paresthesia.17 In
PTN, early diagnosis and timely management are essential for
improved patient outcomes and prognosis, with outcomes deterio-
rating due to older age, delayed treatment, and a larger nerve gap.18

The current standard for diagnosing PTN by using NST is lim-
ited, as the subjectivity of the results delays the treatment of higher-
class injuries, resulting in potentially irreversible nerve damage.
MRN provides an alternative method for the diagnosis and staging
of patients with PTN because of its ability to delineate anatomy
and the exact location of injury for preoperative planning.8

Similar to previous studies, this study establishes that MRN
can accurately diagnose patients with PTN, with localization of

the nerve lesion. Though previous literature has demonstrated
the viability of MRN in the diagnosis of patients with PTN, sam-
ple sizes were small, and surgical findings were not systematically
examined. This study expands on current literature by examining
the correlations between injury grading based on NST and MRN,
using surgical and histopathology findings as reference standards.
This study found that though NST and MRN had similar rates
of agreement with surgical findings in lower-grade injuries, MRN
had higher rates of agreement with surgical findings than did
NST in higher-grade injuries. MRN also yielded smaller confi-
dence intervals than did NST. Because NST is subjective, res-
ponses can be similar in different grades of nerve injury due to
various factors, such as delayed or exaggerated sensory res-
ponses, psychological issues, and secondary gain. However,
MRN displays a more objective anatomy of the nerve and injury.
Thus, MRN can be a useful tool for the staging of patients with
PTN, especially patients with higher-grade injuries for whom
timely intervention is crucial in lowering the risk of irreversible
nerve damage. It should also be noted that the NST was per-
formed by the same surgeon, who had extensive experience with
NST. While it takes years of experience and clinical skills to es-
tablish such acumen, MRN is more widely available and is not
dependent on subjective patient information about pain and
pressure sensitivity. Though a strength of the study was having
MRN interpretations done by an experienced reader who pro-
spectively assigned the injury grades, this may limit generalizabil-
ity. However, MRN is increasingly becoming widely available, as
higher Tesla strengths are being incorporated into clinical prac-
tices and 3DMR imaging protocols have been standardized.

FIG 1. The 3 groups from the main cohort of 70 surgical patients were included in the statistical analysis. Because patients had inconclusive
results in different modalities, the 3 groups had different sizes. For example, the 44 patients in the MRN versus surgical findings cohort were
derived from the original 70 patients because 26 patients in the 70-patient surgical cohort had inconclusive MRN findings.
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This study has some limitations. The patients in the cohort
had symptomatic PTN that warranted referral to the university
maxillofacial clinic, resulting in a cohort that had higher degrees

of nerve injuries, overall. However, there were 24/70 class II and
III injuries available, as well. Additionally, not all patients under-
went surgery, and the same surgeon who documented the NST
results performed the final surgeries. Furthermore, some patients
had inconclusive results on MRN and NST such that a definitive
injury class could not be determined between class II or III. This
decreased the size of the cohort that could be examined. It was
also a learning experience for the MRN reader, as the imaging
knowledge from other, larger peripheral nerves was being trans-
ferred to the smaller jaw nerves. It is expected that future correla-
tions might even be improved with consistent and improved
imaging on the newer scanners. We also did not reevaluate the
MRN scans, as doing so would have led to results that differed
from the prospectively determined MRN grades of injury and
would have compromised the first approximation that we wanted
to derive about the MRN-NST-surgery correlation data that was
intended with this institutional audit of the utility of MRN. The
full utility of MRN would be best demonstrated in future pro-
spective studies with the possible randomization of patient
groups. Furthermore, there was possible bias in the evaluation of
the NST grades, as only 1 surgeon evaluated the NST gradings.
Likewise, because only 1 radiologist read the MRN and generated
the final reports, there could be bias and errors on the assignment
of the Sunderland grading scale on the MRN. However, the

Table 4: Distribution of injury grades for NST, MRN, and surgical
findings among the 70 patients. Inconclusive results mean that
the injury grade was unable to be narrowed down to just 1 class.
For example, a grade of II/III being reported in the patient chart
is recorded as inconclusive
Injury Grade NST MRN Surgery
I 0 0 0
II 5 7 12
III 4 5 12
IV 20 24 33
V 2 8 13
Inconclusive 39 26 0

FIG 2. Jitter plots showing injury class distributions for (A) NST versus surgery, (B) MRN versus surgery, and (C) NST versus MRN.

Table 5: Weighted Cohens kappa with 95% CIs for the NST
grade versus MRN, surgical findings versus MRN, and surgical
findings versus NST

Comparison
Cohen Weighted Kappa
Coefficient (quadratic) 95% CI

NST versus
surgical findings

0.51 (0.1–0.92)

MRN versus
surgical findings

0.7 (0.44–0.97)

MRN versus NST 0.88 (0.76–1)
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radiologist is experienced with reading
MRN (14 years), and the possibility of
misclassifying injuries on MRN is slim.

Because the MR imaging and NST

grades agreed well, the noninferiority of

results may encourage surgeons to use

MRN more in their practices. Future

related studies could examine the utiliza-

tion of MRN in the evaluation of PTN

in the preoperative and postoperative

periods as well as whether the utilization

of MRN led to better patient outcomes

in patients who underwent surgery.

CONCLUSIONS
This study demonstrates that MRN-

derived peripheral trigeminal nerve

injury grades correlate with intrao-

perative findings in patients with

higher-grade nerve injuries better than

do NST-derived grades. This finding

supports MRN as an important tool

for the diagnosis and clinical manage-

ment of patients with PTN. With a

timely diagnosis of higher-grade injuries,

FIG 3. A 46-year-old woman with an injury to the right lingual nerve from molar teeth extraction.
The NST yielded an injury grade of IV, but MRN yielded an injury grade of V, consistent with the
surgical findings of a class V injury with amputation neuroma and a fibrous connection to the dis-
tal end. A, Intraoperative picture with amputation neuroma and foreign material highlighted by
arrows. B, Coronal 3D PSIF MRN image of the lower face with arrows pointing to a gap in the right
lingual nerve. C, Sagittal 3D PSIF MRN image reconstruction showing the neural gap in more detail,
measuring 3.43mm. D, Axial T2 SPAIR and (E) axial DTI showing the abnormal right lingual nerve
(arrows). The nerve gap is best seen on 3D MRN images. PSIF indicates reversed fast imaging in
steady state free precession; SPAIR, spectral attenuated inversion recovery.

FIG 4. A 33-year-old man with bilateral injuries to the lingual nerves caused by a third molar extraction. The NST was inconclusive, but MRN
revealed a Sunderland grade IV injury, consistent with surgical findings. A, Intraoperative picture of the left lingual nerve showing a neuroma in con-
tinuity. B, 3D PSIF sagittal reconstructed 3DMRN image showing the focal nerve swelling (small arrow) in the abnormal nerve (large arrow) as a neu-
roma in continuity. C, Corresponding axial T2 SPAIR image showing abnormally hyperintense and enlarged lingual nerves bilaterally (arrows). D and
E, Axial DTI and (F) axial ADC images showing the abnormally hyperintense right lingual nerve (arrows) with nonvisualization of the left lingual nerve
on DTI and ADC images. PSIF indicates reversed fast imaging in steady state free precession; SPAIR, spectral attenuated inversion recovery.
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it can result in potentially lower times to intervention and can

thereby impact patient outcomes.

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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Table 6: Agreement percentages for all modalities

Comparison Class
Agreement
Percentage

NST versus surgical findings I to III 71.43%
IV and V 75%
Overall 74.19%

MRN versus surgical findings I to III 70%
IV and V 88.24%
Overall 84.09%

MRN versus NST Overall 80.95%
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ORIGINAL RESEARCH
HEAD AND NECK IMAGING

Diagnostic Performance of Dynamic Contrast-Enhanced 3T
MR Imaging for Characterization of Orbital Lesions:

Validation in a Large Prospective Study
Emma O’Shaughnessy, Chloé Le Cossec, Natasha Mambour, Adrien Lecoeuvre, Julien Savatovsky, Mathieu Zmuda,

Loïc Duron, and Augustin Lecler

ABSTRACT

BACKGROUND AND PURPOSE: Orbital lesions are rare but serious. Their characterization remains challenging. Diagnosis is based on
biopsy or surgery, which implies functional risks. It is necessary to develop noninvasive diagnostic tools. The goal of this study was
to evaluate the diagnostic performance of dynamic contrast-enhanced MR imaging at 3T when distinguishing malignant from be-
nign orbital tumors on a large prospective cohort.

MATERIALS AND METHODS: This institutional review board–approved prospective single-center study enrolled participants presenting
with an orbital lesion undergoing a 3T MR imaging before surgery from December 2015 to May 2021. Morphologic, diffusion-weighted, and
dynamic contrast-enhanced MR images were assessed by 2 readers blinded to all data. Univariable and multivariable analyses were per-
formed. To assess diagnostic performance, we used the following metrics: area under the curve, sensitivity, and specificity. Histologic anal-
ysis, obtained through biopsy or surgery, served as the criterion standard for determining the benign or malignant status of the tumor.

RESULTS: One hundred thirty-one subjects (66/131 [50%] women and 65/131 [50%] men; mean age, 52 [SD, 17.1] years; range, 19–88
years) were enrolled. Ninety of 131 (69%) had a benign lesion, and 41/131 (31%) had a malignant lesion. Univariable analysis showed a higher
median of volume transfer constant (Ktrans) and constant of transfer from the interstitial environment to the blood plasma (minute�1)
(Kep) and a higher interquartile range of Ktrans in malignant-versus-benign lesions (1.1minute�1 versus 0.65minute�1, P¼ .03; 2.1min�1 versus
1.1minute�1, P¼ .01; 0.81minute�1 versus 0.65minute�1, P¼ .009, respectively). The best-performing multivariable model in distinguishing
malignant-versus-benign lesions included parameters from dynamic contrast-enhanced imaging, ADC, and morphology and reached an
area under the curve of 0.81 (95% CI, 0.67–0.96), a sensitivity of 0.82 (95% CI, 0.55–1), and a specificity of 0.81 (95% CI, 0.65–0.96).

CONCLUSIONS: Dynamic contrast-enhanced MR imaging at 3T appears valuable when characterizing orbital lesions and provides
complementary information to morphologic imaging and DWI.

ABBREVIATIONS: AUC ¼ area under the curve; DCE ¼ dynamic contrast-enhanced; ICC ¼ intraclass correlation coefficient; IQR ¼ interquartile range; Kep ¼
constant of transfer from the interstitial environment to the blood plasma (minute�1); Ktrans ¼ Constant of transfer from blood plasma to the interstitial environ-
ment (minute�1); OCVM ¼ orbital cavernous venous malformation; ROC ¼ receiver operating characteristic; TIC ¼ time-intensity curve; Ve ¼ extravascular-
extracellular volume per unit of volume of tissue (mL/100mL of tissue; %); Vp ¼ plasmatic volume per unit of volume of tissue (mL/100mL of tissue; %); WI ¼
weighted imaging

Orbital lesions constitute a heterogeneous group, with various
histopathologies, which are difficult to characterize solely by

clinical examination and imaging. Among the most common be-
nign orbital lesions, vascular malformations are prominent, with
cavernous orbital malformation being by far the most frequent be-
nign tumor in adults. Additionally, there is a group of orbital

inflammations that encompasses both idiopathic and specific
inflammations, involving a wide range of causes. Among the
most common malignant orbital lesions, lymphoma is the most
frequent tumor, especially in the elderly. Carcinomas are also rel-
atively common lesions. A particular diagnostic challenge lies in
distinguishing orbital inflammation from lymphomas because
they often exhibit similar morphologic features on imaging.1,2

Histologic evidence obtained by biopsy or surgery remains the
milestone for characterizing orbital lesions. However, biopsy or
complete removal of an orbital lesion might be challenging and
even dangerous. Indeed, all orbital surgery is complex due to the
numerous vascular, nervous, and muscular structures within the
orbit, which entail a non-negligible risk to both aesthetic and
functional outcomes.3,4
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Developing noninvasive techniques for characterization, such
as imaging, is therefore crucial and valuable to avoid unnecessary
surgery in patients with benign lesions. A few imaging techniques
proved useful to characterize orbital lesions. Color Doppler ultra-
sound measures the resistance index in lesion vessels. MR imaging
gives specific imaging findings such as an enlarged infraorbital
nerve, the ADC, or the intravoxel incoherent motion.5-13

Dynamic contrast-enhanced (DCE) imaging is another
advanced MR imaging technique, allowing direct quantification of
the perfusion volumes as well as an estimation of the capillary per-
meability, reflecting the tumor microcirculation.14 It is, therefore,
a valuable technique for the characterization of orbital lesions.
DCE showed valuable results for assessing aggressiveness in optic
pathway gliomas, lymphoproliferative disorders, and lacrimal gland
tumors.15-17 However, only a few studies have evaluated this tech-
nique in the orbit so far. Most evaluated small series of patients
or were retrospective. Various approaches have been documented
in the literature, encompassing qualitative, semiquantitative, or
quantitative methods to evaluate DCE, along with the use of com-
plex pharmacodynamic models. Consequently, a range of metrics
has been suggested. Among these, the most promising ones for
characterizing orbital lesions were the area under the curve
AUCDCE (millimol.liter�1.minute), the constant of transfer from
the interstitial environment to the blood plasma (minute�1)
(Kep), and the constant of transfer from blood plasma to the inter-
stitial environment (minute�1) (Ktrans).15,16,18 -26 Ktrans represents
the rate constant for the transfer of substances from the blood
plasma to the interstitial environment, while Kep (minute�1) sig-
nifies the rate constant for the reverse transfer from the interstitial
environment back to the blood plasma. By means of the extended
Tofts pharmacokinetic model, one can obtain 2 other parameters:
Ve (milliliter/100mL of tissue; %) (the extravascular-extracellular
volume within a given volume of tissue) and Vp; the plasmatic
volume within the same unit of tissue volume).

The goal of this study was to evaluate the diagnostic perform-
ance of DCE MR imaging at 3T when distinguishing malignant
from benign orbital tumors on a large prospective cohort. This
work is involved in the validation process of a new diagnostic
imaging tool and biomarkers. It contributes to improving the
level of evidence on the value of DCEMR for the diagnostic man-
agement of orbital tumors.

MATERIALS AND METHODS
Research Design
A prospective single-center study was conducted in a tertiary cen-
ter specializing in ophthalmic diseases (NCT02434120). This
study was approved by an Institutional Research Ethics Board
and adhered to the tenets of the Declaration of Helsinki. Our
study follows the Standards for Reporting of Diagnostic Accuracy
Studies guidelines. Signed informed consent was obtained from
all subjects.

Population
A total of 345 participants were enrolled from December 2015 to
May 2021.

Inclusion criteria were the following: 1) older than 18 years of
age, 2) the presence of an orbital mass for which a biopsy or a

complete removal was planned, and 3) MR imaging completed
before surgery.

Primary exclusion criteria were the following: 1) absolute or
relative contraindication to MR imaging or to an injection of gad-
olinium, 2) opposition of the patient to participating in the study,
and 3) absence of an affiliation to the social welfare system.

Secondary exclusion criteria were the following: 1) artifacts
preventing analysis of the area of interest, 2) biopsy or surgery
not performed, and 3) MR image analysis allowing a diagnosis
considered as certain.

For all patients, no treatment that may alter imaging, such as
steroids, and no surgery or biopsy was undertaken before MR
imaging.

The final study cohort enrolled 131 participants. A flow chart
is given in Fig 1.

Clinical and Ophthalmologic Data
The clinical examination and management of patients was per-
formed by a team of ophthalmologists specialized in orbital sur-
gery at our institution. Medical history (cancer, autoimmune
disease, HIV seropositivity, diabetes, hypertension, smoking) and
clinical symptoms (diplopia, vision loss, exophthalmos, palpebral
inflammation, ptosis) were noted. Fundoscopy was performed to
detect optic disc edema and optic nerve atrophy. Oculomotricity
testing was performed.

Reference Standard
Histopathology was assessed, by an experienced pathologist,
blinded to imaging data, who specialized in orbital pathology with
30 years of experience and was considered the reference standard.
Orbital lesions were classified as malignant or benign. For further
analysis, subgroups of lymphomas and orbital inflammations
were extracted frommalignant and benign lesions, respectively.

MR Imaging Protocol
All orbital MR images were obtained on the same 3T Ingenia sys-
tem (Philips Healthcare). The MR imaging protocol is shown in
the Online Supplemental Data. DCE MR imaging acquisitions
were based on a 3D T1 fast-field echo sequence with a temporal re-
solution of 2.9 seconds and a total duration of 6minutes 23 seconds
after an injection of a 0.1-mmol/kg bolus of gadobutrol (Gadovist;
Bayer) at a speed of 4mL/s. Participants were asked to look at a
fixed point during the acquisitions to prevent kinetic artifacts gen-
erated by eye movement.

Imaging Analysis
The morphologic analysis was performed by a senior neuroradi-
ologist (A.L.) with .10 years of experience in orbital imaging,
blinded to all data.

The reader assessed the following characteristics of each or-
bital lesion:

• Center of the lesion: lacrymal gland, orbital fat, eyelid, muscle,
bone

• Boundaries, defined as regular or irregular
• Shape, defined as regular or irregular
• Type, defined as infiltrative with ill-defined margins or well-
delineated with sharply defined margins
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• Signal intensity on T1WI and T2WI, defined as hypointense,
isointense, or hyperintense in comparison with the signal in-
tensity of a healthy ipsilateral or contralateral extraocular
muscle (defined by normal morphology and signal)

• Signal intensity on DWI defined as hypointense, isointense,
or hyperintense in comparison with the signal intensity of a
healthy ipsilateral or contralateral extraocular muscle

• Signal intensity on the ADC map, defined as hypointense, iso-
intense, or hyperintense in comparison with the signal inten-
sity of a healthy ipsilateral or contralateral extraocular muscle

• Type of enhancement, defined as homogeneous or heterogeneous
• Enhancement intensity on contrast-enhanced T1WI, defined
as absent, lower than that of the extraocular muscle, equal to
that of the extraocular muscle, or higher than that of the ex-
traocular muscle.

DCE MR Imaging Postprocessing and Analysis
All the postprocessing steps were performed using Olea Sphere
software (Version 3.0; Olea Medical). Postprocessing was per-
formed by a radiologist in training with 3 years of experience
(E.O.). It lasted ,1 minute. A 2D single-section ROI, encom-
passing the maximum area of the lesion, was manually drawn on
each lesion on the AUCDCE colored map by the same radiologist

in training, as recommended by Qian et al.27 A second ROI was
manually drawn on the same lesion and at the same level on the
ADC colored map. A second reading was done by the senior neu-
roradiologist (L.D.) to evaluate the interreader reproducibility.

A qualitative assessment of the DCE time-intensity curve
(TIC) was made, classified into 3 types, according to Yuan et al:18

type 1, defined as the persistent pattern with straight or curved
lines and continuous enhancement over the entire dynamic
study; type 2, defined as the plateau pattern with a relatively
prominent increase of slope and a final intensity of 90%–100% of
the peak grade; and type 3, defined as the washout pattern with a
rapid increase of slope and a final intensity lower than 90% of the
peak grade.

The AUCDCE (millimol.liter�1.minute), which is a semiquan-
titative parameter reflecting the relative quantity of contrast agent
with time, was obtained by a model-free analysis of the TIC.

An extended Tofts pharmacokinetic model was then used, on
the basis of Bayesian probabilities performing a biexponential
modeling of diffusion, providing the 4 following quantitative pa-
rameters: Ktrans, Kep, Ve, and Vp.28

Both the median and interquartile range (IQR) were obtained
for each DCE parameter. The median, which is a positional pa-
rameter less affected by extreme values than the mean, and the
IQR, which gives information about the statistical dispersion,

FIG 1. Flow chart.
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provide distinct information and thus are not considered redun-
dant. Colored maps were displayed for all parameters.

Statistical Methods
For all quantitative variables, the mean and standard deviation
(SD) were provided. For all qualitative variables, both the number
and percentage were given.

A univariable analysis was performed. For quantitative varia-
bles, a t test with a Welch correction if necessary or a Wilcoxon
test was used. For qualitative variables, x 2 or Fisher tests were
used. Given the exploratory approach of this step, we did not cor-
rect for the a inflation risk. The analysis was conducted for 2
comparisons: malignant-versus-benign lesions and lymphoma-
versus-orbital inflammation.

A multivariable analysis was then performed using logistic
regressions. The whole data set of patients was divided randomly
into a training and a test set, with a respective proportion of two-
thirds and one-third. We considered 4 models: model A with DCE
parameters; model B with DCE parameters and ADC; model C
with DCE and morphologic imaging parameters; and model D with
DCE, ADC, andmorphologic imaging parameters. Three additional
models were also considered without DCE: model E with morpho-
logic imaging parameters alone, model F with ADC alone, and
model G with morphologic imaging parameters and ADC.

For each model, variables with a P value, 20% in univariable
analysis were considered. A stepwise procedure based on the
Akaike criterion was used to select the relevant parameters.

For each parameter of DCE and each model, a receiver oper-
ating characteristic (ROC) curve with a 95% confidence interval
was drawn, and the AUC was computed. Sensitivity and specific-
ity were calculated when AUCs were.0.80. The Youden method
was used for threshold identification. Confidence intervals for the
model ROC curves and AUC were obtained by a bootstrap tech-
nique. The P value for the AUC was obtained using the DeLong
test, at 5% a risk.

The interobserver agreement was evaluated using the Bland-
Altman limits of agreement and an intraclass correlation coefficient

(ICC) with 95% confidence intervals for quantitative variables29 and
the Cohen k for qualitative variables.

Analyses were performed using the R statistical and computing
software, Version 4.2.0 (http://www.r-project.org/) by a methodol-
ogist statistician (C.L.C) with 8 years of experience.

RESULTS
Study Population
A total of 131 patients (66/131 [50%] women and 65/131 [50%]
men (mean age, 52 [SD, 17.1] years; range, 19–88 years) were en-
rolled, among whom 41/131 (31%) had malignant lesions.
Participant characteristics and lesion histopathologies are available
in Table 1. More details on histopathologies can be found in the
Online Supplemental Data.

Distinction between Malignant and Benign Orbital
Lesions
Univariable Analysis. Patients with a malignant lesion were sig-
nificantly older than those with a benign one: 62.4 (SD, 15.4) ver-
sus 47.3 (SD, 15.8) years, P, .001.

Regarding the morphologic features, there was a significant
difference in DWI and ADC signal, enhancement intensity, and
the type of TIC between patients with a malignant lesion com-
pared with those with a benign lesion (P, .001).

Among all DCE parameters, the medians of Ktrans and Kep
and the IQR of Ktrans were significantly higher in malignant
lesions compared with benign lesions: 1.1minute�1 versus
0.65minute�1, P ¼ .03; 2.1minute�1versus 1.1minute�1, P ¼
.01; and 0.81minute�1 versus 0.37minute�1, P¼ .009, respec-
tively. The median of the AUCDCE was significantly lower in
malignant lesions compared with benign ones: 3.8 � 104 versus
5.4 � 104, P ¼ .01. The median of the ADC was significantly
lower in malignant lesions compared with benign ones: 0.86 ver-
sus 1.2 mm2/s, P ¼ .001. The detailed data for both groups are
given in the Online Supplemental Data.

ROC Curves for Each DCE Parameter and ADC. The parameters
with the highest AUC were the median of Kep, the IQR of Kep,
and the IQR of Ktrans with AUCs of 0.74 (95% CI, 0.65-0.83), 0.73
(95% CI, 0.64–0.82), and 0.71 (95% CI, 0.61–0.80), respectively.
The AUC of the median and the IQR of the ADC were, respec-
tively, 0.74 (95% CI, 0.63–0.85) and 0.6 (95% CI, 0.48–0.72). The
ROC curves of each DCE parameter and ADC are shown in Fig 2.

Multivariable Analysis. The training set included 88 patients, and
the test set, 43 patients, with 26 and 15 malignant lesions, respec-
tively. The model with the highest diagnostic performance was
model D (DCE, ADC, and morphologic imaging features), with an
AUC ¼ 0.81 (95% CI, 0.67–0.96) (P value ¼ 1.6 � 10�5, in com-
parison with an AUC of 0.5), sensitivity ¼ 0.82 (95% CI, 0.55–1),
and specificity¼ 0.81 (95% CI, 0.65–0.96). The Online Supplemental
Data show the diagnostic performance of models evaluated, and
ROC curves are available in Fig 3.

Model D had a sensitivity of 0.82 (95%CI, 0.55–1) and a specific-
ity of 0.81 (95% CI, 0.65–0.96), with 2 false-negatives and 5 false-
positives. Model E had a specificity of 0.48 (95% CI, 0.3–0.67) with
14 false-positives. Model F showed a sensitivity of 0.5 (95% CI,

Table 1: Participant characteristics and lesion histopathologies

Mean (SD) or No. (%)
Whole Sample

(n= 131)
Age 52 (17.1) (range, 19–88)
Sex
Female 66/131 (50.4%)
Male 65/131 (49.6%)
Histopathology
Benign lesion
Overall 90/131 (68.7%)
Orbital inflammation 43/131 (32.8%)
Orbital cavernous
venous malformation

9/131 (6.9%)

Other benign lesion 38/131 (29.0%)
Malignant lesion
Overall 41/131 (31.3%)
Lymphoma 20/131 (15.3%)
Primary solid
malignant tumor

12/131 (6.9%)

Solid tumor metastasis 9/131 (9.2%)
Bilateral lesion 22/131 (16.8%)
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0.25–0.75) with 6 false-negatives. Model G demonstrated a speci-
ficity of 0.58 (95% CI, 0.38–0.77) with 11 false-positives.

Interreader Reproducibility. Interreader reproducibility, per-
formed on the distinction between malignant and benign lesions,
was good for the IQR of Ve and the median of Vp with an ICC of
0.73 and 0.87, respectively. Interreader reproducibility was excel-
lent for all other quantitative DCE parameters, with an ICC
higher than 0.90 (Table 2).

Distinction between Lymphomas and Orbital
Inflammations
Univariable Analysis. Among all DCE parameters, the medians of
Ktrans and Kep and the IQR of Ktrans and Kep were significantly
higher in lymphomas compared with orbital inflammations: 1.2
versus 0.6minute�1, P¼ .001; 2.3 versus 1.1minute�1, P, .001;
1 versus 0.3 minute�1, P, .001; and 1.8 versus 0.6 minute�1,
P, .001, respectively. The detailed data for both groups are given
in the Online Supplemental Data.

ROC Curves for Each DCE Parameter. The parameters with the
highest AUC were the median of Kep and the IQR of Kep, with
AUC s of 0.83 (95% CI, 0.73–0.93) and 0.81 (95% CI, 0.71–0.92),
respectively (Online Supplemental Data).

Multivariable Analysis. The training set included 43 patients, and
the test set, 20 patients, with 14 and 6 lymphomas, respectively.
The model with the highest diagnostic performance was the
model D, with an AUC¼ 0.84 (95% CI, 0.65-0.1), sensitivity¼
0.83 (95% CI, 0.5–1), and specificity¼ 0.85 (95% CI, 0.62–1). The
Online Supplemental Data show the diagnostic performance of
models evaluated, and the ROC curves are in the Online
Supplemental Data.

An example of orbital tumor is provided as Fig 4. Additional
examples are also provided in the Online Supplemental Data.

DISCUSSION
Our study showed that DCE is a valuable tool when characteriz-
ing orbital lesions, either alone or in combination with morpho-
logic imaging and DWI.

This large prospective work involves the validation process
of a new diagnostic imaging tool and biomarkers. Indeed, a few
studies already showed the promising results of DCE when
characterizing orbital lesions, but most were retrospective, with
inherent methodologic bias, and the rare prospective ones
included only a small number of patients.23,30 By confirming the
previous results in the literature, our study improves the level of
evidence of this technique, facilitating its use in clinical practice.
This work suggests that DCE can help distinguish malignant

FIG 2. ROC curves of each DCE and ADC parameter when distinguishing malignant from benign lesions. The x-axis refers to 1-specificity, and
the y-axis refers to the sensitivity. The black line represents the AUC; the blue area, the 95% confidence interval; and the dotted red line, the di-
agonal, ie, an AUC of 0.5.
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from benign lesions, which is in line with findings in previous
articles.19,21,24 Some studies have also suggested that DCE could
improve characterization of orbital cavernous venous malforma-
tions, schwannomas, or optic pathway gliomas.15,22,31

In this study, we decided to distinguish orbital cavernous ve-
nous malformation (OCVM) from other venous malformations,
defined according the 2018 International Society for the Study of
Vascular Anomalies.32 Indeed, because slow-flow venous malfor-
mations of the orbit encompass several distinct diseases including
OCVM, the International Society for the Study of Vascular
Anomalies classification might be inaccurate in the orbit.33,34 To
avoid any confusion, we used the term OCVM.35

Among DCE parameters, Kep was higher in malignant
lesions compared with benign ones, in line with previous

studies.19,21,23,25,27 The ROC curve for Kep yielded an AUC of
0.74 versus an AUC of 0.84 reported by Hu et al.21

We showed that the constant of transfer from blood plasma to
the interstitial environment (Ktrans) was higher in malignant
lesions compared with benign ones and in lymphomas compared
with orbital inflammations, also in line with previous studies.23-25

The ROC curve for Ktrans yielded an AUC of 0.68, which is a little
lower than that of the Kep. Physiopathologically, the Ktrans

reflects both the perfusion and permeability processes. It might
be influenced by several vascular factors, making its physiopatho-
logic interpretation challenging. Nevertheless, Ktrans is one of the
most widely used DCE parameters in head and neck diseases for
both diagnosis and prognosis.

Most interesting, we showed that the AUCDCE was lower in
malignant lesions compared with benign ones and in lymphomas
compared with orbital inflammations. The AUCDCE has already
shown its usefulness when distinguishing orbital lesions in the lit-
erature.19,23,24 The AUCDCE can be obtained without using any
pharmacokinetic models, making it easier to use in clinical prac-
tice than the Kep or the Ktrans. Jittapiromsak et al19 concluded
that the AUCDCE was the best diagnostic criterion and that there
was no need for using more complex pharmacokinetic models.
However, the ROC curve for the AUCDCE yielded an AUC of
0.58, which is substantially less than that of Kep and Ktrans. In
addition, the AUCDCE is derived from a semiquantitative
approach that has limitations, not always having a physical mean-
ing and being mixed measures. The AUCDCE is a combination of
the vascular permeability of tissue blood flow and fractional inter-
stitial space.28 Therefore, we believe that it is probably better to
use a pharmacokinetic model. Most postprocessing software is
now able to compute DCE data very quickly.

FIG 3. ROC curves of each model when distinguishing malignant from benign lesions. The x-axis refers to 1-specificity; the y-axis, to the sensi-
tivity. The black line represents the AUC; the blue area, the 95% confidence interval; and the dotted red line, the diagonal, ie, an AUC of 0.5.
A indicates model A with DCE parameters only; B, model B with DCE and ADC parameters combined; C, model C with DCE and morphologic
imaging parameters combined; D, model D with DCE, ADC, and morphologic imaging parameters combined; E, model E with morphologic
imaging parameters only; F, model F with ADC only; and G, model G with ADC and morphologic imaging parameters.

Table 2: Interobserver reproducibility
Ktrans (minute�1)
Median (ICC) 0.99
IQR (ICC) 0.96
Kep (minute�1)
Median (ICC) 0.99
IQR (ICC) 0.99
Ve (mL/100mL of tissue; %)
Median (ICC) 0.94
IQR (ICC) 0.73
Vp (mL/100mL of tissue; %)
Median (ICC) 0.87
IQR (ICC) 0.94
AUCDCE (mmol.min/L)
Median (ICC) 0.98
IQR (ICC) 0.96
Type of the DCE TIC
Cohen k 0.67
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FIG 4. 3T MR imaging in a 45-year-old female patient presenting with vertical diplopia. Axial T1WI (A), contrast-enhanced coronal (B)
and axial (C) Dixon T1WI, coronal Dixon T2WI (D), axial DWI (E), axial ADC (F), and DCE MR imaging (G) show a right orbital mass (arrow).
DCE colorimetric maps are presented as follows from left to right and from top to bottom: AUCDCE, Kep, Ve, Vp. On the basis of mor-
phologic and DWI features alone, the lesion was considered benign. DCE shows high Ktrans and Kep, suggesting malignancy. Postsurgery,
the final diagnosis was a carcinoma.
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In this study the DCE TIC was significantly different in malig-
nant lesions compared with benign ones and in lymphomas com-
pared with orbital inflammations, in line with the literature.17-19,23

However, the overlap among the different types of TICs is
substantial, making this tool hazardous to use on its own. Indeed,
the 3 types of curves are found in each of the groups, not allowing
a clinically relevant discrimination. Furthermore, its interob-
server reproducibility is limited compared with other DCE pa-
rameters, both in this work and in the literature.36

Beyond using a single DCE parameter, we showed that a
combination of DCE and ADC yielded higher diagnostic per-
formance compared with DCE or ADC alone, which is similar
to previous data reported.16,17,20,23,25 The ADC has proved
extremely useful when characterizing orbital lesions, especially
for diagnosing orbital lymphomas.6-9 However, DWI alone
failed to correctly classify all malignant lesions such as orbital
carcinomas in our study, whereas the combination of DCE and
ADC managed to do so. This specific example shows that DCE
might translate into a change of management in clinical prac-
tice. Moreover, combining DCE and ADC and morphologic
imaging features yielded the highest sensitivity among all mod-
els when distinguishing malignant from benign lesions and the
highest sensitivity and specificity when distinguishing lympho-
mas from orbital inflammations. Conversely, we showed that
models without DCE (morphology alone, ADC alone, or mor-
phology combined with ADC) yielded lower accuracy compared
with models with DCE. These results support the importance of
performing a comprehensive analysis of all MR imaging data,
including a DCE sequence, despite the time cost, when charac-
terizing orbital lesions. This comprehensive approach is in line
with 2 radiomics studies showing that all MR imaging sequences
provided original and nonredundant features when characteriz-
ing orbital lesions and showing that a bag-of-features-based
radiomics including DCE data was more effective than without
DCE when differentiating ocular adnexal lymphoma and idio-
pathic orbital inflammation.26,37

The duration of our protocol was ,20minutes, which is ac-
ceptable. There are no current guidelines regarding the MR imag-
ing protocol when characterizing orbital lesions. On the basis of
our study and on the literature data, we suggest that a minimum
protocol might include both precontrast and fat-suppressed or
Dixon contrast-enhanced T1WI, T2WI, DWI, and DCE imaging,
with calculation of the ADC and of at least 1 quantitative parame-
ter such as the Kep or Ktrans. Postprocessing of both DWI and
DCE is now relatively easy and fast, making them usable in clini-
cal practice. It was ,1 minute in our study and might be short-
ened with automatization of the process, which is available on
most clinically available postprocessing software. Moreover, this
postprocessing might easily be conducted by a technician rather
than a radiologist to alleviate the radiologist’s workload. We
showed that the interobserver reproducibility was high for quan-
titative DCE parameters and substantially higher than a visual
analysis of the type of DCE TIC, in line with the literature.21

Integrating DCE into clinical practice might help achieve more
reliable and reproductible characterization of orbital lesions
among various centers worldwide.

Our study has some limitations. First, this is a single-center
study including a relatively small number of patients. However,
orbital lesions remain rare, thus enrolling patients is challenging.
Our study remains a large prospective one evaluating DCE when
characterizing orbital lesions. Multicentric prospective studies
would be valuable to evaluate the reproducibility of our results.
Second, a substantial number of patients initially enrolled in the
study and scheduled for surgery did not ultimately undergo sur-
gery after MR imaging but underwent a simple follow-up.
Among them, a substantial number of patients had a well-
delineated intraconal lesion with typical high signal intensity on
T2WI and a progressive centripetal pattern of enhancement easily
visible on native DCEMR images, making the diagnosis of orbital
cavernous venous malformation almost pathognomonic. Third,
the DCE model we used was an extended Tofts model, whereas a
study evaluating various DCE models in the orbit showed that
the 2CX model was the best-performing one.24 However, the
2CX model is not available on most postprocessing software,
including the Olea Sphere software we used. Fourth, all MR imag-
ing examinations were performed on an optimized 3T MR imag-
ing machine with a 32-channel head coil in a tertiary center
specializing in ophthalmology, which might limit the generaliza-
tion of our results. DCE parameters might vary depending on the
type of MR imaging scanner and the type of DCE sequence, so it
was not reasonable to provide DCE parameter thresholds for the
management of patients with an orbital lesion. Fifth, we per-
formed a DCE sequence with both high spatial and time resolu-
tion, which might not be possible on all MR imaging. Further
research is needed to evaluate whether a DCE 1.5T MR imaging
or one performed with a lower time resolution might achieve
equivalent accuracy. Conversely, 7T might help to characterize
orbital lesions.38 Finally, we did not integrate a radiomics analysis
into our study, whereas radiomics studies showed high diagnostic
performance.26,39,40

CONCLUSIONS
This large prospective study confirms that DCE MR imaging is a
valuable tool when characterizing orbital lesions. It can be a com-
plementary source of information and can improve the diagnos-
tic capabilities of 3T MR imaging when characterizing orbital
lesions, in particular in combination with DWI. DCE should be
considered in clinical practice to improve the diagnosis of orbital
lesions. This work participates in the validation process of a new
diagnostic imaging tool and biomarkers. It contributes to
improving the level of evidence of this technique, and it might
help accelerate the adoption of DCE in imaging protocols in all
centers worldwide when characterizing orbital lesions.
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ORIGINAL RESEARCH
SPINE IMAGING AND SPINE IMAGE-GUIDED INTERVENTIONS

Application of Spinal Subtraction and Bone Background
Fusion CTA in the Accurate Diagnosis and Evaluation of

Spinal Vascular Malformations
Xuehan Hu, Zhidong Yuan, Kaiyin Liang, Min Chen, Zhen Zhang, Hairong Zheng, and Guanxun Cheng

ABSTRACT

BACKGROUND AND PURPOSE: Accurate pretreatment diagnosis and assessment of spinal vascular malformations using spinal CTA
are crucial for patient prognosis, but the postprocessing reconstruction may not be able to fully depict the lesions due to the
complexity inherent in spinal anatomy. Our purpose was to explore the application value of the spinal subtraction and bone back-
ground fusion CTA (SSBBF-CTA) technique in precisely depicting and localizing spinal vascular malformation lesions.

MATERIALS AND METHODS: In this retrospective study, patients (between November 2017 and November 2022) with symptoms
similar to those of spinal vascular malformations were divided into diseased (group A) and nondiseased (group B) groups. All
patients underwent spinal CTA using Siemens dual-source CT. Multiplanar reconstruction; routine bone subtraction, and SSBBF-CTA
images were obtained using the snygo.via and ADW4.6 postprocessing reconstruction workstations. Multiple observers researched
the following 3 aspects: 1) preliminary screening capability using original images with multiplanar reconstruction CTA, 2) the accu-
racy and stability of the SSBBF-CTA postprocessing technique, and 3) diagnostic evaluation of spinal vascular malformations using
the 3 types of postprocessing images. Diagnostic performance was analyzed using receiver operating characteristic analysis, while
reader or image differences were analyzed using the Wilcoxon signed-rank test or the Kruskal-Wallis rank sum test.

RESULTS: Forty-nine patients (groups A and B: 22 and 27 patients; mean ages, 44.0 [SD, 14.3] years and 44.6 [SD,15.2] years; 13 and 16
men) were evaluated. Junior physicians showed lower diagnostic accuracy and sensitivity using multiplanar reconstruction CTA
(85.7% and 77.3%) than senior physicians (93.9% and 90.9%, 98% and 95.5%). Short-term trained juniors achieved SSBBF-CTA image
accuracy similar to that of experienced physicians (P . .05). In terms of the visualization and localization of spinal vascular malfor-
mation lesions (nidus/fistula, feeding artery, and drainage vein), both multiplanar reconstruction and SSBBF-CTA outperformed rou-
tine bone subtraction CTA (P ¼ .000). Compared with multiplanar reconstruction, SSBBF-CTA allowed less experienced physicians
to achieve superior diagnostic capabilities (comparable with those of experienced radiologists) more rapidly (P , .05).

CONCLUSIONS: The SSBBF-CTA technique exhibited excellent reproducibility and enabled accurate pretreatment diagnosis and
assessment of spinal vascular malformations with high diagnostic efficiency, particularly for junior radiologists.

ABBREVIATIONS: AP ¼ arterial phase; AUC ¼ area under the curve; CE-MRA ¼ contrast-enhanced MRA; MPR-CTA ¼ multiplanar reconstruction CTA; RBS-CTA ¼
routine bone subtraction CTA; ROC ¼ receiver operating characteristic; SSBBF-CTA ¼ spinal subtraction and bone background fusion CTA; SVM ¼ spinal vascular
malformation; 3D-VR ¼3D volume-rendering

Spinal vascular malformations (SVMs) are rare CNS vascular
lesions, with spinal AVFs (arteriovenous directly shunting with

a fistula) and AVMs (arteriovenous connection with a true nidus)
being the most common types (95%).1 Their clinical presentations

are variable and nonspecific, including progressive motor, sen-
sory, and urogenital disturbances, similar to chronic myelitis,
demyelinating lesions, disc lesions, and so forth.2,3 However, the
treatments and prognoses differ completely. Delayed or incor-
rect diagnosis and treatment can lead to serious complications,
permanent disability, and even fatality.4-6 Therefore, accurateReceived August 26, 2023; accepted after revision December 2.
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diagnosis and evaluation before treatment are crucial for devel-
oping an appropriate treatment plan and improving neurologic
function.

Spinal DSA is the criterion standard for diagnosing SVMs.7,8

However, selective level-by-level radicular spinal DSA is techni-
cally difficult, particularly in patients with atherosclerosis or vas-
cular variations. This not only consumes time with an increased
incidence rate of neurologic complications but also results in a
high burden of iodinated contrast and radiation exposure.7,9,10

Therefore, pre-DSA noninvasive vascular imaging examinations,
such as CTA or contrast-enhanced MRA (CE-MRA), are crucial
for the preliminary diagnosis and angioarchitecture evaluation of
SVMs.11-13 These insights can aid clinicians in optimal preopera-
tive preparation, potentially reducing the operative duration and
elevating surgical outcomes.14,15

Despite being radiation-free and having high tissue resolution,
the use of CE-MRA for preoperative assessment is still limited
because of the long scanning time, small scanning range per scan,
and large contrast agent dosage, which can make it difficult for
patients to remain motionless for protracted periods.9,16

However, CTA can effectively address these issues, on the basis of
its advantages of fast scanning speed for obtaining the entire
range of the spine in a short time and high spatial resolution for
displaying smaller subcortical blood vessels.12 The advantages of
CTA are yet to be explored further, especially in the area of vascu-
lar image postprocessing. Difficulty in simultaneous and clear
display of the vertebral body and abnormal small blood vessels
within the vertebral canal is the limitation of routine 3D volume
rendering (3D-VR) reconstruction for SVMs.12 On the basis of
extensive clinical experience, even with meticulous bone subtrac-
tion techniques, the 3D-VR reconstruction images still have diffi-
culty presenting the core lesions of SVMs, much less achieving a
comprehensive representation of the extensively draining venous
network.

This study proposes an improved 3D-VR technique, the spi-
nal subtraction and bone background fusion CTA (SSBBF-CTA)
technique, which obviates the requirement for third-party soft-
ware integration. It optimizes the display of angioarchitectures of
lesions and their relationship with the bones. The use of SSBBF-
CTA for the accurate diagnosis and localization of SVMs can sub-
stantially assist in preoperative evaluation and clinical treatment
decisions.

MATERIALS AND METHODS
Patients
Forty-nine patients, including 22 patients diagnosed with SVMs
(group A) and 27 patients without SVMs (group B), between
November 2017 and November 2022, were retrospectively en-
rolled in our study. The inclusion criteria were as follows: 1) clini-
cal manifestations of motor/sensory disturbances; 2) all patients
having undergone spinal CTA examinations, including precon-
trast and arterial phase (AP) imaging; 3) group A: DSA examina-
tion conducted within 1 week that confirmed the diagnosis of
SVMs; and 4) group B: DSA, MR imaging, and other sufficient
evidence that confirmed the absence of SVMs by clinical physi-
cians and radiologists with .10 years of experience. The exclu-
sion criteria were as follows: 1) insufficient or incomplete clinical

data, 2) intramedullary tumors or after aortic replacement sur-
gery, and 3) severe motion artifacts on images. The patient
screening process is illustrated in the flow chart shown in Fig 1.
This retrospective study received approval from the institutional
review board and was granted an exemption from the require-
ment for informed consent.

CT Protocol
All patients underwent multiphasic CT consisting of precontrast
and AP images using a Somatom Definition Flash CT scanner
(Siemens). The scan parameters were as follows: 10-0kV tube
voltage, tube current determined by the Automatic Tube Current
Modulation system (Care Dose4D, Siemens; 100-mAs reference
tube current, and 120- to 350-mAs effective tube current), 0.28-
second gantry rotation time, 1.2 pitch, 64 � 0.6 mm collimation.
All data sets were reconstructed with a slice thickness of 0.75 mm
and an increment of 0.5 mm. The contrast agent (iomeprol,
Iomeron, 400 mgI/mL; Shanghai Bracco Sine Pharmaceutical)
was injected at a flow rate of 0.075 mL/kg/s, 14-second injection
duration, and 10-second same flow of saline. The AP determined
by the bolus-tracking technique started 8 seconds after the
threshold of the ascending aorta reached 120 HU. The scanning
ranges of the 2 phases were identical.

Image Postprocessing
First, all the original images, including the precontrast and AP

images, were transferred to a postprocessing workstation

(syngo.via VB20; Siemens), and the multiplanar reconstruction

images were obtained. Routine bone subtraction CTA (RBS-

CTA) 3D-VR images were obtained by subtracting the precon-

trast images from the AP images on the basis of the currently

more precise bone subtraction algorithm of Siemens. Second, all

original and RBS-CTA images were transferred to the ADW4.6

workstation (GE Healthcare), which is more proficient in the

reconstruction of microvascular structures. Bone background

images were obtained by reconstructing precontrast images. The

aortic trunk and branches were obtained from the RBS-CTA

images. Abnormal vascular structures were identified by processing

the original AP images. The fusion of the 3 aforementioned types of

images produced SSBBF-CTA images. The MPR images were post-

processed in real-time following patient scanning, whereas the RBS

and SSBBF-CTA images were processed retrospectively.

Image Analysis and Evaluation Criteria
Threemajor steps were involved in image analysis. Patients were ran-

domly assigned to each reading session. All readers read the images

independently and blinded to the final diagnosis. Postprocessing

image reconstruction and diagnostic accuracy were evaluated

against DSA as the criterion standard, which was verified by seas-

oned vascular interventionalists (Online Supplemental Data).
1) Preliminary screening capability using original images with

MPR-CTA to evaluate the actual diagnostic accuracy of SVMs
when radiologists first read radiographs using only general
images. The patients in groups A and B were randomized, and 3
types of readers 1–3 participated in this step. Reader 1 was a jun-
ior undergoing radiologist training with 1 year of experience.
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Reader 2 was a type of junior practicing radiologist with 3–8 years
of experience, who submitted the original diagnostic report for
the first time. Reader 3 was a type of senior radiologist with .10
years of experience who signed the report.

2) The accuracy and stability of the SSBBF-CTA postprocessing
technique to evaluate whether the postprocessing method of SSBBF-
CTA performed by radiologists with different experience levels was
accurate and repeatable. Images of group A were used. The SSBBF-
CTA image postprocessing was performed by 2 practicing radiolog-
ists with 4 and 20 years of experience (readers 4 and 5, respectively),
and the differences between the 2 were assessed. The classification
criteria (types 1–4) of SSBBF-CTA images are shown in Fig 1,
including the localization and number of nidus/fistulas and feeding
arteries, the extent of the drainage vein, and overall morphology.

3) Diagnostic value of lesion details of SVMs using 3 types of
postprocessing images to analyze the lesion details (visualization
and localization of feeding arteries, nidus/fistula, and draining
veins) by different 3D-VR images and compare the differences
among the 3. Reader 1 (same as above) and reader 4 evaluated
and scored the lesions of SVMs in the MPR-CTA, RBS-CTA,
and SSBBF-CTA images, respectively. All final scores were con-
firmed by discussion in cases of disagreement and supervised by
reader 5. Finally, a comparison of the diagnostic time was made
between reader 1 and reader 4 in terms of evaluating all SVM
lesions using MPR-CTA and SSBBF-CTA. The scoring criteria
for the visualization/localization of lesions (evaluating feeding
arteries, nidus, and draining veins separately) and overall mor-
phology in MPR, RBS, and SSBBF-CTA images are shown in
Fig 1.

Statistical Analysis
Demographic and clinical variables were compared between

patients in groups A and B. The Mann-Whitney U test was

used for non-normally distributed quantitative data. For nor-

mally distributed data, the independent samples t test was

used. x 2 tests were performed on categoric data. Receiver

operating characteristic (ROC) analysis was performed to eval-

uate the diagnostic performance of readers 1–3, using DSA di-

agnosis as the criterion standard. Comparison of the areas

under the ROC curves was performed using the DeLong test.

The Wilcoxon signed-rank test was used to compare the differ-

ences between the postprocessed images of readers 4 and 5, as

well as the differences in diagnostic evaluation and time between

readers 1 and 4. The Kruskal-Wallis rank sum test was used to

compare the differences in lesion identification and localization

among the different postprocessing images.
All continuous variables were expressed as mean (SD) when

normally distributed and median (interquartile range) if not.
Statistical significance was set at P, .05. Statistical analyses were
performed using SPSS (Version 25.0; IBM) and MedCalc
(Version 18.21.1; MedCalc Software).

RESULTS
Patient Characteristics
Of 63 patients with similar symptoms of spinal cord compression
who underwent preoperative spinal CTA, 14 were excluded from
this study for the following reasons: 1) insufficient clinical data

FIG 1. Flow chart of the patient enrollment process and workflow of this study. Asterisk indicates accurate localization of critical lesions which
defined as mostly correct when multiple feeding arteries are present, and the identification of drainage veins covering over 70% of the range.
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(n ¼ 3); 2) patients with intramedullary tumors (n ¼ 1) or aortic
replacement surgery (n ¼ 1); 3) images with severe motion arti-
facts (n ¼ 1); 4) patients suspected of having SVMs without con-
firmed DSA (n ¼ 3); and 5) no sufficient evidence to exclude
patients with SVMs (n¼ 5). Accordingly, 49 patients (group A: 22
patients; mean age, 44.0 [SD, 14.3] years; and group B: 27
patients; mean age 44.6 [SD, 15.2] years) comprised the final
study sample, and their demographic and clinical variables are
summarized in Table 1. Only urogenital disturbances showed
statistically significant differences between patients with and
without SVMs (P ¼ .005).

Preliminary Screening of SVMs
The diagnostic efficacies of the original images with MPR for the
primary screening of SVMs by different readers are shown in
Table 2. As radiologic experience increased, the area under the
curve (AUC) values for readers 1, 2, and 3 were 0.849, 0.936, and
0.977, respectively. Among all diagnostic indicators, sensitivity
was the least effective, with reader 1 demonstrating a sensitivity
of only 77.3%. Moreover, the DeLong test demonstrated a statisti-
cally significant difference between the ROC curves of reader 1
and reader 3 (P¼ .031).

SSBBF-CTA Postprocessing Images
The SSBBF-CTA images processed by readers 4 and 5 were classi-
fied into 4 types: types 1–4. The higher the classification level, the
greater was the clinical utility, with types 3 and 4 being consid-
ered particularly beneficial in aiding clinical diagnosis and treat-
ment. Nearly all lesion characteristics, including localization
and the number of nidi/fistulas, drainage veins, and overall
morphology, were classified as either type 3 or 4, with the ma-
jority falling into the type 4 category (Fig 2). Only 2 cases had

deviations in the feeding artery, characterized by the presence
of multiple supplying vessels or the involvement of complex
scenarios involving the extracranial arteries and intracranial
collateral circulation (Online Videos 1 and 2). In addition, no
statistically significant difference was observed between readers 4
and 5 (P. .05).

Diagnosis and Evaluation of SVMs Using Different CTA
Postprocessing Images
We compared the diagnostic capabilities of SVM lesions using 3
postprocessing methods (MPR-CTA, RBS-CTA, and SSBBF-
CTA, Figs 3 and 4, Online Videos 3 and 4), using scores that
were discussed by readers 1 and 4 and subsequently corrected
under the supervision of reader 5. In terms of accuracy in visual-
ization and localization of lesions (nidus/fistula, feeding artery,
and drainage vein) and the overall morphology of SVMs, RBS-
CTA demonstrated significantly inferior performance (P ¼ .000)
compared with MPR-CTA and SSBBF-CTA, whereas no signifi-
cant difference (P ..05) was observed between MPR and SSBBF
(Table 3). Additionally, reader 1 performed worse than reader 4
in the assessment of lesions using MPR-CTA (P , .05), whereas
no difference (P ..05) was observed between the 2 when using
SSBBF-CTA (Table 4 and Online Supplemental Data). Moreover,
both readers 1 and 4 required significantly less diagnostic time
when using SSBBF-CTA for lesion assessment than when using
MPR-CTA (P¼ .000, Table 4).

DISCUSSION
This study used clinically prevalent postprocessing workstations
to optimize postprocessing techniques for spinal artery CTA,
achieving precise visualization and localization of SVM lesions
using 3D-VR, thereby enhancing the diagnostic ability and effi-
ciency of radiologists. This advancement allows clear visualiza-
tion of tertiary and higher-order arterial branches within 3D-VR
images, potentially having considerable importance for the diag-
nostic utility of CTA in vasculopathy.

The accuracy of SVM diagnosis using the original and MPR-
CTA images was lower for junior physicians than for more expe-
rienced physicians, particularly in terms of diagnostic sensitivity.
The incidence rate of SVMs was quite low, making it impractical
to reach an occurrence rate of approximately 50% in this study.
Therefore, in the practical field of radiology, the likelihood of
diagnostic errors or missed diagnoses is even higher.17 However,
the consequences of a missed diagnosis or misdiagnosis can be
very serious for patients with SVMs.4 Impairment of spinal cord
venous drainage can result in progressive neurologic deficit
symptoms, such as sensory, motor, and even urogenital disturban-
ces, which lead to disability and significantly impact the patient’s

Table 1: Patient characteristicsa

Group A Group B P Value
Age (yr)b 44.0 (SD, 14.3) 44.6 (SD, 15.2) .898
Sexc .990
Female 9 11
Male 13 16
Sensory disturbance 100% (22/22) 88.9% (24/27) .242
Motor disturbance 90.9% (20/22) 77.8% (21/27) .269
Reflex abnormality 68.2% (15/22) 66.7% (18/27) .910
Urogenital
disturbance

72.7% (16/22) 33.3% (9/27) .005d

Back pain 9.1% (2/22) 11.1% (3/27) 1.000
a Unless otherwise indicated, data are percentages, with numbers of patients in
parentheses.
b Age is presented as the mean.
c Data are numbers of patients.
d The clinical features of groups A and B showed statistically significant differen-
ces (P, .05).

Table 2: Diagnostic efficacy of original images with MPR for primary screening of SVMs by different readersa

Reader Sensitivity (%) Specificity (%) Accuracy (%) PPV (%) NPV (%) AUC [95% CI] Youden
Reader 1b 77.3 (17/22) 92.6 (25/27) 85.7 (42/49) 89.5 (17/19) 83.3 (25/30) 0.849 (0.718–0.935) 0.699
Reader 2 90.9 (20/22) 96.3 (26/27) 93.9 (46/49) 95.2 (20/21) 92.9 (26/28) 0.936 (0.828–0.986) 0.872
Reader 3 95.5 (21/22) 100 (27/27) 98.0 (48/49) 100 (21/21) 96.4 (27/28) 0.977 (0.888–0.999) 0.955

Note:—PPV indicates positive predictive value; NPV, negative predictive value; Reader 1, a radiologist with one year of experience; Reader 2, a junior physician who sub-
mitted the original report for the first time;Reader 3, a reviewing physician who also submitted the original report for the first time.
a Data in brackets are 95% CIs, and data in parentheses are numbers of patients.
b Readers 1 and 3 showed statistically significant differences (P, .05).
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quality of life.18-20 If misdiagnosed as a demyelinating disease,
treatment with hormone shock therapy may lead to hematomyelia,
which can be fatal.21,22 Therefore, improving the diagnostic sensi-
tivity of pretreatment patient screening can reduce potentially seri-
ous medical risks. We recommend that the following patients
should undergo CTA examination with our SSBBF-CTA method
before treatment after balancing radiation and clinical needs: 1)
those presenting with special neurologic symptoms, 2) those with
an initial MRI suggesting evident flow void signals adjacent to the
spinal cord, 3) those with existing examinations that could not
definitively rule out vascular anomalies, and 4) those with contra-
indications for MR imaging and no contraindications for CTA.

This study achieved clear visualization
and localization of SVM lesions by inno-
vatively combining the advantages of
Siemens and GE Healthcare postprocess-
ing workstations for image postprocess-
ing without the need for third party
software. The spinal artery, a third-order
or higher branch with a small diameter,
runs through the intervertebral foramen
and spinal canal and is closely related to
the vertebrae.23 These unique anatomic
features make it challenging to main-
tain vessel continuity while accurately
subtracting the bones. According to
our clinical experience, the bone sub-
traction algorithm of the Siemens
workstation is more precise,24 but it
falls short of displaying the small ves-
sels of SVMs. The GE Healthcare
workstation can display complete
SVMs lesion details by tracking small
vessels; however, it cannot obtain clean
aorta and intercostal artery 3D-VR
images using its bone subtraction
algorithm. Thus, a combination of the
advantages of both workstations pro-
vided clear and unobstructed 3D-VR
reconstruction images of the SVMs.
The fusion of a reduced-opacity bone
background with clear vessels was
implemented to achieve accurate local-
ization of the SVM lesion without
obstructing their visibility. A spinal
CTA acquisition (from the beginning
of the noncontrast scan to the comple-
tion of the CTA) rarely exceeds 1 mi-
nute and, therefore, rarely produces
motion artifacts. Because the position-
ing coordinates of the images in the
plain scan and APs are consistent and
the image superposition is based on the
coordinates, no additional artifacts will
affect the image quality. Furthermore,
junior physicians can achieve a level of
accuracy in SSBBF-CTA images com-

parable with that of experienced physicians through short-term
training, and the difference in the amount of time required to per-
form postprocessing was minimal. However, in complex cases, it
is advisable to perform these procedures under the supervision of
experienced physicians.

Preoperative information regarding the nidi/fistulas, feeding
arteries, and drainage veins of SVMs is crucial for guiding the
selection of clinical treatment plans. When using MPR-CTA, the
less experienced physicians tended to have a lower accuracy than
the physicians with more extensive experience, and both physi-
cians demonstrated high accuracy in evaluating SVM lesions when
using SSBBF-CTA. This finding indicates that the use of the

FIG 3. Spinal CTA images in a 28-year-old man with a spinal AVM. The crucial lesions, including
nidus (arrowhead), feeding artery (solid arrow), and drainage vein (dotted arrow), are shown in
MPR-CTA (A), RBS-CTA (B), SSBBF-CTA (C), and DSA images (D).

FIG 2. Percentage of stacked bar chart of categorization of postprocessing SSBBF reconstruction
accuracy. Types 3 and 4 are considered particularly beneficial in aiding clinical diagnosis and
treatment.
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SSBBF-CTA 3D-VR reconstruction
technique enables the accurate identifi-
cation of the key lesions of SVMs by
less-experienced radiologists and clini-
cal physicians with limited radiologic
experience. Furthermore, SSBBF-CTA
can significantly shorten the diagnostic
time without compromising diagnostic
accuracy for both junior and senior
radiologists. These aspects contribute to
the establishment of effective commu-
nication between the clinical and radi-
ology departments, thereby improving
diagnostic efficiency.

The advantages of CTA have yet to
be fully explored and improved.
Several studies have reported that 320-
layer and 640-layer spiral CTA can
achieve an accuracy rate of 62.5%–
85.7% in locating the fistula of spinal
AVFs.12,13,25 Our research aimed to
update the postprocessing image qual-
ity on the basis of standard CTA, pro-
ducing a more intuitive and clearer
visualization of lesions and allowing a
detailed and efficient analysis of lesion
features of SVMs. 3D-VR images of
types 3 and 4 were considered clinically
acceptable diagnostic results, account-
ing for nearly 100% of the cases. The
current research indicates that the ac-
curacy of CE-MRA in locating fistulas
for AVFs is higher than 80%,26 while
time-resolved CE-MRA has an even

higher accuracy rate of up to 91%.11 Therefore, in clinical prac-
tice, a reasonable selection should be made on the basis of the
individual patient and hardware conditions of different hospitals,
considering the respective advantages of CTA and MRA.

In addition, the classification of SVMs is complex, and at least
5 classification methods are currently known.27 Regardless of the
classification standard, there are great advantages for extramedul-
lary high-flow lesions, such as lesions classified as type I (dural
AVF) and type IV (perimedullary AVF). For intramedullary
lesions (type II, intramedullary glomus AVM and type III, intra-
medullary juvenile AVM), CTA can also provide useful informa-
tion on vascular lesions, but it is limited in the evaluation of the
spinal cord. For type V, extradural AVF, it may be difficult to visu-
alize a fistula (too closely related to the bones). Challenges remain
for lesions with slow flow; however, some abnormal vascular man-
ifestations can suggest the diagnosis of SVMs.28 A second, late ar-
terial CTA scan can also solve a part of this problem; however, the
radiation dose issue needs to be considered.

This study has some limitations. By using SSBBF-CTA for
comprehensive preoperative assessment of SVMs, clinicians can
obtain more lesion details to develop appropriate surgical strat-
egies, which can potentially shorten the surgical duration, reduce
contrast agent use, and limit radiation exposure. However, the

Table 3: Scoring of lesion localization and visualization of SVMs using different postpro-
cessing techniques of CTA imagesa

MPR-CTA RBS-CTAb SSBBF-CTA P Valuec

Visualization of lesions (total points) 6.00 (1.00) 4.00 (2.75) 6.00 (0.63) .000
Nidus/fistula 2.00 (0.00) 1.50 (1.00) 2.00 (1.25) .000
Feeding artery 2.00 (0.63) 1.00 (1.50) 2.00 (0.00) .000
Drainage vein 2.00 (0.00) 1.00 (1.00) 2.00 (0.00) .000
Localization of lesions (total points) 6.00 (0.00) 3.25 (3.00) 6.00 (1.00) .000
Nidus/fistula 2.00 (0.00) 1.00 (1.00) 2.00 (0.00) .000
Feeding artery 2.00 (0.00) 1.00 (2.00) 2.00 (0.00) .000
Drainage vein 2.00 (0.00) 1.00 (1.13) 2.00 (0.00) .00
Overall morphology 4.00 (0.00) 2.75 (2.63) 4.00 (0.50) .000

a The data are presented as median (interquartile range).
b There is a statistically significant difference between RBS-CTA and the other 2 groups (P, .05).
c There is a significant statistical difference among the 3 groups (P, .05).

FIG 4. Spinal CTA images in a 55-year-old woman with a spinal AVF. The crucial lesions,
including the fistula (arrowhead), feeding artery (solid arrow), and drainage vein (dotted
arrow), are shown in an MPR-CTA image (A), a RBS-CTA image (B), SSBBF-CTA image (C), and a
DSA image (D).

Table 4: Assessment of lesions of SVMs and diagnostic time
using different postprocessing CTA techniques by different
readersa

Reader 1 Reader 4 P Value
MPR-CTA
Visualization of lesions 4.00 (1.25) 6.00 (1.00) .001b

Localization of lesions 4.50 (2.00) 6.00 (0.00) .003b

Overall morphology 4.00 (1.00) 4.00 (0.00) .025b

Diagnostic time 9.00 (6.75) 7.00 (3.00) .017b

RBS-CTA
Visualization of lesions 3.50 (3.00) 3.50 (3.00) .353
Localization of lesions 2.25 (3.00) 3.00 (2.50) .178
Overall morphology 2.50 (1.25) 3.00 (2.00) .070
Diagnostic time NA NA NA
SSBBF-CTA
Visualization of lesions 6.00 (1.00) 6.00 (1.00) .705
Localization of lesions 6.00 (1.00) 6.00 (1.00) .206
Overall morphology 4.00 (0.25) 4.00 (0.13) .655
Diagnostic time 3.00 (2.00)c 3.00 (1.25)c .943

Note:—NA indicates not applicable; Reader 1, a radiologist with one year of expe-
rience; Reader 4, a radiologist with 4 years of experience.
a The data are presented as median (interquartile range). The visualization and
localization of lesions represent the total score of the nidus/fistula, feeding ar-
tery, and drainage vein.
b There is a significant statistical difference between readers 1 and 4 (P, .05).
c There is a statistically significant difference in diagnostic time between the use
of MPR-CTA and SSBBF-CTA (P¼ .000).
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assumption that CTA might indirectly enhance surgical outcomes
remains speculative and warrants further longitudinal observa-
tion. Although the SSBBF-CTA postprocessing technology itself
does not add additional radiation, CTA examinations still need to
be reasonably selected by balancing radiation and patient condi-
tions. In addition, because of the low incidence rate of the disease,
the number of included patients was relatively insufficient, and
this study explored only the universal applicability of SSBBF-CTA
for SVMs. Our team is continuing to collect cases for a more
detailed classification to further explore the practicality of SSBBF-
CTA. This research methodology has been integrated into the
general work of our hospital and has already helped avoid many
medical risks. A one-stop image postprocessing reconstruction
software that can combine the advantages of algorithms from 2
different postprocessing workstations will make clinical work
more convenient. The rapid advancement of artificial intelligence
technology holds great potential for achieving simplified and
increasingly accurate CTA reconstruction images in the future.

CONCLUSIONS
The SSBBF-CTA technique demonstrated excellent reproducibil-
ity, significantly enhancing both the accuracy and efficiency of
the diagnosis and assessment of SVMs, with particular benefits
for junior radiologists. It has the potential for substantial clinical
benefits in the preoperative evaluation and selection of appropri-
ate treatment strategies.

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
SPINE IMAGING AND SPINE IMAGE-GUIDED INTERVENTIONS

Multinodular and Vacuolating Neuronal Tumor–like Lesion
of the Spinal Cord: Two Case Reports

Joris Schollaert, David Van der Planken, Sam Mampaey, Matthew Breen, Farng-Yang Foo, Rajan Jain, and
Johan W.M. Van Goethem

ABSTRACT

SUMMARY: We describe 2 cases of a spinal cord lesion with imaging features closely resembling those described in supratentorial
multinodular and vacuolating neuronal tumor (MVNT) or infratentorial multinodular and vacuolating posterior fossa lesions of
unknown significance. Multiple well-delineated nonenhancing T2-hyperintense intramedullary cystic ovoid nodules were visualized
within the white matter of the spinal cord, including some immediately abutting the gray matter. No alterations in signal intensity
or morphology were detected in a follow-up. Moreover, no relevant clinical symptoms attributable to the lesions were present.
We describe these lesions as presumed MVNT, and we therefore use the term MVNT-like spinal cord lesions.

ABBREVIATIONS: MVNT ¼ multinodular and vacuolating neuronal tumor; MV-PLUS ¼ multinodular and vacuolating posterior fossa lesions of unknown sig-
nificance; UC ¼ ulcerative colitis

Amultinodular and vacuolating neuronal tumor (MVNT)
is a fairly new and distinctive entity in the 5th edition of

the World Health Organization classification of central nerv-
ous system tumors.1 It was first described in 2013 by Huse et
al2, who showed a case series of benign seizure-associated
intra-axial lesions. Imaging features on MR imaging include
clusters of multiple well-delineated T2-hyperintense millimet-
ric ovoid nodules subcortically in the white matter (ie, a “bub-
bly appearance”), which can also be found juxtacortically. The
gray matter is generally not affected. Classically, there is no
contrast enhancement, no diffusion restriction, and no signal
loss on FLAIR sequences. Cerebral MVNT is described as a
“leave me alone” lesion. The microscopic appearance of a
MVNT consists of immature neuroepithelial cells organized in
nodules with a prominent vacuolating matrix3 that is almost
pathognomonic.

CASE SERIES
Case 1
A 45-year-old woman presented with right-sided cervicobrachial-
gia for several weeks. Except for discrete paresthesias in the right

thumb and index finger, no neurologic symptoms were present.
There was no relevant medical history.

Alongside a disk extrusion and degenerative uncovertebral
changes on the right, MR imaging showed a large multilocular
intradural intramedullary lesion, consisting of multiple well-
defined homogeneous T2-hyperintense and T1-hypointense
cystic-like changes, at the cervicothoracic junction (C5–T2)
(Fig 1). These cystic-like changes were located in the white
matter of the spinal cord, including some immediately abut-
ting the gray matter. There was no contrast enhancement and
no diffusion restriction. No perilesional signal changes were
detected. Follow-up MR imaging after 12 months showed no
volume and/or signal intensity changes of the lesion. To
exclude intracranial pathology, an MR imaging examination of
the brain was performed, and it showed no abnormalities. All
lab values, including infectious serology, were normal.

Case 2
A 37-year-old woman with a history of BRCA1 carrier status and
ulcerative colitis (UC) presented with approximately 9 months of
chronic headache. She reported that the headaches began follow-
ing an intrauterine fetal demise in the setting of a UC flare, com-
plicated by retained products of conception, requiring dilatation
and curettage. She reported a dull, nonlocalizable headache that
was a 2/10 in severity but denied other neurologic symptoms.

For a work-up of her headaches, she was referred for MR
imaging of the head, which revealed numerous well-demarcated,
nonenhancing T2-hyperintense cystic-like lesions in the medulla
and visualized upper cervical spinal cord. Subsequent dedicated
spine MR imaging revealed the extent of these intramedullary
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lesions within the cervical spinal cord, down to the C4 level
(Fig 2). Follow-up imaging over the next 4 years remained stable,
without the development of clinical symptoms. The laboratory
values and infectious work-up were unrevealing. CSF sampling
revealed mildly elevated protein but was otherwise normal.

DISCUSSION
In our cases, we see lesions that include a cluster of multiple well-
delineated T2-hyperintense millimetric ovoid nodules in the spi-
nal cord white matter, some immediately next to the gray matter.
All imaging characteristics are exactly as described in MVNT.
Moreover, the lesions did not present any clinical symptoms and
did not change on follow-up. Therefore, we describe these lesions
as MVNT-like spinal cord lesions.

We present 2 cases of cervical multilocular intradural intra-
medullary lesions. The differential diagnosis includes neoplastic,
inflammatory, vascular, or infectious lesions. Neoplasms,

such as glioma, ependymoma,
hemangioblastoma, metastasis, and
diffuse leptomeningeal glioneuronal
tumors have a different morphology
and generally show contrast
enhancement. Because of its similar
T1-signal and T2-signal characteris-
tics, spinal cord subependymoma
should also be considered. Spinal sub-
ependymomas tend to present as dif-
fuse T2-hyperintense lesions with cord
enlargement and possibly some enhance-
ment. As they arise from subependymal
glial cells, these lesions are typically cen-
trally located in the spinal cord, rather
than being peripheral. The lesions are
larger than the typical “cysts” seen in
MVNT, and they have a lower signal
intensity compared with CSF. In
MVNT and in our cases, cystic por-
tions are isointense on T1-weighted
and T2-weighted images. Various
neurologic symptoms have been
described in patients with spinal cord
subependymoma, but they can also be
asymptomatic. Infectious diseases,
such as cryptococcosis and echinococ-
cosis may also be considered; however,
all lab values were negative. Further,
there were no clinical signs of infection
and the lesions did not show any
enhancement. Inflammatory disorders
of the cervical spinal cord with T2-
hyperintense lesions mainly consist of
multiple sclerosis, neuromyelitis optica,
and acute disseminated encephalomy-
elitis. Neither lesion showed any change
on follow-up examinations, and there
were no clinical symptoms or labora-
tory findings attributable to either of

the lesions. Vascular pathology (eg, vasculitis) may mimic this
imaging presentation. However, lesions associated with vasculitis
usually show contrast enhancement and may be irregularly
delineated. Perivascular spaces, also called Virchow-Robin spaces,
are also included in the differential diagnosis of a cerebral
MVNT, but dilated perivascular spaces in the spinal cord have
only been reported on microscopy and not onMR imaging.

In the literature, MVNT was originally exclusively described
within the cerebrum. Early case series reported that MVNT
occurs supratentorially in all lobes,3 and a recent publication has
shown that these benign lesions do not change over long-term
follow-ups.4 Lesions, although originally associated with seizures,
are often asymptomatic, incidental findings.5,6 Recent publica-
tions have also demonstrated cystic multinodular lesions infra-
tentorially in the posterior fossa, with imaging characteristics
compatible with MVNT.7-9 These were reported within the cere-
bellar hemispheres and vermis. None were histologically proved.

FIG 1. Case 1; 45-year-old woman A, Sagittal TSE T2-weighted image shows a multilocular intra-
dural intramedullary lesion. There are multiple cystic-like changes within the spinal cord at differ-
ent levels of the cervicothoracic junction. Note that there is neither syringomyelia nor T2-
hypointense changes within the medulla. A cervical disk extrusion at C6–C7 can also be seen. B,
Sagittal TSE T1-weighted image after the intravenous administration of gadolinium. No contrast
enhancement can be seen. C, Sagittal echo-planar diffusion-weighted image shows no diffusion
restriction within the lesion. D, Para-axial gradient recalled-echo T2-weighted image depicts the
cystic-like intra-axial lesion. Note the sharp delineation of the lesions without perilesional edema.
These lesions are located within the white matter of the spinal cord, without affecting the gray
matter. E, Sagittal FLAIR T2-weighted image shows the T2-hyperintense lesion. Unlike perivascular
spaces (also called Virchow-Robin spaces), there is no signal loss on FLAIR. F, Sagittal short tau
inversion recovery T2-weighted image from a 12-month follow-up. No alterations in signal inten-
sity or morphology were detected. Stable lesion.
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The term multinodular and vacuolating posterior fossa lesions of
unknown significance (MV-PLUS) was proposed.7

No case reports were found describing MVNT in the spinal
cord. However, the imaging features of these lesions in our patients
and the stable findings on follow-up MR imaging were MVNT-
like lesions. It is reasonable to hypothesize that MVNTs can also
occur within the spinal cord, as they may also occur in the poste-
rior fossa. Short-term follow-up is a limitation of this case report.
There was a follow-up period of 12 months in case 1 and a 4-year

follow-up in case 2. Also, because of
the asymptomatic characteristics of
the lesions in combination with their
locations in the spinal cord, no histo-
pathologic confirmation was obtained.
However, other publications regarding
MV-PLUS also have no histopatholog-
ical confirmation.

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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