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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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NO COMPROMISE IN MRI

MR Suite

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

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

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

INTRODUCING

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

FROM BRACCO, YOUR TRUSTED PARTNER IN MRI.

VUEWAY™ (gadopiclenol) solution for injection

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

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

musculoskeletal system).

IMPORTANT SAFETY INFORMATION

WARNING: NEPHROGENIC SYSTEMIC FIBROSIS (NSF)

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

VISIT 
VUEWAY.COM 

FOR MORE 
INFORMATION



NO COMPROMISE IN MRI

MR Suite

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

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

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

INTRODUCING

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

FROM BRACCO, YOUR TRUSTED PARTNER IN MRI.

VUEWAY™ (gadopiclenol) solution for injection

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

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

musculoskeletal system).

IMPORTANT SAFETY INFORMATION

WARNING: NEPHROGENIC SYSTEMIC FIBROSIS (NSF)

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

VISIT 
VUEWAY.COM 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

ADVERTISEMENT

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

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

when determining the treatment plan for these patients. It follows 

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

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

time is crucial to ensure proper 
treatment begins quickly.
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REVIEW ARTICLE

Nonstenotic Carotid Plaques and Embolic Stroke of
Undetermined Source: A Multimodality Review

A.S. Larson, W. Brinjikji, A. Lekah, J.P. Klaas, G. Lanzino, J. Huston, L. Saba, and J.C. Benson

ABSTRACT

Symptomatic nonstenotic carotid artery disease has been increasingly recognized as a thromboembolic source in patients who would
otherwise be classified as having embolic stroke of undetermined source. Evidence suggests that certain plaque features seen on so-
nography, CT, and MR imaging in nonstenotic carotid artery disease may predispose to recurrent stroke in patients with embolic
stroke of undetermined source. We performed a focused literature review to further study plaque features in the context of embolic
stroke of undetermined source and to determine which plaque features may be associated with ipsilateral ischemic events in such
patients. Plaque thickness as seen on both ultrasound and CT appears to have a consistent association with ipsilateral stroke in
patients with embolic stroke of undetermined source across multiple studies. Intraplaque hemorrhage as seen on MR imaging is now
understood to have a strong association with ipsilateral stroke in patients with embolic stroke of undetermined source. Continued
study of various plaque features as seen on different modalities is warranted to uncover other potential associations.

ABBREVIATIONS: ESUS ¼ embolic stroke of undetermined source; IPH ¼ intraplaque hemorrhage; LRNC ¼ lipid-rich necrotic core; SyNC ¼ symptomatic
nonstenotic carotid artery disease; US ¼ ultrasound

Up to one-third of strokes have no established mechanism and
are considered to be cryptogenic.1 In 2014, the term “embolic

stroke of undetermined source” (ESUS) was established as a clini-
cal entity in patients with nonlacunar cryptogenic stroke in which
an embolic source was thought to be most likely, despite an appro-
priate diagnostic evaluation with negative findings (Fig 1).2 This
term (along with “cryptogenic stroke”) has also been used to
define patients who may have multiple, competing stroke etiolo-
gies in which a definitive source cannot be determined. Patients
with ESUS have been estimated to have a .4% risk of recurrent
stroke per annum despite being on antiplatelet medication.1

Subsequent thought was directed to the idea that anticoagulation
may be beneficial in such patients, given the likelihood that emboli
originated from various nonevident atheroembolic sources.3 This
premise provided the impetus for 2 large clinical trials that com-
pared anticoagulation with aspirin alone in patients with ESUS.4,5

Despite this plausible theory, no benefit of anticoagulation was
observed. These results spurred continued interest in additional

diagnostics in order identify potential embolic sources in patients
with ESUS.

One such avenue has been the use of adjunctive and advanced

imaging techniques, as well as alternative imaging features on tra-

ditional studies to identify potential embolic sources. Of particu-

lar interest has been a deeper interrogation of carotid artery
plaque features beyond the degree of luminal stenosis. Current

guidelines suggest that large-artery atherosclerosis may be the

cause of an ischemic stroke in cases in which the degree of ipsilat-

eral stenosis is .50% as calculated by the NASCET criteria.6,7

This rule is based on data from trials performed in the 1970s and

80s that could assess only the degree of stenosis and luminal mor-
phology. Therefore, a biomarker was produced according to the

only threshold that could be assessed at that time. Currently,

however, advanced imaging modalities have enabled the assess-

ment of the plaque itself and not only its effects, such as the ste-

nosis, along with the detection of various carotid plaque features

that have been highly associated with the presence of ipsilateral

ischemic stroke, even in cases of,50% ipsilateral stenosis.8-10

Even in the case of traditional imaging modalities such as
ultrasound (US) and CTA, several studies have indicated that
the presence of certain carotid features may be associated with
ipsilateral ischemic stroke in patients who would otherwise have
been classified as having ESUS. Given the multitude of such
studies showing an increased risk of recurrent stroke in patients
with ESUS with nonstenotic carotid artery disease with certain
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radiographic features, Goyal et al8 have proposed that sympto-
matic nonstenotic carotid artery disease (SyNC) is a plausible
stroke etiology in patients with ESUS. These patients may, there-
fore, benefit from a targeted therapeutic approach.11,12

Although the SyNC criteria remain in their infancy and will
likely evolve, an important feature of the SyNC criteria is the
presence of carotid plaque with high-risk features. An under-
standing of which radiographic features have been associated
with ipsilateral ischemic stroke in patients with ESUS is crucial to
determine whether a patient likely meets the criteria for SyNC
and may, therefore, benefit from targeted therapy. To date how-
ever, a review of such features that may be associated with ipsilat-
eral ischemic events in patients with ESUS specifically is absent
from the literature. We therefore aimed to provide such a review
of carotid artery features as seen on US, CT, and MR imaging in
the context of ESUS.

MATERIALS AND METHODS
We performed a focused literature search related to radiographic
carotid plaque features specifically in patients with ESUS. This
was not a systematic review or meta-analysis and did not, there-
fore, use rigorous search criteria or inclusion/exclusion criteria.
PubMed was queried using words such as “carotid,” “plaque,”

“nonstenotic,” “ESUS,” “stroke,” “ischemia,” and “cryptogenic.”
Titles and abstracts were reviewed for relevance. Full articles were
accessed when titles/abstracts suggested that a study consisted of
evaluation of carotid plaque features in patients with ESUS or in
patients with cryptogenic stroke. Articles were fully reviewed,
and the references of each article were scrutinized for additional
studies of interest.

The strength of associations between plaque features and ipsi-
lateral stroke in patients with ESUS was graded in a subjective
fashion as follows: If all or nearly all studies of a particular feature
demonstrated such an association, the evidence for that feature
being associated with ipsilateral stroke in ESUS was considered
“strong.” If most studies demonstrated an association, that fea-
ture was considered as having “moderate” evidence. If roughly
half of studies demonstrated a relationship while roughly the
other half demonstrated no such relationship, the evidence for
that feature was graded as “conflicting.” If a feature did not dem-
onstrate a relationship across all or nearly all studies or had only
been minimally studied, the evidence was graded as “weak.”

Ultrasound
Ultrasound has historically been the most-commonly used imag-
ing technique to evaluate carotid artery disease because of its ease
of use and lack of radiation exposure. The results of NASCET pro-
vided further impetus for the use of US for assessment of suspected
carotid artery disease.6 However, the use of US has limited consid-
eration for operative interventions to the degree of stenosis alone
without consideration of other US features that may have been
associated with ischemic events. In fact, some studies performed in
the 1980s before the completion of NASCET suggested that spe-
cific plaque features on US were likely associated with ipsilateral
ischemic stroke.13,14 While the degree of luminal stenosis remains
a critical feature, advances in US technology have likely led to iden-
tification of other US plaque features that require consideration as
a culprit lesion in patients with stroke.15,16 Unfortunately, a paucity
of data specific to patients with ESUS exists.

Several studies (some of which were performed pre-NASCET)
have indicated that US features such as fibrous cap ulceration, the
presence of thrombus, plaque length, plaque volume, and hypoe-
choic/heterogeneous plaque likely indicate vulnerable plaques
that may be culprit lesions in patients with stroke.17 Recently,
Buon et al18 evaluated 22 patients with carotid atherosclerosis
with ,50% stenosis. Despite a relatively small sample size, the
presence of plaque echolucency was more prevalent in carotid
arteries ipsilateral to the presenting ischemic symptoms versus
contralateral carotid arteries (100% versus 63%, respectively),
though statistical significance was not reached. Most intriguing,
the difference in plaque ulceration and thrombus did not reach
statistical significance. However, carotid arteries on the sympto-
matic side had a higher median plaque thickness, length, and vol-
ume index.

In a similar study, Komatsu et al19 found that carotid plaques
with .1.5mm intimal medial thickness were present in the
carotid artery ipsilateral to symptoms in 59% of patients with
ESUS compared with 42% on the contralateral asymptomatic
side, a finding that was statistically significant. Hypoechoic pla-
ques were present on the ipsilateral side in 9% of patients versus

FIG 1. Sample case of ESUS. A–C, Axial diffusion-weighted MR images
demonstrate multiple foci of restricted diffusion throughout the left
MCA territory, consistent with an embolic stroke. Subsequent work-
up for a cardioembolic source was negative. In addition, axial CTA of
the cervical carotid artery demonstrates likely atherosclerotic disease
resulting in ,50% luminal stenosis (D, arrow). Given the diagnostic
evaluation with negative findings and a likely embolic source, this
patient meets the criteria for ESUS, despite a minimal degree of lumi-
nal carotid stenosis.
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4% on the contralateral side, though this difference did not reach
statistical significance. Together, data from these 2 studies suggest
that features related to plaque size and thickness may be more
important US markers of culprit lesions in patients with ESUS
compared with other features. Patients with these lesions may,
therefore, be more strongly considered for intervention to reduce
the risk of recurrent stroke. However, these studies assess an asso-
ciation between features and the presence of ipsilateral ESUS in a
cross-sectional manner. It is therefore uncertain whether these

features place patients at risk for additional, recurrent ischemic
events. An example case of a patient with ESUS and US findings
suggestive of carotid plaque as a culprit lesion is demonstrated in
Fig 2.

To our knowledge, these are the only studies in the literature
evaluating plaque features on US in the context of ESUS. Given
the ease, availability, low cost, and lack of radiation in using US,
additional studies evaluating potential US biomarkers of ipsilat-
eral stroke in patients with ESUS are warranted.

CTA
Like US, CTA represents a quick and easily accessible method of
assessing carotid artery disease in patients with stroke. Technical
advances in CT technology (ie, such as high-speed multidetector
hardware and 3D reformatting software) have enabled detection of
carotid artery disease on the scale of millimeters.16 Because CTA is
performed as a part of most institutional acute stroke algorithms,
any features of nonstenotic plaques associated with ipsilateral
stroke would be easily assessed in the clinical setting. Thus, CTA
may, therefore, be the most practical technique to assess nonste-
notic plaque features.16 Unlike US however, more data exist
regarding which plaque features on CTA are associated with ipsi-
lateral ischemic events in nonstenotic carotid arteries in patients
with ESUS specifically. Unfortunately, conflicting evidence has
been reported for multiple plaque features up to this point.

Coutinho et al20 were the first to hypothesize that large, non-
stenotic plaques were more prevalent in carotid arteries ipsilateral
to cryptogenic stroke. In this original study that included a cohort
of 85 patients with ESUS, 2 primary findings were evident. First,
large-but-nonstenotic plaques.3mm in thickness were found to
be associated with ipsilateral cryptogenic strokes. Second, there
was no difference in the percentage of stenosis in ipsilateral-
versus-contralateral carotid arteries.

Following this original study by Coutinho et al,20 Ospel et
al21 analyzed patients with ESUS from the Identifying New
Approaches to Optimize Thrombus Characterization for Predicting
Early Recanalization and Reperfusion with IV Alteplase and
Other Treatments Using Serial CT Angiography (INTERRSeCT)
study22 to determine the prevalence of nonstenotic carotid plaques
ipsilateral to the side of the stroke. The authors found that in
patients with ,50% stenosis, plaques were more prevalent within
the carotid artery ipsilateral to the side of the stroke, suggesting
that nonstenotic plaques may be culprit lesions in patients with
ESUS. Most interesting, several plaque features (irregularity, ulcer-
ation, hypoattenuation, and so forth) had no significant associa-
tion with ipsilateral stroke, though plaque thickness (.3mm) was
more prevalent on the ipsilateral side but did not reach statistical
significance.

More recently, Singh et al23 analyzed the Systematic Evaluation
of Patients Treated with Neurothrombectomy Devices for Acute
Ischemic Stroke (STRATIS) registry to retrospectively evaluate pla-
que features on CTA in 141 patients diagnosed with cryptogenic
stroke. In essence, plaque surface irregularity, plaque hypodensity,
and increasing plaque thickness were all associated with ipsilateral
stroke in patients diagnosed as having cryptogenic stroke. Notably,
predominately calcified and ulcerated plaques had no association
with ipsilateral cryptogenic stroke.

FIG 2. Carotid sonography demonstrating large ($3mm), heteroge-
neous, nonstenotic carotid plaque in a 66-year-old man who pre-
sented with acute-onset vision loss in his right eye, suspicious for
retinal ischemia. The patient underwent bilateral carotid US. A,
B-mode long axis view of the right carotid vasculature demonstrates
the presence of a moderately-sized (�3mm) complicated plaque in
the proximal ICA. A’, Close-up of the plaque demonstrates hetero-
geneous plaque with areas both hyperechoic (arrow) and echolu-
cent (asterisk). B and B’, Long view of the proximal ICA and carotid
bulb (CB) demonstrates heterogeneous plaque as seen in A and A’.
C, The left proximal ICA also demonstrates the presence of large
(.3mm) heterogenous plaque with hyperechoic (arrow) and echo-
lucent (asterisk) areas. The right-sided plaque may be smaller than
the left secondary to recent dislodgment and embolization of pla-
que material. The patient underwent an appropriate work-up to
identify a potential embolic source, which was negative. This patient
was diagnosed with ESUS despite the presence of moderately-sized,
heterogeneous plaque on the right resulting in,50% luminal steno-
sis. Although more data are needed relating to plaque US in the con-
text of ESUS, plaque thickness appears to have a consistent
association with ipsilateral stroke across the existing literature. To
date, plaque echolucency has not been found to have such an asso-
ciation, which is significant. ECA indicates external carotid artery;
CCA, common carotid artery.
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The Plaque at Risk (PARISK) study was a recently published
multicenter, prospective analysis of carotid plaque CT and MR
imaging biomarkers and recurrent stroke risk in patients with
carotid stenosis of ,70% by the NASCET criteria.24 Most inter-
esting, plaque calcifications and ulcerations were not found to be
statistically significant risk factors for recurrent ipsilateral stroke at
a mean follow-up of 5 years. In terms of CT plaque features, these
findings suggest that ulceration and proportional calcification are
not likely to be risk factors for recurrent ischemic events. Whether
a longer follow-up interval changes these findings remains unclear.

In contrast, a recent retrospective study of 152 patients with
ESUS by Jumah et al25 found that plaque ulceration as seen on
CTA was more prevalent in ipsilateral carotid arteries versus con-
tralateral ones. In addition, plaque thickness (.3mm), plaque
length (.1 cm), and hypodense plaque were significantly associ-
ated with ipsilateral stroke, whereas calcification was not.

Certainly, these studies further support the theory that the
presence of carotid plaque (regardless of the degree of stenosis)
may be a culprit lesion in patients with ESUS without another
identifiable source. Furthermore, it also appears that plaque
thickness of .3 mm has been most consistently reported across
studies associated with ipsilateral ischemic events in patients with
ESUS (Fig 3). Although certain CT features of carotid plaques
such as surface irregularity, ulceration, hypodensity, and calcifica-
tion are thought to represent features of vulnerable plaque, their

association with ipsilateral stroke in patients with ESUS remains
unclear in the context of conflicting reports (Fig 3).10,23,25,26 Given
the high clinical utility of CT and CTA in the acute stroke setting,
continued exploration of the potential association between these
features and ischemic events in patients with ESUS is likely worth-
while to clarify these discrepancies.

MR Imaging
Without doubt, advances in MR imaging technology have
enhanced detection and interrogation of carotid plaque features.16,27

Not the least of these is carotid vessel wall imaging, which uses
flow-suppression techniques to null signal from adjacent flowing
blood. This enables enhanced detection of carotid plaque features
beyond the degree of luminal stenosis or plaque size. MR imaging
of plaque is, therefore, considered as the criterion standard for ca-
rotid wall analysis, particularly in patients with ESUS.16

Several MR imaging plaque biomarkers have been proposed to
be associated with ipsilateral ischemic events, specifically in
patients with ESUS.10 Of these, intraplaque hemorrhage (IPH) has
been established as being associated with cerebral ischemia (Fig 4).
Pathologically, IPH involves extravasation of hematogenous
constituents from fragile neocapillaries within an atheromatous

FIG 3. Example of “vulnerable” plaque features as seen on CTA in 3
different patients. A, Ulcerated plaque within the proximal ICA
(dashed box) seen on CTA. Inset in A demonstrates an area of slight
luminal stenosis with plaque surface irregularity suspicious for ulcera-
tion (arrow). B, CTA from a different patient demonstrates hypo-
dense (“soft”) plaque (solid arrow) with a thin band of peripheral
calcifications (arrowhead), resulting in luminal narrowing (dashed
arrow). Similar findings are seen in C apart from a much thicker pe-
ripheral band of calcification. Hypodense plaques may represent the
present of LRNC or IPH, though it can be difficult to distinguish
between the 2 on CTA. Plaque hypodensity has been reported to be
associated with ipsilateral ischemia in patients with ESUS in most
studies. Conflicting evidence exists regarding the relationship
between surface irregularity, ulceration, and ipsilateral stroke. In con-
trast, calcification appears to be unrelated to ipsilateral stroke in
patients with ESUS.

FIG 4. Representative MR imaging plaque features that may have an
association with ipsilateral stroke in patients with ESUS. A, MPRAGE of
a patient showing an area of hyperintensity within the proximal ICA
(left circle), which has a mean intensity value of 200� that of the adja-
cent sternocleidomastoid muscle (right circle). These findings suggest
the presence of IPH. This patient had .50% luminal stenosis. B, T1
Cube (GE Healthcare) imaging of a different patient shows a LRNC. C,
MPRAGE in another patient demonstrates multiple features including
hypointense areas suggestive of peripheral calcifications (arrowheads),
a hyperintense area (dashed arrow) adjacent to the narrowed carotid
lumen (curved arrow), and a peripheral area of LRNC (solid arrow). D,
The same patient/artery as in C with T1 Cube imaging demonstrating
the narrowed lumen (curved arrow) along with peripheral calcifica-
tions (arrowheads) and a LRNC (solid arrow). IPH is not as apparent
on TI Cube imaging as on MPRAGE sequences. This patient also had
.50% luminal stenosis. Strong evidence exists suggesting that IPH is
associated with ipsilateral stroke in ESUS. A LRNC as seen on MR imag-
ing has also been consistently reported to have such an association,
albeit not to the same degree as IPH.
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plaque.28,29 The presence of this inflammatory milieu within the
plaque can result in thrombus formation, plaque growth, plaque
rupture, and distal embolization of thrombotic material.29 Most
commonly, IPH can be visualized on heavily T1-weighted sequen-
ces such as MPRAGE. On such sequences, IPH appears as a region
of hyperintensity in a carotid plaque that carries a signal intensity
of 50% of the adjacent sternocleidomastoid muscle.30

Despite a suspicion that IPH is associated with distal events,
the association of IPH in ESUS has been uncertain until
recently.31 Of all MR imaging biomarkers of plaque vulnerability,
IPH has been most strongly associated with ipsilateral ischemia
in patients with ESUS, even in cases of minimal luminal steno-
sis.9,21,32-36 In fact, our group has demonstrated that patients with
ESUS with ipsilateral IPH had an annual recurrence rate of 9.5%
compared with 2.5% in patients without IPH.9 Perhaps the most
convincing evidence to date comes from the aforementioned
PARISK study, in which patients with MR imaging evidence of
IPH were at higher risk of developing recurrent ischemic events
at 5-year follow-up.24

With these multiple sources of evidence suggesting an inde-
pendent association between IPH and ipsilateral stroke, the pres-
ence of IPH on vessel wall MR imaging in patients without an
otherwise-defined thromboembolic source should be strongly
considered as a culprit lesion. Some studies have even suggested
that patients with ischemic stroke and ipsilateral IPH in minimal
carotid stenosis may benefit from carotid endarterectomy.11,12

Nevertheless, several questions remain regarding IPH. For
example, IPH may persist within a plaque for years without any
obvious progression or distal ischemic events.37 This finding has
led some to postulate that the mere presence of IPH may not be
adequate in determining whether a patient is at risk. In turn, more
specific features of the IPH have been assessed, including the sig-
nal intensity within the hemorrhage and the size of the IPH.30,38

Beyond IPH, the presence of a lipid-rich necrotic core (LRNC)
within a carotid plaque has also been suggested as a potential cul-
prit in patients with ESUS.16,36,39,40 For example, the Carotid
Plaque Imaging in Acute Stroke (CAPIAS) study demonstrated
that patients with cryptogenic strokes had larger-volume LRNC
ipsilateral to the stroke compared with patients with known cardi-
oembolic or small-vessel stroke. Other MR imaging features such
as ulceration and thinning/rupture of the fibrous cap have been
identified as vulnerable features but have not been studied in
patients with ESUS specfically.41,42

Summary and Future Directions
Our understanding of symptomatic, nonstenotic carotid disease
as a cause of ESUS continues to evolve. Several plaque features
are important to consider in this context (Online Supplemental
Data). On US and CT, volumetric features including plaque vol-
ume and plaque thickness have been demonstrated to have an
association with ipsilateral stroke in nonstenotic carotid disease.
Regarding CT specifically, hypodense plaque has also had such
an association, albeit in a smaller number of studies. Additional
investigation is required to identify other potential US and CT
plaque features as markers of culprit lesions in nonstenotic dis-
ease. Intraplaque hemorrhage, as identified on vessel wall MR
imaging, has been most strongly associated with ipsilateral stroke

in patients with ESUS. Therefore, the presence of IPH in patients
without an otherwise identifiable source should raise strong sus-
picion for a culprit lesion. However, additional work is required
to identify more specific features of IPH that indicate an active
lesion. Other MR imaging features of plaque vulnerability have
been suggested as being associated with ipsilateral stroke (ie,
LRNC, thinning/rupture of the fibrous cap, and ulceration).
Besides LRNC, these features have yet to be studied in patients
with ESUS. Further work is, therefore, necessary to examine the
role of these features in the context of ESUS.

Although these radiographic features are important to evaluate
in patients with ESUS, their presence should not preclude evalua-
tion of other potential causes of embolic stroke. Grosse et al43

demonstrated that the presence of nonstenosing carotid artery
plaques was associated with markers of left atrial disease and atrial
fibrillation. Although the reasoning for this association is unclear,
the importance of a thorough evaluation for potential cardiac
causes of stroke in patients with ESUS is emphasized. Moreover,
recent evidence has also suggested that a high proportion of
patients with ESUS have multiple, potential embolic sources, fur-
ther stressing the importance of thorough evaluation beyond pla-
que features.44

Of course, many patients with suspected ESUS will have ca-
rotid imaging performed by .1 technique. This may be particu-
larly true with a more widespread understanding of SyNC. For
example, a patient with US findings suggestive of thick plaque
may undergo anMR imaging or CT study of the plaque to further
characterize additional features such as hypodensity or IPH,
which may, in turn, guide further management. To our knowl-
edge, the combinatorial benefit of imaging modalities for assess-
ment of plaque in patients with ESUS has not been directly
addressed. Such information would be beneficial in improving
the detection of plaque features and determining which patients
would benefit from advanced imaging. Further study in this
regard is therefore warranted.

The use of molecular-based imaging modalities has been of
recent interest to detect inflammatory activity in carotid plaques.
In the clinical realm, plaque uptake on FDG-PET studies is used
as a surrogate marker for plaque inflammation and has, indeed,
been correlated with inflammatory markers.45,10 Most intriguing,
a systematic review and meta-analysis performed by Chaker et
al46 demonstrated that recent ipsilateral cerebral ischemic events
may be associated with an increased plaque uptake of [18F] FDG
on PET imaging, independent of the degree of luminal stenosis.
While detection of more specific molecular markers of inflamma-
tion and plaque vulnerability remains largely within the research
realm, the potential role of molecular plaque imaging in the con-
text of ESUS is an exciting avenue of discovery.

Certainly, the primary objective in detecting carotid plaque as
a potential source of embolism in patients with ESUS is to ulti-
mately provide a targeted form of therapy to reduce the risk of
future ischemic events. This objective contrasts with general
stroke prevention, without an identifiable source. In theory,
patients meeting the criteria for SyNC may benefit from carotid
endarterectomy. Early data have suggested that endarterectomy
for patients with SyNC is safe and may have a benefit in prevent-
ing recurrent ischemia.11,12 However, well-designed clinical

122 Larson Feb 2023 www.ajnr.org



studies are needed to draw more robust conclusions regarding
the efficacy of endarterectomy in preventing future ischemic
events in patients meeting criteria for SyNC.

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

Clinical Evaluation of Scout Accelerated Motion Estimation
and Reduction Technique for 3D MR Imaging in the Inpatient

and Emergency Department Settings
M. Lang, A. Tabari, D. Polak, J. Ford, B. Clifford, W.-C. Lo, K. Manzoor, D.N. Splitthoff, L.L. Wald, O. Rapalino,

P. Schaefer, J. Conklin, S. Cauley, and S.Y. Huang

ABSTRACT

BACKGROUND AND PURPOSE: A scout accelerated motion estimation and reduction (SAMER) framework has been developed for
efficient retrospective motion correction. The goal of this study was to perform an initial evaluation of SAMER in a series of clini-
cal brain MR imaging examinations.

MATERIALS AND METHODS: Ninety-seven patients who underwent MR imaging in the inpatient and emergency department set-
tings were included in the study. SAMER motion correction was retrospectively applied to an accelerated T1-weighted MPRAGE
sequence that was included in brain MR imaging examinations performed with and without contrast. Two blinded neuroradiologists
graded images with and without SAMER motion correction on a 5-tier motion severity scale (none ¼ 1, minimal ¼ 2, mild ¼ 3,
moderate ¼ 4, severe ¼ 5).

RESULTS: The median SAMER reconstruction time was 1 minute 47 seconds. SAMER motion correction significantly improved overall
motion grades across all examinations (P, .005). Motion artifacts were reduced in 28% of cases, unchanged in 64% of cases, and
increased in 8% of cases. SAMER improved motion grades in 100% of moderate motion cases and 75% of severe motion cases.
Sixty-nine percent of nondiagnostic motion cases (grades 4 and 5) were considered diagnostic after SAMER motion correction. For
cases with minimal or no motion, SAMER had negligible impact on the overall motion grade. For cases with mild, moderate, and
severe motion, SAMER improved the motion grade by an average of 0.3 (SD, 0.5), 1.1 (SD, 0.3), and 1.1 (SD, 0.8) grades, respectively.

CONCLUSIONS: SAMER improved the diagnostic image quality of clinical brain MR imaging examinations with motion artifacts. The
improvement was most pronounced for cases with moderate or severe motion.

ABBREVIATIONS: CNR ¼ contrast-to-noise ratio; SAMER ¼ scout accelerated motion estimation and reduction; SENSE ¼ sensitivity encoding

Patient motion is a frequent cause of image quality degradation
inMR imaging examinations and has been reported to be pres-

ent in approximately 29% of inpatient and emergency department

examinations.1 Associated motion artifacts such as ring artifacts,
image blurring, and signal drop-out may result in suboptimal
image quality that negatively affects interpretation and diagnosis.
Advanced MR imaging techniques and 3D volumetric sequences
rely on higher spatial resolution and have greater sequence com-
plexity and longer acquisition times, making them more prone to
motion artifacts.2,3

Rapid imaging techniques such as parallel imaging and
advanced encoding methods can reduce motion artifacts and pro-
vide high clinical value in time-critical emergency situations.
While these techniques are valuable, there are often compromises
and trade-offs in terms of image quality and contrast compared
with standard brain sequences.4,5 Moreover, fast imaging techni-
ques still do not fully solve the motion problem because patient
motion can occur on a time scale on the order of seconds.6,7

Navigator-free retrospective motion-correction approaches esti-

mate patient motion in a purely data-driven manner using only the

raw k-space data from the standard data acquisition. Scout acceler-

ated motion estimation and reduction (SAMER) further exploits a
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single 3- to 5-second scout image and an optimized sequence order-

ing.8 The highly accelerated scout provides sufficient motion

artifact-free k-space data to determine the motion trajectory of

subsequent image acquisitions without needing to repeat full or

partial image updates. When one knows the motion trajectory,

the motion artifacts are mitigated by including the motion

information in the generalized inverse problem used for image

reconstruction. In addition, SAMER allows each motion state to

be independently determined by using fully separable motion

optimizations across all shots.8-10 The ability to independently

estimate motion for all shots allows the optimization to be

accelerated, which reduces the reconstruction time to clinically

acceptable levels (�4 seconds per shot). The ability to perform

motion correction retrospectively makes clinical deployment

easier because the reconstruction can be performed after the

scan.
The goal of this study was to perform a retrospective clinical

evaluation of the SAMER framework on 3D T1-weighted MPRAGE
examinations acquired in inpatient and emergency department
settings. We hypothesized that the SAMER framework would
improve motion artifacts in examinations characterized by
moderate-to-severe motion and would not adversely affect the
image quality of examinations characterized by minimal or no
motion.

MATERIALS AND METHODS
This retrospective study was approved by the institutional review
board of Mass General Brigham and was compliant with the
Health Insurance Portability and Accountability Act. Given that
the SAMER k-space sampling strategy was embedded in the
T1-weighted MPRAGE sequence included as part of the clinical
protocol, the institutional review board waived the need for signed
informed consent. Instead, an information sheet describing the
research study was provided to all study participants, who could
decline participation in the study before undergoing their scan.

SAMER Framework
The SAMER framework and mathematic model were previously
described in detail by Polak et al.8 Briefly, the SAMER framework
is based on a sensitivity encoding (SENSE) parallel imaging recon-
struction using a generalized forward model inversion; the SENSE
model is extended to account for the effect of motion.11 The tech-
nique acquires an ultra-fast, low-resolution 3- to 5-second scout
image at the beginning of the examination that is presumed to be
motion artifact-free. SAMER uses the scout image to directly pro-
vide estimates of the motion trajectory across all subsequent
acquisitions. By means of 6 rigid-body parameters, the individual
motion states of each shot are used in the generalized forward
model inversion to reconstruct motion-mitigated images. A T1-
weighted MPRAGE research package using the SAMER frame-
work was used to acquire and retrospectively reconstruct the
data in this study.

Brain MR Imaging Protocol
Four brain MR imaging protocols included the SAMER embed-
ded T1-weighted MPRAGE sequences: routine brain without

contrast (Routine w/o), routine brain without and with contrast
(Routine w/o & w), memory loss without contrast (ML w/o), and
memory loss without and with contrast (ML w/o & w). The non-
contrast MPRAGE images from the Routine w/o and the ML w/o
protocols and the postcontrast MPRAGE images from the
Routine w/o & w and ML w/o & w protocols were used for retro-
spective SAMER motion correction. The parameters for the
MPRAGE sequence used for SAMER motion correction were the
following: resolution ¼ 1 � 1 � 1 mm, acceleration factor ¼ 2 �
2, turbo factor ¼ 192, TE ¼ 3.5 ms, TI ¼ 1100 ms, TR ¼ 2500
ms, FOV ¼ 256 � 256 � 192 mm, bandwidth ¼ 200Hz/pixel.
The acquisition time was 2minutes 40 seconds.

Data Acquisition
Ninety-seven patients who underwent routine brain MR imag-
ing examination between August 2021 and January 2022 in the
inpatient and emergency department settings were included in
this study. The examinations were performed on a 3T MR imag-
ing system (Magnetom Skyra; Siemens) by using either a 20-
channel head-neck coil or a 32-channel head-only coil. Imaging
protocols of all cases included an R ¼ 4-fold accelerated T1-
weighted MPRAGE sequence that was acquired using a custom
linear 1 checkered sequence reordering.8 The linear 1 check-
ered reordering involved uniformly distributed sampling across
the low-frequency elements of k-space and linear traversal
across the remainder of the k-space to preserve the contrast and
minimize blurring of the reconstructed images.8

The raw k-space data from the MPRAGE images were
extracted from the scanners within 48 hours of acquisition.
SAMER framework was then retrospectively applied to the
extracted MPRAGE raw data for motion correction. For exami-
nations performed using the Routine w/o protocol, MPRAGE
without contrast images was used for SAMER motion correc-
tion. Given that the motion grade was the primary outcome of
interest and is relatively independent of image contrast, the
motion grades for the MPRAGE without contrast images and
MPRAGE with contrast images were aggregated for analysis.

Motion Grading
Two neuroradiologists (M.L. and J.F. with 3 and 5 years of expe-
rience, respectively) performed independent blinded reviews of
unlabeled MPRAGE images without and with SAMER motion
correction. The order of the study and the type of study (base-
line-versus-SAMER motion-corrected images) were random-
ized by A.T. for the reviewing neuroradiologists. Cases with any
discrepant grades were adjudicated independently by a third
blinded senior neuroradiologist (J.C.) with .10 years of experi-
ence. A previously established 5-point motion scale was used for
grading (Fig 1).1 Grade 1 indicates the absence of detectable
motion artifacts; grade 2 indicates minimal motion with barely
detectable motion artifacts and a negligible effect on image
quality and diagnosis; grade 3 indicates mild motion with
noticeable motion artifacts that likely do not have diagnostic
consequences; grade 4 indicates moderate motion artifacts that
degrade and possibly obscure underlying pathology; and grade
5 indicates severe motion artifacts that distort anatomy and
obscure underlying pathology. Grades 1, 2, and 3 were
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considered diagnostic quality with regard to motion artifacts,
whereas grades 4 and 5 were considered nondiagnostic, as defined
in the original article by Andre et al.1 The motion grade improve-
ment was defined as the precorrection motion grade minus the
postcorrection grade.

Head-to-Head Image Evaluation
The same 2 neuroradiologists (M.L. and J.F.) independently
reviewed 79 of 97 cases with pathology in a blinded fashion; 18
cases did not have visible pathology on MPRAGE images. The

screen position (left versus right) of non-motion-corrected and
SAMER motion-corrected MPRAGE images and the order of
the cases were all randomized. All cases were graded on a 5-
point Likert scale, in which positive numbers favored the images
on the right side of the screen and negative numbers favored the
images on the left side of the screen. Head-to-head comparison
was made of pathology conspicuity, pathology sharpness, and
the evaluation of surrounding anatomy. Disagreements between
readers were adjudicated by a third neuroradiologist (J.C.).

Quantitative Assessment
Contrast-to-noise ratio (CNR) and SNR measurements were
performed for T1 MPRAGE images without and with SAMER
motion correction. To measure signal intensity, we placed ROIs
on the left basal ganglia (gray matter) and on the left inferior
frontal subcortical white matter. For each subject, we sampled
noise using 25-voxel ROIs in air-containing regions above the
left aspect of the head. The SD of the background noise was
calculated for the same ROIs on the non-motion-corrected and
SAMER motion-corrected MPRAGE images. The SNR in gray
and white matter was calculated by dividing the mean signal in-
tensity by the SD of the background noise. The CNR was calcu-
lated by dividing the difference in gray and white matter
intensities by the SD of the background noise.

Statistical Analysis
The motion grades of examinations with and without SAMER
motion correction were compared using the nonparametric
Wilcoxon rank-sum test. AWelch t test was used for the compari-
son of mean SNR and CNR. Statistical analysis was performed by
using R Studio (http://rstudio.org/download/desktop). Statistical
significance was set at P, .05.

RESULTS
Demographics, clinical indications for the MR imaging exami-
nations, and MR imaging protocol breakdown are provided in
Table 1. Among the 97 patients studied, brain mass or lesion
was the most common indication for the MR imaging examina-
tions (n ¼ 32), followed by stroke (n ¼ 17) and mental status
change (n ¼ 15). Thirty-four examinations were performed
without contrast, and 63 were performed with contrast. Eighty-
four examinations were performed using the 20-channel head-
neck coil, and 13 examinations, using the 32-channel head-only
coil. The median SAMER reconstruction time was 1minute
47 seconds.

Of the 97 cases, 5 cases showed no motion (motion grade 1), 46
cases showed minimal motion (motion grade 2), 30 cases showed
mild motion (motion grade 3), 8 cases showed moderate motion
(motion grade 4), and 8 cases showed severe motion (motion grade
5). Mean motion grades of the motion-corrected examinations
using SAMER were significantly lower compared with the uncor-
rected examinations (2.4 [SD, 0.8] for motion-corrected images
and 2.7 [SD, 1.0] for uncorrected images (P, .001; Table 2).
SAMER motion correction led to decreased motion artifacts in a
total of 27 cases (28%), of which 23 cases exhibited motion
improvement of 1 grade and 4 cases exhibited motion improve-
ment of 2 grades.

FIG 1. Motion scale used for the clinical quantification of motion arti-
facts along with representative cases before motion correction. The
arrows point to areas of image blurring due to motion artifacta.
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Among the 5 cases with baseline no motion (motion grade 1),
there was no change in the motion grade after SAMER motion
correction. Of the 46 cases with minimal motion (motion grade
2), most cases (78%) showed no change in motion grade, while
motion artifacts worsened by 1 grade in 8 cases (17%) and
improved in 2 cases (4%). The Online Supplemental Data show
an example of a case with minimal motion (grade 2) at baseline
that worsened to mild motion (grade 3) on SAMER motion cor-
rection. Note that the degree of motion in the SAMER motion-
corrected images is still quite small and did not compromise the
diagnostic quality of the image. In 30 cases with baseline mild
motion (motion grade 3), there was no change in the motion
grade for 19 cases (63%) and improvement in 11 cases (37%).
Representative side-by-side comparison of baseline and SAMER
motion-corrected images are provided in Fig 2.

In baseline nondiagnostic cases of moderate or severe motion
(motion grades 4 or 5, respectively), SAMER motion correction
reduced motion artifacts in 87.5% (14/16) of cases (Fig 3), which
included 100% of moderate motion cases (grade 4) and 75% of

severe motion cases (grade 5). In fact, 11 of the 16 nondiagnostic
grade cases (69%) were considered diagnostic in quality after
SAMER motion correction, ie, they were reduced from a score of
4 or 5 to a score of #3. Representative images comparing cases
with severe motion before and after SAMER motion correction
are provided in Fig 4. For cases with minimal, mild, moderate,
and severe motion, SAMER improved the motion grade by an
average 0.13 (SD, 0.7), 0.3 (SD, 0.5), 1.1 (SD, 0.25), and 1.1 (SD,
0.83) grades, respectively (Table 2).

In a head-to-head comparison, SAMER motion-corrected
images were preferred over baseline images for pathology con-
spicuity in 19% of cases, pathology sharpness in 29% of cases,
and evaluation of surrounding anatomy in 20% of cases (Fig 5).
While evaluation of pathology was considered similar between
baseline and SAMER motion-corrected images in most cases
(.70%), no baseline image was preferred over SAMER motion-
corrected images for pathology evaluation. Quantitative assess-
ment of SNR and CNR showed that MPRAGE images with
SAMER motion correction had significantly higher mean CNR
(P, .001) and mean SNR in the gray and white matter
(P, .001) compared with matched MPRAGE images without
SAMER motion correction (Fig 6).

Motion grades improved following SAMER motion correc-
tion for both noncontrast and contrast-enhanced images. For the
noncontrast-enhanced images, mean motion grades improved
from 2.6 (SD. 1.1) at baseline to 2.2 (SD, 0.6) following SAMER
motion correction (P ¼ .01; Table 3). For the contrast-enhanced
images, mean motion grades improved from 2.7 (SD, 0.9) to 2.6
(SD, 0.8) following SAMER motion correction (P ¼ .03; Table 4).
The extent of motion grade improvement was most prominent for
baseline, moderate, and severe motion examinations (grades 4 and
5, respectively), regardless of whether the images were acquired
without or with contrast (Tables 3 and 4).

DISCUSSION
In this work, we have shown that motion correction using
SAMER significantly reduced motion artifacts in volumetric T1-
weighted MPRAGE images obtained in a clinical setting within
clinically feasible reconstruction times. In most cases with moder-
ate and severe motion artifacts, SAMER reconstruction was able
to mitigate motion artifacts sufficiently to improve the quality of
the examination from nondiagnostic to diagnostic. In cases with

Table 1: Clinical characteristics of the patients

Value
No. of subjects 97
Mean age (yr) 60.2 (SD, 16)
Sex (F/M) 48:49
Clinical indication for MR imaging (No.) (%)
Tumor 32 (33%)
Stroke 17 (17.5%)
AMS 15 (15.4%)
Neurologic deficit 11 (11.3%)
Abscess 3 (3%)
Dementia 2 (2%)
Headache 2 (2%)
Seizure 2 (2%)
TBI 2 (2%)
TIA 2 (2%)
Other 9 (9.2%)
MR imaging protocol (No.) (%)
SAMER MPRAGE without contrast 34 (35%)
Routine brain without contrast 33 (34%)
Memory loss without contrast 1 (1%)
SAMER MPRAGE with contrast 63 (65%)
Routine brain without and with contrast 61 (63%)
Memory loss without and with contrast 2 (2%)

Note:—AMS indicates altered mental status; TBI, traumatic brain injury.

Table 2: Overall change in motion grade after SAMER implementation
Before Motion Correction, Motion Grade

(No. of cases)
After Motion, Correction Motion Grade

(No. of cases) Change in Motion Grade (mean)
Grade 1 (5) Grade 1 (5) 0
Grade 2 (46) Grade 1 (2) 0.1 (SD, 0.7)

Grade 2 (36)
Grade 3 (8)

Grade 3 (30) Grade 2 (11) –0.3 (SD, 0.5)
Grade 3 (19)

Grade 4 (8) Grade 2 (1) –1.1 (SD, 0.3)
Grade 3 (7)

Grade 5 (8) Grade 3 (3) –1.1 (SD, 0.8)
Grade 4 (3)
Grade 5 (2)

Mean motion grade (2.7 [SD, 1.0]) Mean motion grade (2.4 [SD, .08]) Change in motion grade (–0.2 [SD, 0.7])

Note:—Grade 1 indicates no motion; grade 2, minimal motion; grade 3, mild motion; grade 4, moderate motion; grade 5, severe motion.
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absent, minimal, or mild motion, application of SAMER pro-
vided comparable image quality without significantly impacting
the overall motion grades. CNR and SNR were overall signifi-
cantly higher in SAMER motion-corrected studies than baseline
studies. Our findings suggest that motion-prone patients such as
those scanned in the emergency and/or inpatient settings may
greatly benefit from SAMER to reduce motion artifacts and pre-
vent time-consuming repeat acquisitions and/or callback exami-
nations, without sacrificing overall image quality.

Techniques for motion mitigation include alternative k-space
sampling trajectories that are more robust to motion such as radial
or spiral acquisitions, ultra-fast imaging techniques (eg, controlled
aliasing in parallel imaging [CAIPI], wave-CAIPI, compressed
sensing),7,11-21 and retrospective or prospective motion-correction
techniques.3,22 Accelerated MR imaging techniques can reduce
motion artifacts by reducing acquisition times. Very rapid brain
MR imaging protocols have been developed with 1–2 minutes of
the total scan time.4,23 The highly accelerated MR imaging

techniques rely on high-end multi-
channel receiver arrays that may not
always be clinically available or feasible
to implement, eg, in large patients.
Accelerated imaging techniques and
SAMER motion correction are not
mutually exclusive, and a combination
of these methods may provide addi-
tional benefits. Future work is needed
to evaluate the potential synergistic
benefits of applying SAMER motion
correction to accelerated MR imaging
techniques.

Prospective motion-correction meth-
ods include MR imaging–based motion
navigator and optical-based motion
tracking systems.18,24 MR imaging–
based navigator systems are motion-ro-
bust because they provide extra motion
information from the oversampled cen-
tral k-space.18 These techniques provide
real-time positional information, allow-
ing mitigation of motion through real-
time updates of the imaging FOV.
These techniques, however, require MR
imaging systems that are capable of
dynamic updates during image acquisi-
tion, installation of additional hardware,
and extending the acquisition time to
collect additional data used for motion
estimation. Furthermore, prospective
techniques can have measurement and
estimation errors that can degrade image
quality. In these quality-degraded cases
in which the original uncorrected images
are not available, re-acquisition may be
required. These factors limit the imple-
mentation of prospective motion-correc-
tion techniques into existing radiology

workflow without dramatic changes in operation, cost, software,
and hardware.25,26

In contrast, retrospective motion-correction techniques use
motion information that is encoded from multichannel receiver
arrays and is extracted for postacquisition correction through
nonlinear inversion of a physics model.8,27 Retrospective motion-
correction techniques require an iterative approach and are often
limited by high computational requirements and reconstruction
times.18 The SAMER framework overcomes these limitations by
exploiting a single 3- to 5-second scout image used to jump-start
and stabilize the motion-trajectory estimations and an optimized
linear 1 checkered sequence ordering in addition to the scout
image to facilitate the separation of the image and motion param-
eter unknowns.8 The low-spatial-resolution and highly accelerated
(R ¼ 6) initial scout sequence used for motion correction has an
echo-train length of �1 second, which essentially eliminates
patient motion on the scout image and makes it a good motion-
free baseline. SAMER further reduces the computational footprint

FIG 2. Sagittal T1 MPRAGE images illustrating examples of cases with motion artifacts (grades I–5)
for which SAMER reconstruction improved motion by 1 grade. A, A 23-year-old woman with a nor-
mal brain. B, Postoperative findings from resection of a left parietal lobe tumor in a 59-year-old
woman with a history of anaplastic oligodendroglioma. C, Diffuse parenchymal volume loss with
disproportionate involvement of the frontal and parietal lobes and, to a lesser extent, the left tem-
poral lobe in a 59-year-old man with history of cognitive impairment. D, An 83-year-old woman
with history of chronic cerebral small-vessel disease. E, Expected postoperative changes and
enhancement from left temporal parietal craniotomy (arrows) are demonstrated in a 63-year-old
man with history of glioblastoma.
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by restricting readout voxels, using coil
compression, and having only a single
iteration step, reaching a median recon-
struction time of 107 seconds in this
study compared with several minutes
with other retrospective motion correc-
tion techniques.8,28 A further added
advantage of all the retrospective motion-
correction techniques is that they can
be applied to existing clinical protocols,
equipment, and workflow throughmod-
ifications to the sequence and recon-
struction software, without incurring
additional burden to the patients or
operators by obviating the need for
external markers or cameras.29-31

SAMER motion correction dispro-
portionately benefited studies that had
moderate and severe motion artifacts,
with most nondiagnostic motion cases
exhibiting an improvement in the
motion grade. In fact, 69% of nondiag-
nostic cases were considered diagnos-
tic with regard to motion artifacts

following SAMER motion correction. In contrast, most exami-
nations with mild-to-no motion, in which motion correction
would offer little benefit in a clinical setting, were not signifi-
cantly impacted by SAMER motion correction. These findings
suggest that SAMER motion correction may provide the most
benefit to examinations with moderate-to-severe motion, in
which the image quality would otherwise be considered non-
diagnostic and the underlying pathology might be obscured. In
cases of extreme motion, it can be very difficult to perform ret-
rospective correction accurately, seen in 2 cases in this study.
The main reason is that extreme head rotation during image-
acquisition causes large gaps in k-space that parallel imaging is
unable to fill,32 ie, the gaps in k-space data were too large to
allow retrospective motion correction with the existing data.
This feature is a limitation of SAMER and other retrospective
methods, and in these instances, either a full or partial repeat
image acquisition was required.

Application of motion-correction techniques could potentially
introduce unwanted reconstruction artifacts through imperfec-
tions in the motion estimation. SAMER uses a data-driven
approach for motion correction, in which we optimize over a
SENSE 1 motion model to estimate the patient’s motion trajec-
tory.8 Small instabilities in this nonconvex optimization can lead
to small inaccuracies in the motion parameters. This outcome was
seen in 8 cases with uncorrected mild motion (grade 2), in which
SAMER introduced a small number of unintended artifacts and
worsened the motion grade by 1 point (Online Supplemental
Data). However, even if SAMER causes slightly increased artifacts
in a small number of cases, this result should not negatively
impact the diagnostic quality of the examination because the
original (non-motion-corrected) images are still available to the
radiologist for reference and interpretation, safeguarding against
potential worsening of motion due to the alternative k-space

FIG 3. Proportion of nondiagnostic and diagnostic examinations that demonstrated worsening,
no change, and improvement of motion grade after SAMER correction. Motion grades 1
(no motion), 2 (minimal), and 3 (mild) are considered diagnostic in terms of motion artifacts,
whereas motion grades 4 (moderate) and 5 (severe) are considered nondiagnostic in terms of
motion artifacts.

FIG 4. Axial MR images of 2 cases with severe motion artifacts (grade
5) in which SAMER motion correction restored diagnostic value (by
reducing motion grade to 3). A, The extent of cortical/gyral enhance-
ment (arrows) and edematous expansion of the left temporoparietal
region with a mild rightward mass effect is better visualized on the
motion-corrected image of a 67-year-old man with traumatic brain
injury. B, Motion-corrected image shows better visualization of corti-
cal laminar necrosis in the left occipital lobe (arrows) and better eval-
uation of left temporal lobe volume loss (arrows) in an 86-year-old
woman with history of stroke.
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sampling strategy adopted to mitigate motion artifacts. As the
technique is further refined and the negative impact on artifacts
is diminished, only SAMER motion-corrected images may be
needed for interpretation to minimize image bloat for the
radiologist.

The SAMER framework also offers the ability to track the
motion trajectory through use of motion-guidance lines at fixed
k-space locations.8 In addition, SAMER allows motion states to
be determined during acquisition from each single shot. This fea-
ture allows motion data to be made immediately available at the
end of the acquisition rather than having to wait for data

reconstruction. Although it was not
explored here, the motion trajectories
provided by SAMER and other
approaches can be used to design and
train classification systems for auto-
mated prediction of motion severity as
well as the level of artifact reduction
that SAMER and other motion correc-
tion techniques might provide. These
types of systems could enhance the
technologist and radiologist workflow
by automatically identifying motion-
degradation and cor-rection viability,
possibly even before scan completion.
This enhancement may potentially
allow the technologist to terminate an
incomplete-but-nondiagnostic acquisi-
tion and troubleshoot to obtain a bet-
ter repeat acquisition. While SAMER
motion correction was only applied to
the 3D T1-weighted MPRAGE sequence
in this study, it can, in principle, also
be extended to other sequences includ-
ing 2D spin-echo and gradient-echo
sequences.8 Motion correction in 2D
sequences is limited by the greater sec-
tion thickness and missing information
from section gaps compared with 3D
sequences. Deep learning models can
improve image interpolation errors for
2D sequence motion-correction techni-
ques10,32 and could play a role in the
extension of SAMER to 2D motion cor-
rection in the future.

Limitations of the current study
include its retrospective nature and
inclusion of only one 3D volumetric
MR sequence. This was intended as a
feasibility study to demonstrate the
efficacy of SAMER on a single pulse
sequence (3D T1-weighted MPRAGE)
in a clinical setting. Testing of SAMER
on additional MR images, 2D and volu-
metric sequences, is needed. In addition,
the included MR imaging examinations
were heterogeneous in that some

examinations were performed without contrast and others were
performed with contrast. While the results demonstrated that
SAMER was able to improve motion artifacts in both noncontrast
and contrast-enhanced MPRAGE images, the small sample size
limited further evaluation of whether SAMER could mitigate
motion to the same degree if contrast was present or absent. The
focus of this study was to evaluate the ability of SAMER to miti-
gate motion and not on the conspicuity of findings. Nonetheless,
future studies with larger numbers of patients are needed to
explore how the presence of contrast may potentially affect the
degree of motion correction achieved by SAMER.

FIG 5. Balloon plot showing the results of the head-to-head comparison of baseline MPRAGE
and SAMER motion-corrected MPRAGE studies for pathology conspicuity, pathology sharpness,
and evaluation of surrounding anatomy. A total 79 of 97 cases had pathology on imaging and
were included in this assessment. The size of the circle correlates to the percentage of cases
assigned a given score, and the percentage of cases receiving a given score is indicated below
each circle. A zero score indicates equivalency, negative scores (left) favor baseline MPRAGE
images, and positive scores (right) favor SAMER motion-corrected MPRAGE images.

FIG 6. Boxplot charts demonstrating the distribution of CNR and SNR in the gray matter and
white matter in MPRAGE without and with SAMER motion correction. CNRs and SNRs are signifi-
cantly greater (P, .001) in the MPRAGE SAMER motion-corrected images compared with base-
line MPRAGE images. Triple asterisks indicate P, .001.
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CONCLUSIONS
SAMER significantly reduced motion artifacts in clinical brain
MR imaging examinations. The image-quality improvement was
most pronounced for cases with moderate or severe motion.
SAMER transformed 69% of nondiagnostic cases to the diagnos-
tic category. The effective motion correction offered by SAMER
may facilitate timely diagnosis and reduce repeat imaging and
callbacks in acute clinical settings.

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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Diagnostic Accuracy of Arterial Spin-Labeling, Dynamic
Contrast-Enhanced, and DSC Perfusion Imaging in the Diagnosis

of Recurrent High-Grade Gliomas: A Prospective Study
T.B. Nguyen, N. Zakhari, S. Velasco Sandoval, A. Guarnizo-Capera, M. Alexios Gulak, J. Woulfe, G. Jansen,

R. Thornhill, N. Majtenyi, and G.O. Cron

ABSTRACT

BACKGROUND AND PURPOSE: For patients with high-grade gliomas, the appearance of a new, enhancing lesion after surgery and
chemoradiation represents a diagnostic dilemma. We hypothesized that MR perfusion without and with contrast can differentiate
tumor recurrence from radiation necrosis.

MATERIALS AND METHODS: In this prospective study, we performed 3 MR perfusion methods: arterial spin-labeling, DSC, and
dynamic contrast enhancement. For each lesion, we measured CBF from arterial spin-labeling, uncorrected relative CBV, and leak-
age-corrected relative CBV from DSC imaging. The volume transfer constant and plasma volume were obtained from dynamic con-
trast-enhanced imaging without and with T1 mapping using modified Look-Locker inversion recovery (MOLLI). The diagnosis of
tumor recurrence or radiation necrosis was determined by either histopathology for patients who underwent re-resection or radio-
logic follow-up for patients who did not have re-resection.

RESULTS: There were 26 patients with 32 lesions, 19 lesions with tumor recurrence and 13 lesions with radiation necrosis. Compared
with radiation necrosis, lesions with tumor recurrence had higher CBF (P ¼ .033), leakage-corrected relative CBV (P ¼ .048), and
plasma volume using MOLLI T1 mapping (P ¼ .012). For differentiating tumor recurrence from radiation necrosis, the areas under
the curve were 0.81 for CBF, 0.80 for plasma volume using MOLLI T1 mapping, and 0.71 for leakage-corrected relative CBV. A corre-
lation was found between CBF and leakage-corrected relative CBV (rs ¼ 0.54), volume transfer constant, and plasma volume
(0.50 , rs, 0.77) but not with uncorrected relative CBV (rs ¼ 0.20, P ¼ .29).

CONCLUSIONS: In the differentiation of tumor recurrence from radiation necrosis in a newly enhancing lesion, the diagnostic value
of arterial spin-labeling–derived CBF is similar to that of DSC and dynamic contrast-enhancement–derived blood volume.

ABBREVIATIONS: ASL ¼ arterial spin-labeling; AUC ¼ area under the curve; DCE ¼ dynamic contrast-enhanced; Ktrans ¼ volume transfer constant; MOLLI ¼
modified Look-Locker inversion recovery; pCASL ¼ pseudocontinuous pulse ASL; rCBV ¼ relative CBV (CBV lesion/CBV normal contralateral white matter); ROC ¼
receiver operating characteristic; SI ¼ signal intensity; SMART1Map ¼ saturation method using adaptive recovery times for cardiac T1 mapping; Vp ¼ plasma volume

In the monitoring of patients with high-grade gliomas treated
with standard chemoradiation, the presence of a newly enhanc-

ing lesion seen on MR imaging often represents a diagnostic

dilemma. While subjective radiologic assessment of MR imaging
contrast-enhancement patterns can be useful for differentiating
recurrence from treatment-related effects,1 there is evidence that
quantitative perfusion can improve diagnostic accuracy.2,3

DSC MR imaging is the most widely used perfusion technique
in clinical practice. There have been fewer reports on the diagnos-
tic accuracy of other perfusion techniques such as dynamic con-
trast-enhanced (DCE) MR imaging and arterial spin-labeling
(ASL) in differentiating tumor recurrence and treatment-related
effects.4-6 Unlike DSC and DCE techniques, ASL does not require
any contrast injection and can provide simple quantification of
CBF.7 While earlier applications of ASL on 1.5T clinical systems
had inadequate signal-to-noise, the increased availability of 3T
scanners has made the technique suitable for broader clinical
translation. Our hypothesis is that ASL can provide diagnostic
value similar to that of DSC MR imaging and DCE MR imaging
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in the characterization of a newly enhancing lesion seen in
patients with treated high-grade gliomas. Our primary objective
was to evaluate the diagnostic accuracy of ASL, DCE MR imag-
ing, and DSC MR imaging in the differentiation of recurrent tu-
mor from treatment-related changes in patients with treated
high-grade gliomas. A secondary objective was to compare differ-
ent methods of T1 mapping for DCEMR imaging.

MATERIALS AND METHODS
Study Population
This study was approved by the local ethics board (REB#20160425-
01H, The Ottawa Hospital). Written informed consent was
obtained from each patient enrolled in this study. Patients who pre-
sented with a newly enhancing lesion suspicious for a recurrent gli-
oma between December 2017 and November 2021 at our hospital
were prospectively enrolled. We included adult patients (18 years
of age or older) who developed a new parenchymal enhancing
lesion on follow-up MR imaging after receiving standard treat-
ment. Treatment was based on the Stupp Protocol and consisted
of surgical resection followed by standard radiation treatment
with concomitant temozolomide. Patients were excluded for the
following reasons: 1) a small enhancing lesion (measuring,1 cm
in maximal length); 2) patients who did not have a re-resection
and had incomplete radiologic or clinical follow-up following the
research MR imaging; 3) delay between MR imaging and the
operation (.65days); and 4) no perfusion imaging or the lesion
not covered on perfusion imaging.

Imaging Acquisition
Each patient was scanned on a 3T MR imaging scanner
(Discovery MR750W; GE Healthcare). The conventional MR
imaging protocol used axial T1 precontrast (TR ¼ 8.1ms, TE ¼
3ms, TI ¼ 450ms, flip angle ¼ 90°, voxel size ¼ 0.44� 0.44�
1mm); axial T2 FLAIR (TR ¼ 1000ms, TE ¼ 92ms, TI ¼
2651ms, flip angle =160°, voxel size ¼ 0.86� 0.86� 3mm); and
axial T1 postcontrast (TR ¼ 13ms, TE=2.9ms, flip angle ¼ 12°,
voxel size ¼ 1 � 1 � 1mm). Axial DWI was acquired (multiple
b-values from 10 to 1000 s/mm2, TR ¼ 5000ms, TE ¼ 98.9ms,
voxel size ¼ 0.94� 0.94 � 4.5mm). ADC maps were generated
in-line (on the scanner). Before gadolinium injection, ASL was
performed using pseudocontinuous pulse ASL (pCASL) with a
3D stack of fast spin-echo readout (TR ¼ 4588ms, TE ¼ 10.3ms,
flip angle¼ 111°, postlabeling delay¼ 2025ms, voxel size¼ 1.8�
1.8� 5mm, number of slices ¼ 16, number of excitations ¼ 3,
duration ¼ 4 minutes 13 seconds). Five background suppression
(inversion) pulses were used.

For both DCE MR imaging and DSC MR imaging, we used
intravenous injections of Gadovist 1.0 (Bayer Schering Pharma).
For DCE MR imaging, a fixed dose of 0.05mmol/kg of Gadovist
was injected at 2mL/s. For DSC MR imaging, a second dose of
gadolinium (0.05mmol/kg) was injected 10minutes after the first
injection at a rate of 4mL/s. DCE MR imaging was performed
using a 3D spoiled gradient-recalled sequence (TR ¼ 5.3ms,
TE ¼ 1.1ms, flip angle ¼ 25°, voxel size ¼ 1.9� 2.5 � 5mm, 80
phases, duration¼ 4 minutes 35 seconds). For DSC MR imaging,
we used a T2*-weighted EPI gradient recalled-echo sequence (TR
¼ 1275ms, TE ¼ 45ms, flip angle ¼ 90°, voxel size ¼ 1.8 �

1.8� 5mm, 50 phases, duration ¼ 2 minutes 8 seconds). Two
T1-mapping sequences were performed before and after contrast
injection for all patients except for the last 10: saturation method
by using adaptive recovery times for cardiac T1 mapping
(SMART1Map) (TR ¼ 4.1ms, TE ¼ 1.6ms, flip angle ¼ 20°,
voxel size=1.9 � 2.5� 5mm, duration ¼ 2 minutes 53 seconds)
and modified Look-Locker inversion recovery (MOLLI) (TR ¼
4.5ms, TE ¼ 1.6ms, flip angle ¼ 20°, voxel size ¼ 1.9 � 2.5�
5mm, duration¼ 2 minutes 53 seconds).8

Postprocessing of ASL Images
The perfusion-weighted images were produced in-line and were
quantified into CBF values via a single compartment model by
using the following equation:

CBF ASL ¼

6000� l
1� exp � ST sð Þ

T1t sð Þ
� �h i

exp PLD sð Þ
T1b sð Þ

� �

2T1b sð Þ 1� exp � LT sð Þ
T1b sð Þ

� �h i
« � NEX

PW
SF � PD

� �
:

For this equation, T1b is the T1 of blood and is assumed to be
1.6 seconds. The partial saturation of the reference image (PD) is
corrected for using a T1t of 1.2 seconds (typical of gray matter).
ST is saturation time and is set to 2 seconds. The partition coeffi-
cient l is set to the whole-brain average, 0.9. The efficiency, « , is
a combination of both inversion efficiency (0.8) and background
suppression efficiency (0.75), resulting in an overall efficiency of
0.6. PLD is the postlabeling delay. LT is the labeling duration set
to 1.5 seconds. PW is the perfusion-weighted or the raw differ-
ence image. SF is the scaling factor of the PW sequence. The CBF
is reported in milliliters/100 g/minute. NEX is the number of
excitations for PW images.

Postprocessing of DSC Images
DSC images were processed using singular value decomposition
and deconvolution as implemented in a commercially available
software package (Olea Sphere 3.0; Olea Medical). MR signal inten-
sity was converted to a T2* relaxation rate. An automated algorithm
selected the most suitable pixels for the vascular input function.
The signal intensity (SI) was converted to relative change in R2*
using the standard expression: delR2(t)¼ –ln[S(t) / So] / TE, where
S is the SI at time t; So, the baseline SI; and TE, the echo time.
Correction for leakage in CBV calculations was done using a pre-
injection of contrast agent from the DCE acquisition and linear
fitting to estimate the T1 contamination caused by extravasation
of contrast agent. Both uncorrected and corrected CBV maps
were generated.

Postprocessing of DCE Images
Three methods were used to process the DCE images: 1) without
T1 correction, 2) T1 correction with a SMART1Map acquisition,
and 3) T1 correction with MOLLI acquisitions. The extended
Tofts model was used in all cases. For all patients, DCE images
were processed directly in the software (Olea Sphere 3.0) to gener-
ate maps of plasma volume (Vp) and volume transfer constant
(Ktrans). The SI was converted to percentage change in signal in-
tensity (relSI) using the expression: relSI(t) ¼ 100 � [S(t)-So] / So,
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where S is the SI at time t and So is the baseline SI. The vascular
input function was selected from a small ROI placed in the supe-
rior sagittal sinus directly from the DCE images. Signal conversion
was set as SI to relSI(%). For patients who also had T1 mapping,
the SI-versus-time curve was converted to gadolinium-versus-
time using the T1 maps obtained before and after contrast from
either the SMART1Map or MOLLI acquisitions. This bookend T1
mapping has been described elsewhere.9 Vp and Ktrans were then
calculated for both T1-mapping techniques using the same Olea
Sphere software.

Image Interpretation
A senior neuroradiologist trained a senior neuroradiology fellow
on ROI placement and verified the technique. For each patient,

the fellow, who was blinded to the out-
come, drew an ROI over the largest solid
component of the newly enhancing
lesion using axial T1-weighted postcon-
trast images avoiding adjacent vessels
and cystic, necrotic, or hemorrhagic
areas. This ROI was coregistered on all
the other parametric maps. For the
uncorrected CBV and corrected CBV
maps, an additional ROI was placed in
the contralateral unaffected white mat-
ter to obtain a ratio (normalized value).
The mean value for each ROI on each
parametric map was recorded.

Reference Standard
For patients who underwent resection
of the newly enhancing lesions, a neu-
ropathologist blinded to the imaging
results assessed the presence and per-
centage of viable tumor and/or radia-
tion necrosis in the surgical specimens.
Visual assessment was performed under
� 4 high-power-field microscopy to
determine the approximate percentage
area of radiation necrosis or tumor
recurrence relative to the whole-tissue
area on all available slides. The follow-
ing criteria were used for the diagnosis
of radiation necrosis: the presence
of coagulative necrosis and hyalinized
vessels. For the diagnosis of recurrent
tumor, we used the following criteria:
the presence of increased cellularity and
nuclear pleomorphism. In lesions in
which there was a mixture of viable tu-
mor and radiation necrosis, a lesion
was categorized as tumor recurrence if
the percentage of viable tumor was
higher than the percentage of radiation
necrosis.

For patients who did not undergo
an operation, clinical and radiologic

follow-up following the research MR imaging was used to clas-
sify the lesion as radiation necrosis or tumor recurrence. Two
neuroradiologists, blinded to the perfusion analysis, assessed
the change in the morphology and size of the enhancing lesion
on the follow-up MR imaging using conventional and diffu-
sion-weighted sequences. The presence of a centrally restricted
diffusion pattern in an enhancing lesion was found to be associ-
ated with a treatment-related effect.10 Thus, our criteria for tu-
mor recurrence were the following: 1) presence of a nodular or
solid component that progressively increases in size with time;
and 2) absence of restricted diffusion in the central area of ne-
crosis on visual assessment of the b ¼ 1000 images and the
ADC map. Criteria for radiation necrosis were the following: 1)
a peripheral rim of enhancement that remains stable or

FIG 1. Flow chart of patients included and excluded in the study. Among the 26 patients included in
the study, 6 patients had 2 lesions, 2 patients had 1 lesion with tumor recurrence (TR) and 1 lesion
with radiation necrosis (RN), both confirmed with clinical/radiologic follow-up; 1 patient with 2
lesions with RN confirmed with surgery; 1 patient had 1 lesion with TR and 1 lesion with RN confirmed
with surgery; 1 patient with 1 lesion with TR confirmed by surgery and 1 lesion with RN confirmed
with clinical/radiology follow-up; 1 patient had 1 lesion with TR confirmed with surgery and 1 lesion
with TR confirmed with clinical/radiologic follow-up.
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decreases in size, or 2) the presence of a central area of restricted
diffusion on visual assessment of the b ¼ 1000 images and the
ADC map. The 2 neuroradiologists agreed on the classification
of 12 of 14 lesions. Consensus reading was obtained for the
remaining 2 lesions.

Statistical Analysis
For each lesion, the spatial coefficient of variation for each perfu-
sion parameter was calculated as the SD of the parameter divided
by the mean value of the parameter within the tumor ROI.11

For certain continuous clinical variables (such as age and du-
ration between MR imaging and the operation) and for each
perfusion parameter, differences between the 2 patient groups
were assessed via Mann-Whitney U tests. While P values , a ¼
.05 were considered statistically significant, a stepwise Holm
Bonferroni procedure was applied to minimize the potential
for type I errors due to multiple comparisons.12 Associations
between variables were investigated using the Spearman coeffi-
cients of rank correlation. Associations with coefficients of.0.8
were considered very strong; between 0.60 and 0.79, strong;
between 0.40 and 0.59, moderate; and,0.39, weak. Receiver op-
erator characteristic (ROC) curves were constructed for each
variable and the area under each ROC was evaluated. Both the
standard error of the area under each ROC curve and compari-
sons between areas under each ROC curve were evaluated using
the method of DeLong et al.13 All data were analyzed using
MedCalc (Version 12; MedCalc Software).

RESULTS
There were 52 patients who were prospectively enrolled in this
study. We excluded the following patients: one patient had a re-
currence but did not have prior radiation (n ¼ 1); 2 patients had
reresection.3months after the MR imaging (n ¼ 2); 11 patients

had a newly enhancing lesion measuring ,1 cm in maximal
length (n¼ 11); 9 patients did not have reresection and had short
clinical and radiologic follow-up of,3months duration (n ¼ 9);
and 3 patients were missing one of the perfusion imaging sequen-
ces (n¼ 1) or had perfusion imaging that did not cover the lesion
(n ¼ 2) (Fig 1). The clinical and demographic information for
these 26 patients is listed in Table 1. In the final analysis, there
were 32 lesions, with 6 patients having 2 lesions. Histopathology
was obtained for 18 lesions with 13 lesions categorized as tumor
recurrence (7 lesions with mixed pathology but a higher propor-
tion of tumor and 6 lesions with only tumor) and 5 lesions cate-
gorized as radiation necrosis (3 lesions with mixed pathology but
a higher proportion of radiation necrosis and 2 lesions with pure
radiation necrosis). Clinical and radiologic follow-up was used to
assess the outcome of 14 lesions (6 tumor recurrence, 8 radiation
necrosis).

The mean area for the lesion ROI was 350.1 (SD, 263.6) mm2.
The mean area for the contralateral normal white matter was
34 (SD, 6.7) mm2. For the 32 lesions, the mean spatial coefficient
of variation for the ASL_perfusion-weighted values was 27.4%,
which was lower than those derived from Vp_MOLLI (57.6%),
Vp_SMART (60%), Vp_SI (53.8%), CBV (90.2%), and corrected
CBV (70%).

For ASL perfusion imaging, the median CBF value was lower
for patients with radiation necrosis (24.1mL/100 g/min; 95% CI,
17.8–38.3mL/100 g/min) compared with those with tumor recur-
rence (36.0mL/100 g/min; 95% CI, 33.9–62.2mL/100 g/min)
(Table 2). For DSC perfusion imaging, the median corrected rela-
tive CBV (rCBV) was also lower for patients with radiation
necrosis (1.24; 95% CI, 0.83–2.89) compared with patients with
tumor recurrence (2.50; 95% CI, 1.60–3.15). There was a trend to-
ward lower median uncorrected rCBV for patients with radiation
necrosis (1.81; 95% CI, 1.55–3.18) compared with patients with

Table 1: Clinical and characteristics of patient populationa

Radiation Necrosis Tumor Recurrence P Value
Median age (yr) (95% CI) 54 (44–63.2) 59 (50.9–65.3) .34
Female/male 13% (1/12) 21% (4/15) .35
Initial tumor grade: grade 3, grade 4 0, 13 4, 15 .098
Median duration from radiation treatment to study MR imaging (days), (95% CI) 179 (142–462) 275 (191–915) .066
% Lesions with reresection 30% (5/13) 68% (13/19) .27
Median duration from imaging to reresection (days) (95% CI) 20 15 (13.5–26) .96
Median Karfnosky score (range) 80 (75.3–90) 80 (70–90) .43

a Patients with 2 lesions are entered as 2 separate entries for the purpose of this table.

Table 2: Comparison of perfusion parameters for lesions diagnosed as tumor recurrence versus radiation necrosis

Radiation Necrosis Tumor Recurrence

No. Median 95% CI No. Median 95% CI P Value
CBF_ASL (mL/100 g/min) 13 24.1 17.8–38.3 19 36.0 33.9–62.2 .003a

rCBV 13 1.81 1.55–3.18 19 3.69 2.02–5.03 .058
Corrected rCBV 13 1.24 0.83–2.89 19 2.50 1.60–3.15 .048
Ktrans_SI (min�1) 13 0.013 0.0062–0.039 19 0.019 0.011–0.048 .28
Vp_SI 13 0.16 0.12–0.29 19 0.27 0.21–0.39 .063
Ktrans_MOLLI (min�1) 11 0.052 0.024–0.094 14 0.055 0.047–0.11 .44
Vp_MOLLI 11 0.17 0.13–0.28 14 0.28 0.20–0.41 .012
Ktrans_SMART (min�1) 11 0.042 0.020–0.075 14 0.046 0.037–0.071 .48
Vp_SMART 11 0.12 0.082–0.23 14 0.21 0.15–0.33 .080

a Significance following Holm Bonferroni correction.
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tumor recurrence (3.69; 95% CI, 2.02–5.03) (P ¼ .058). For DCE
imaging, Vp_SI and Ktrans_SI (derived from percentage change in
signal intensity without T1 mapping) were not statistically signifi-
cantly different between the 2 groups (P ¼ .063 and P ¼ .28,
respectively, Table 2). For the subgroup of patients who under-
went T1 mapping with either MOLLI or SMART1Map sequences,
exploratory analysis of 25 lesions (11 radiation necrosis and 14
tumor recurrence) revealed that Vp_MOLLI (derived from
MOLLI T1 mapping) was lower for radiation necrosis than for
tumor recurrence (0.17; 95% CI, 0.13–0.28 versus 0.28; 95% CI,
0.20–0.41). Vp_SMART (derived from SMART1Map mapping),
Ktrans_SMART, and Ktrans_MOLLI were not statistically significant
between the 2 groups (P¼ .08, P¼ .48, and P¼ .44, respectively).
Following the Holm Bonferroni stepwise correction for multiple
comparisons (n ¼ 9), CBF_ASL was the only perfusion parameter
that remained statistically significantly different between the 2
groups (P, .0055).

The correlation between CBF_ASL and Vp_MOLLI was very
strong (rs ¼ 0.77, P, .001, Table 3). Correlations between
CBF_ASL and other DCE parameters (Ktrans_MOLLI, Ktrans_SI,

Ktrans_SMART, Vp_SI, and Vp_SMART) were moderate-to-
strong (rs between 0.50 and 0.66, P# .004). There was a moderate
correlation between CBF_ASL and the corrected CBV ratio (rs ¼
0.54, P ¼ .001). Only a weak and insignificant correlation was
found between CBF_ASL and the uncorrected CBV ratio
(rs¼ 0.20, P¼ .29).

In the differentiation between radiation necrosis and tumor
recurrence, the diagnostic accuracy for CBF_ASL was good
(AUC¼ 0.81; 95% CI, 0.64–0.98, Table 4). By means of the crite-
rion of CBF. 30mL/100 g/min, sensitivity was 0.84 (95% CI,
0.62–0.97) and specificity was 0.77 (95% CI, 0.46–0.95). Among
the three lesions which were misclassified as false negatives with
ASL, one case was likely due to ineffective labeling, because the
CBF was lower in the entire right cerebral hemisphere compared
with the left (Fig 2).

Compared with ASL-derived CBF, the diagnostic accuracies
for uncorrected rCBV (AUC¼ 0.70; 95% CI, 0.52 –0.89) and cor-
rected rCBV (AUC ¼ 0.71; 95% CI, 0.51–0.90, Table 4) were
slightly lower, though these differences did not reach statistical
significance (P ¼ .4 and P ¼ .30, respectively). By means of the

Table 3: Correlogram between different perfusion parameters using the Spearman rank correlation coefficienta

0.195 0.542 0.503 0.581 0.633 0.769 0.655 0.593

0.195 0.478 0.061 0.225 0.088 0.078 0.128 0.081

0.542 0.478 0.286 0.552 0.441 0.642 0.476 0.549

0.503 0.061 0.286 0.784 0.829 0.594 0.788 0.394

0.581 0.225 0.552 0.784 0.523 0.728 0.531 0.618

0.633 0.088 0.441 0.829 0.523 0.636 0.981 0.506

0.769 0.078 0.642 0.594 0.728 0.636 0.653 0.766

0.655 0.128 0.476 0.788 0.531 0.981 0.653 0.595

0.593 0.476 0.549 0.394 0.618 0.506 0.766 0.595

CBF_ASL

(ml/100g/min)

rCBV

Corrected rCBV

Ktrans_SI 
(min–1)

Vp_SI

Ktrans_MOLLI
(min–1)

Vp_MOLLI

Ktrans_SMART
  
(min–1)

Vp_SMART 

C
BF

_A
SL

(m
l/1

00
g/

m
in

)

rC
BV

C
or

re
ct

ed
 rC

BV

Kt
ra

ns
_S

I 

(m
in

–1
) 

Vp
_S

I

Kt
ra

ns
_M

O
LL

I

Vp
_M

O
LL

I

Kt
ra

ns
_S

M
AR

T

Vp
_S

M
AR

T 

(m
in

–1
) 

(m
in

–1
) 

a Color coding is red for a very strong correlation (rs .0.8); orange for a strong correlation (0.6 # rs # 0.79), yellow for a moderate correlation (0.4 # rs # 0.59), and
green for a weak correlation (rs ,0.4).
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criterion of rCBV. 2.43, sensitivity was 0.69 (95% CI, 0.43–0.87)
and specificity was 0.77 (95% CI, 0.46– 0.95). By means of the cri-
terion of corrected rCBV. 1.54, sensitivity was 0.79 (95% CI,
0.54–0.94) and specificity was 0.69 (95% CI, 0.39–0.91). Among
the 4 patients with false-negative findings, 1 patient had a right
temporal lesion that was obscured by susceptibility artifacts on

the CBV map from DSC but was correctly identified on the CBF
map from ASL and DCEMR imaging (Fig 3).

For patients who underwent DCE imaging with T1 mapping,
Vp derived from MOLLI had the best diagnostic accuracy
(AUC ¼ 0.80; 95% CI, 0.62–0.98), which was statistically higher
than that of Ktrans_MOLLI (AUC ¼ 0.59; 95% CI, 0.36–0.82)

Table 4: Diagnostic accuracy of various parameters in the differentiation between tumor recurrence and radiation necrosis for all
lesions (n = 32 lesions) and for subgroup analysis of patients with DCE T1 mapping (n = 25 lesions)a

Parameters No. AUC (95% CI) P Value Optimal Threshold Sensitivity (%) Specificity (%)
ASL_CBF 32 0.81 (0.63–0.93) ,.001 .30mL/100 g/min 84 (60–97) 77 (46–95)
rCBV 32 0.70 (0.52–0.89) .033 .2.43 69 (43–87) 77 (46–95)
Corrected rCBV 32 0.71 (0.51–0.90) .037 .1.54 79 (54–94) 69 (39–91)
Ktrans_SI 32 0.61 (0.41–0.82) .27 .0.0093 (min-1) 84 (60–97) 46 (19–75)
Vp_SI 32 0.69 (0.51–0.88) .038 .0.18 79 (54–94) 62 (32–86)
Ktrans_SI 25 0.66 (0.43–0.88) .17 .0.0092 (min-1) 86 (57–98) 55 (23–83)
Vp_SI 25 0.68 (0.46–0.90) .10 .0.18 79 (49–95) 64 (31–89)
Ktrans_MOLLI 25 0.59 (0.36-0.82) .44 .0.045 (min-1) 78 (49–95) 45 (17–77)
Vp_MOLLI 25 0.80 (0.62–0.98) ,.001 .0.19 86 (57–98) 63 (31–89)
Ktrans_SMART 25 0.58 (0.34–0.83) .49 .0.024 (min-1) 92 (66–1) 27 (6–61)
Vp_SMART 25 0.71 (0.49–0.88) .057 .0.12 93 (66-1) 54 (23–83)

a Statistics are listed with their 95% CI.

FIG 2. Sample of a case of recurrent glioblastoma multiforme with a false-negative ASL study due to probable ineffective labeling. Patient had
a history of a right frontal grade IV glioma and had undergone resection and chemoradiation 3 years earlier. A, Axial T1-weighted image shows a
newly enhancing lesion in the right anterior thalamus. B, ASL-derived CBF reveals a low CBF value in the enhancing lesion (arrow). The CBF in the
right hemispheric cortex is lower than on the left side, presumably due to ineffective labeling from dental hardware. DSC MR imaging demon-
strates a high, uncorrected rCBV value (C) and leakage-corrected rCBV value (D) at the rim of the enhancing lesion (arrow). DCE MR imaging
using MOLLI T1 mapping shows high Vp (E) and Ktrans (F) values in the lesion (arrows). Pathology confirmed glioblastoma recurrence.
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and Ktrans_SMART (AUC ¼ 0.58; 95% CI, 0.34–0.83) (P ¼ .04
and P ¼ .035, respectively). The diagnostic accuracy of Vp_SI
(AUC ¼ 0.68; 95% CI, 0.46–0.90), Vp_SMART (AUC ¼ 0.71;
95% CI, 0.49–0.88), and Ktrans_SI (AUC ¼ 0.66; 95% CI, 0.43–
0.88) was lower than that for Vp_MOLLI, though this did not
reach statistical significance (P. .05). Using a criterion of
Vp_MOLLI. 0.19, sensitivity was 0.86 (95% CI, 0.57–0.98) and
specificity was 0.63 (95% CI, 0.31–0.89).

DISCUSSION
The results of this prospective study suggest that ASL-derived
CBF measurements offer a degree of accuracy similar to that of
DSC-derived CBV measurements in differentiating tumor recur-
rence and radiation necrosis. Our results are in line with those of
prior studies published in the literature. A meta-analysis by
Wang et al3 revealed a pooled sensitivity of 79% and specificity of
78% for ASL. Two other studies not included in that meta-analy-
sis reported sensitivities of 92% and 100% and specificities of 93%
and 88%.14,15 Manning et al14 reported that 6 lesions located near
the skull base were correctly identified by ASL but were misclassi-
fied by DSC MR imaging because of susceptibility artifacts. We

had 1 such patient in our study in whom the tumor was misclassi-
fied by DSC because of susceptibility artifacts due to the temporal
bone but was correctly identified by ASL. However, ASL perfusion
might also be affected by susceptibility artifacts at the skull base or
in the neck, which can cause poor labeling. There was 1 patient
with a thalamic lesion that was misclassified on ASL due to proba-
ble poor labeling but correctly identified on CBV derived from
DSC. Thus, differences in the reported diagnostic accuracy of ASL
and DSC imaging in the literature might be influenced by the inclu-
sion or exclusion of cases with susceptibility artifacts in the study.
Use of ASL perfusion has many advantages in the clinical work-
flow: absence of gadolinium injection, reasonable acquisition time
(,5 minutes), relative standardization of the acquisition methods,
and minimal postprocessing time. A consensus article by the
International Society of Magnetic Resonance in Medicine perfusion
study group and the European Consortium for ASL in Dementia
recommended the use of a 3D multiecho segmented readout
scheme with the pCASL labeling method on a 3T MR imaging
scanner. CBF maps are usually calculated directly from the MR
imaging console without the need for additional off-line postpro-
cessing and are immediately sent to the PACS for clinical review.

FIG 3. Example of a case of recurrent glioblastoma multiforme with a false-negative DSC study due to susceptibility artifacts. A, Axial T1-
weighted image shows a newly enhancing lesion in the right mesial temporal lobe. B, ASL-derived CBF map demonstrates a marked increase in
CBF in the lesion (arrow). C, Corrected CBV map is unreliable in the tumoral region due to susceptibility artifacts (arrow). DCE MR imaging per-
formed without T1 mapping reveals high Vp (D) and Ktrans (E) values in the lesion (arrow), which correlate with the high CBF value.
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In the differentiation between tumor recurrence and radiation
necrosis using DCE imaging, we have found that plasma volume
was more accurate than Ktrans. A systematic review and meta-
analysis found that Ktrans had a pooled sensitivity of 0.75 and
specificity of 0.79 in the diagnosis of tumor recurrence versus
treatment-related changes.16 However, some authors have
reported lower sensitivities for Ktrans (0.62 and 0.51, respectively),
which are in agreement with our study.17,18 Bolcaen et al19 found
higher wash-in and washout rates on the dynamic contrast-
enhancement curves in rats with glioblastoma versus those with
radiation necrosis, but no difference in Ktrans was found between
the 2 groups. They believed that Ktrans measurements in their
study could have been biased because the commercial software
performed a voxel-by-voxel analysis for each parameter, which
can introduce more noise than performing the calculation on a
number of pixels inside a specific ROI.

Our study suggests that the diagnostic accuracy of Vp in the
differentiation of glioma recurrence from radiation necrosis can
be improved with the use of a T1-mapping technique, such as the
Look Locker method, compared with a method that does not use any
T1 mapping. Current recommendations by Quantitative Imaging
Biomarkers MRI Biomarker Committee suggest the use of a vari-
able flip angle technique for T1 mapping, which is more readily
available than the MOLLI sequence. However, the MOLLI tech-
nique might offer higher reproducibility than the variable flip
angle technique.20 Alternatively, a model-independent analysis
based on the integration of the signal intensity curve across time
as proposed by Hamilton et al21 could provide diagnostic accuracy
similar to that of more complex model-dependent analysis, which
requires T1 mapping.

A major limitation of our study is the small sample size, which
might not have allowed us to detect a statistical difference in the
diagnostic accuracy between ASL and DSC/DCE imaging. A sec-
ond limitation is the lack of direct spatial correlation between the
ROI measurements on perfusion maps with histopathologic find-
ings. There is a risk of misclassification because the ROI might
not match the resected area. In our study, we tried to mitigate
this risk by obtaining an ROI over the entire enhancing lesion
rather than a small hot-spot ROI within the enhancing lesion
because most of the enhancing lesion was usually resected at sur-
gery and sent to pathology at our institution.

CONCLUSIONS
In patients with high-grade gliomas who developed a newly
enhancing lesion following standard chemoradiation treatment,
the accuracy of ASL-derived CBF is similar to that of DSC and
DCE-derived blood volume for the differentiation of tumor re-
currence from radiation necrosis.

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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11. Mutsaerts HJ, Petr J, Václavů L, et al. The spatial coefficient of varia-
tion in arterial spin labeling cerebral blood flow images. J Cereb
Blood Flow Metab 2017;37:3184–92 CrossRef Medline

12. Holm S. A simple sequentially rejective multiple test procedure.
Scandinavian Journal of Statistics 1979;6:65–70

13. DeLong ER, DeLong DM, Clarke-Pearson DL. Comparing the
areas under two or more correlated receiver operating character-
istic curves: a nonparametric approach. Biometrics 1988;44:837–45
CrossRef Medline

14. Manning P, Daghighi S, Rajaratnam MK, et al. Differentiation of
progressive disease from pseudoprogression using 3D PCASL and
DSC perfusion MRI in patients with glioblastoma. J Neurooncol
2020;147:681–90 CrossRef Medline

15. Jovanovic M, Radenkovic S, Stosic-Opincal T, et al. Differentiation
between progression and pseudoprogresion by arterial spin label-
ing MRI in patients with glioblastoma multiforme. J BUON
2017;22:1061–67 Medline

16. Okuchi S, Rojas-Garcia A, Ulyte A, et al. Diagnostic accuracy of
dynamic contrast-enhanced perfusion MRI in stratifying gliomas:
a systematic review and meta-analysis. Cancer Med 2019;8:5564–73
CrossRef Medline

17. Seeger A, Braun C, Skardelly M, et al. Comparison of three differ-
ent MR perfusion techniques and MR spectroscopy for multi-
parametric assessment in distinguishing recurrent high-grade
gliomas from stable disease. Acad Radiol 2013;20:1557–65 CrossRef
Medline

18. Zakhari N, TacconeMS, Torres CH, et al. Prospective comparative diag-
nostic accuracy evaluation of dynamic contrast-enhanced (DCE) vs.
dynamic susceptibility contrast (DSC)MR perfusion in differentiating

AJNR Am J Neuroradiol 44:134–42 Feb 2023 www.ajnr.org 141

http://www.ajnr.org/sites/default/files/additional-assets/Disclosures/February%202023/0634.pdf
http://www.ajnr.org
https://www.ncbi.nlm.nih.gov/pubmed/16155144
http://dx.doi.org/10.1007/s00330-017-4789-9
https://www.ncbi.nlm.nih.gov/pubmed/28332014
http://dx.doi.org/10.1097/MD.0000000000023766
https://www.ncbi.nlm.nih.gov/pubmed/33350761
http://dx.doi.org/10.1016/j.radonc.2018.01.009
https://www.ncbi.nlm.nih.gov/pubmed/29398151
http://dx.doi.org/10.1177/0284185112474916
https://www.ncbi.nlm.nih.gov/pubmed/23592805
http://dx.doi.org/10.1016/j.acra.2009.10.024
https://www.ncbi.nlm.nih.gov/pubmed/20060750
http://dx.doi.org/10.1002/mrm.25197
https://www.ncbi.nlm.nih.gov/pubmed/24715426
http://dx.doi.org/10.1002/mrm.22253
https://www.ncbi.nlm.nih.gov/pubmed/20187184
http://dx.doi.org/10.3174/ajnr.A5485
https://www.ncbi.nlm.nih.gov/pubmed/29217742
http://dx.doi.org/10.1177/0271678X16683690
https://www.ncbi.nlm.nih.gov/pubmed/28058975
http://dx.doi.org/10.2307/2531595
https://www.ncbi.nlm.nih.gov/pubmed/3203132
http://dx.doi.org/10.1007/s11060-020-03475-y
https://www.ncbi.nlm.nih.gov/pubmed/32239431
https://www.ncbi.nlm.nih.gov/pubmed/28952228
http://dx.doi.org/10.1002/cam4.2369
https://www.ncbi.nlm.nih.gov/pubmed/31389669
http://dx.doi.org/10.1016/j.acra.2013.09.003
https://www.ncbi.nlm.nih.gov/pubmed/24200483


tumor recurrence from radiation necrosis in treated high-grade glio-
mas. J Magn Reson Imaging 2019;50:573–82 CrossRef Medline

19. Bolcaen J, Descamps B, Acou M, et al. In vivo DCE-MRI for the dis-
crimination between glioblastoma and radiation necrosis in rats.
Mol Imaging Biol 2017;19:857–66 CrossRef Medline

20. Bane O, Hectors SJ, Wagner M, et al. Accuracy, repeatability, and
interplatform reproducibility of T1 quantification methods used

for DCE-MRI: results from a multicenter phantom study. Magn
Reson Med 2018;79:2564–75 CrossRef Medline

21. Hamilton JD, Lin J, Ison C, et al.Dynamic contrast-enhanced perfu-
sion processing for neuroradiologists: model-dependent analysis
may not be necessary for determining recurrent high-grade glioma
versus treatment effect. AJNR Am J Neuroradiol 2015;36:686–93
CrossRef Medline

142 Nguyen Feb 2023 www.ajnr.org

http://dx.doi.org/10.1002/jmri.26621
https://www.ncbi.nlm.nih.gov/pubmed/30614146
http://dx.doi.org/10.1007/s11307-017-1071-0
https://www.ncbi.nlm.nih.gov/pubmed/28303489
http://dx.doi.org/10.1002/mrm.26903
https://www.ncbi.nlm.nih.gov/pubmed/28913930
http://dx.doi.org/10.3174/ajnr.A4190
https://www.ncbi.nlm.nih.gov/pubmed/25500312


ORIGINAL RESEARCH
ADULT BRAIN

Radiation-Induced Changes Associated with Obliteration of
Brain AVMs after Repeat Radiosurgery

T. Sasagasako, H. Mori, E.Y.Hattori, T. Ikedo, E. Hamano, K. Shimonaga, Y. Kushi, K. Iihara, and H. Kataoka

ABSTRACT

BACKGROUND AND PURPOSE: Radiation-induced changes can occur after stereotactic radiosurgery for brain AVMs, potentially
causing symptomatic complications. We evaluated the incidence of such changes and the efficacy of repeat gamma knife radiosur-
gery for incompletely obliterated AVMs.

MATERIALS AND METHODS: We retrospectively evaluated 150 patients who underwent gamma knife radiosurgery for AVMs
between 2002 and 2020; twenty-five underwent further radiosurgical procedures for incompletely obliterated AVMs. We recorded
the median margin doses at the first (median, 20Gy; range, 12–23Gy; AVM volume, 0.026–31.3mL) and subsequent procedures (me-
dian, 18 Gy; range, 12–23Gy; AVM volume, 0.048–9.2mL).

RESULTS: After the first treatment, radiologic radiation-induced changes developed in 48 (32%) patients, eight of whom had symp-
tomatic changes. After repeat gamma knife radiosurgery, 16 of 25 patients achieved complete AVM obliteration (64%). The develop-
ment of radiation-induced changes after the first treatment was significantly associated with successful obliteration by subsequent
radiosurgery (OR ¼ 24.0, 95% CI 1.20–483, P ¼ .007). Radiation-induced changes occurred in only 5 (20%) patients who underwent
a second gamma knife radiosurgery, one of whom experienced transient neurologic deficits. Between the first and repeat gamma
knife radiosurgery procedures, there was no significant difference in radiologic and symptomatic radiation-induced changes (P ¼
.35 and P ¼ 1.0, respectively).

CONCLUSIONS: Radiation-induced changes after the first gamma knife radiosurgery were associated with AVM obliteration after a
repeat procedure. The risk of symptomatic radiation-induced changes did not increase with retreatment. When the first procedure
fails to achieve complete AVM obliteration, a favorable outcome can be achieved by a repeat gamma knife radiosurgery, even if
radiation-induced changes occur after the first treatment.

ABBREVIATIONS: GKRS ¼ gamma knife radiosurgery; RICs ¼ radiation-induced changes

Gamma knife radiosurgery (GKRS) is a standard treatment for
patients with intracranial AVMs. Total obliteration rates

vary from 60% to 80% during the 3- to 5-year period after the first
GKRS procedure.1,2 If the first procedure fails to achieve complete
obliteration, the hemorrhage risk will persist.3 Additional treat-
ments may include repeat GKRS, resection, endovascular emboli-
zation, or any combination thereof.

The most frequent complications after GKRS for AVMs are
radiation-induced changes (RICs), which typically occur 6–
18months after treatment and before AVM occlusion.4 These

manifest on follow-up MR imaging as perinidal T2WI radio-
graphic changes.5 Although most RICs are asymptomatic, some
are accompanied by focal neurologic deficits.4,6 We do not
know if the risk of symptomatic RICs is greater after repeat
GKRS than after the first treatment.7 The relationship between
RICs and AVM obliteration is also unclear. We addressed these
questions through a retrospective review of repeat GKRS out-
comes in patients with AVM and histories of RICs after the first
treatment. We evaluated RIC incidence, factors associated with
total obliteration, and hemorrhage risk.

MATERIALS AND METHODS
Patient Population
The National Cerebral and Cardiovascular Center’s ethics commit-
tee approved this study (M30-013). We retrospectively reviewed
consecutive patients with AVMs treated with GKRS at our insti-
tution between January 2002 and December 2020. This study
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excluded patients who had been treated by volume-staged
GKRS or who had,1 year of follow-up.

We additionally included patients who died of cerebral hemor-
rhage during follow-up without an MRA because they presumably
had patent AVMs.

Radiosurgical Technique
All GKRS procedures were performed using a Leksell Gamma
Knife model B (2002–2009), model 4C (2009–2019), or Icon
(2020) (Elekta). Patients underwent biplane stereotactic angiogra-
phy, 1.5T MR T2WI, TOF, and CT for dose planning. This plan
was designed to minimize the risk of radiation-induced complica-
tions as predicted by the nidus volume and the radiosensitivity of
the brain location.

The marginal dose was planned as 50% of the maximum pre-
scription dose and included the entire AVM nidus volume. The
median prescription dose delivered to the nidus margin was
20Gy (range, 12–23Gy); the median AVM volume was 3.51mL
(range, 0.026–31.3mL) for the first GKRS. For repeat procedures,
the median prescription dose was 18Gy (range, 12–23Gy) and
the median AVM volume was 0.77mL (range, 0.048–9.2mL).

When the AVM volume exceeded 10mL, planned volume-
staged GKRS was considered. The total AVM nidus volume was
outlined on MR imaging and divided into approximately equal
volumes based on anatomic landmarks such as major feeding
arteries. The second procedure was scheduled 3–6months after
the first treatment.

In principle, repeat GKRS was considered if the AVM was pat-
ent 3–4 years after the first procedure and if there were no AVM
composition changes evident on MR imaging. If the MR imaging
follow-up showed an ongoing obliteration process, there should
be a 5-year waiting period for additional treatment after the initial
GKRS. In the present study, there were no AVM shrinkage cases
.5 years after the initial GKRS. Direct surgery, with or without
embolization, was considered in cases with persistent dural feeders
or bleeding after the first GKRS.

Patient Outcomes and Data Collection
We recorded each patient’s age, sex, follow-up period, rupture
history, Spetzler-Martin grade, previous embolization, AVM
score, venous drainage, AVM location, AVM volume, and radia-
tion dose.8 The modified Pollock-Flickinger AVM grading score
was calculated as follows: Score¼ (0.1) (Volume in mL)1 (0.02)
(Age in Years) 1 (0.5) (Location: Basal Ganglia, Thalamus, or
Brainstem ¼ 1, Others ¼ 0).9 The statistical end points were
complete AVM nidus obliteration, RIC development, delayed
cyst formation, and hemorrhage. The volume change ratio was
calculated as follows: Target Volume at the First GKRS/Target
Volume at Repeat GKRS.10

After GKRS, MRAs and MRIs were reviewed every 3–
4months. T2WI and FLAIR hyperintensity images were assessed
on brain MR imaging. RICs were defined as new lesions with
increased T2WI or as FLAIR imaging changes surrounding the
treated nidus. Radiologic RICs included any MR imaging evi-
dence of perinidal T2-weighted hyperintensities post-GKRS.
Symptomatic RICs were considered radiologic RICs associated

with new or worsening neurologic symptoms. In this study,
unless otherwise specified, RICs refers to radiologic RICs.

If MR imaging/MRA findings in patients with at least a 1-year
follow-up were consistent with obliteration, then cerebral angiog-
raphy was requested to confirm the obliteration. A few study
patients refused to undergo follow-up conventional angiography.
For those patients, obliteration was evaluated on the basis of the
most recent MR imaging results. On the MR imaging/MRA
study, total AVM obliteration after radiosurgery was defined as
the complete absence of the former nidus based on T2-weighted
imaging and 3D-TOFMRA.

Statistical Analysis
All statistical analyses were performed using EZR software
(https://www.jichi.ac.jp/saitama-sct/SaitamaHP.files/windowsEN.
html).11 Kaplan-Meier survival analysis was performed to calcu-
late obliteration and hemorrhage rates. The log-rank test was
used to assess survival curve differences. Univariate analysis was
used to evaluate patient characteristics at the first and repeat
GKRS and relevant factors affecting total AVM obliteration. In
detail, the Fisher exact test was performed to assess the following:
1) the male/female ratio, 2) the relationship between obliteration
and AVM characteristics (rupture, deep drainage, location, elo-
quent cortex within adjacent brain tissue, prior embolization,
.50% reduction in volume after the first GKRS, and RICs), and
3) incidences of RIC or cyst formation after the first and repeat
GKRS. The Mann-Whitney U test was used to evaluate the rela-
tionship between obliteration and continuous data describing
AVM characteristics (AVM score, AVM volume, and margin
dose) and the AVM volume change ratio after the first and
repeat GKRS. Continuous data are expressed as the mean (SD).
P values, .05 were considered statistically significant. We per-
formed the calculations for diagnosis-to-first GKRS, first
GKRS-to-obliteration or repeat treatment, and post-repeat-
GKRS periods. The annual hemorrhage rate was calculated as
the hemorrhagic events number during the predefined period
divided by the sum of the duration of individual observation
periods.

RESULTS
Patient Demographics
During the study period, 175 patients with 178 AVMs underwent
GKRS in our department. Of these, 4 patients had been treated
by volume-staged GKRS and were excluded from this study.
Moreover, 21 patients with 24 AVMs were excluded due to fol-
low-up durations of,1 year (n ¼ 9) and incomplete clinical data
(n ¼ 12). This exclusion left 150 patients with 150 AVMs in the
first GKRS group. Complete obliteration following the first
GKRS was achieved in 104 (67.5%) patients. Of the 46 patients
with incomplete obliteration, 25 underwent repeat GKRS (repeat
GKRS group). Four patients underwent surgery after the first
GKRS, 3 for nidus removal due to rupture of the residual nidus
and 1 for an AVF. Eight patients refused additional treatment,
and 7 patients were lost to follow-up (Online Supplemental
Data). Two patients died due to hemorrhage.

The median ages of the first and repeat GKRS groups were 37
(range, 9–79) and 39 (range, 14–69) years, respectively (Table 1).
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The median follow-up durations after the first and repeat GKRS
were 102 (range, 15–221 months) and 79months (range, 22–209
months), respectively. On average, repeat GKRS was performed
58months (range, 36–94 months) after the first procedure.

AVM Characteristics
Before diagnosis, 53 AVMs (35.3%) presented with hemorrhage
(Table 2). The Spetzler-Martin grades were grade I/II in 80
(53.3%) and grades III/IV/V in 70 (46.7%). The median AVM
score was 1.19 (range, 0.289–3.92). The AVMs were located in cer-
ebral lobar (n ¼ 112; 74.7%), thalamus/basal ganglia/brainstem
(n ¼ 22; 14.7%), and cerebellar (n ¼ 16; 10.7%) regions; notably,

82 (54.6%) were present in eloquent areas.8 The median AVM
volume was 3.51mL (range, 0.026–31.3 mL).

At the time of repeat GKRS, 18 AVMs (72%) had hemorrhage
histories (Table 3). Among these patients, one had a hemorrhage
before and after the first treatment and one had a hemorrhage after
the first procedure with no previous bleeding history. The Spetzler-
Martin grades were grade I/II in 5 (20%) and grade III/IV/V in 20
(80%). The median AVM score was 1.17 (range, 0.320–2.20). The
AVMs requiring repeat GKRS were located in cerebral lobar (n ¼
13; 52%), thalamus/basal ganglia/brainstem (n ¼ 10; 40%), and
cerebellar regions (n ¼ 2; 8%); 17 (68%) were present in eloquent
areas. The median AVM volume was 0.77mL (range, 0.048–9.2).

Outcomes of the First GKRS
Of the 150 patients, 104 achieved com-
plete obliteration (69.3%) after the first
GKRS. Of these, 64 were confirmed by
catheter DSA. The overall obliteration
rates 4, 5, 7, and 10 years after the first
GKRS were 49.7%, 65.8%, 80.1%, and
97.0% (Online Supplemental Data).
Univariate analysis demonstrated that

Table 2: AVM characteristics and factors associated with obliteration at initial GKRS
Total No.
(n = 150)

Obliteration
(n = 104) (69.3%)

Incomplete Obliteration
(n = 46) (30.7%) P Value

Rupture (No.) (%) 53 (35.3) 33 (31.7) 20 (43.5) .13
Spetzler-Martin grade (No.) (%) ,.001
I/II 80 (53.3) 68 (65.4) 12 (26.1)
III/IV/V 70 (46.7) 36 (34.6) 34 (73.9)
Median AVM score (range) 1.19 (0.289–3.92) 1.16 (0.289–2.23) 1.28 (0.302–3.92) .05
Deep drainage (No.) (%) 86 (57.3) 54 (52.0) 32 (69.6) .04
Location (No.) (%) .016
Lobar 112 (74.7) 80 (76.9) 32 (69.6)
Thalamus/basal ganglia/brainstem 22 (14.7) 10 (9.6) 12 (26.1)
Cerebellum 16 (10.7) 14 (13.5) 2 (4.3)

Eloquent cortex of adjacent brain (No.) (%) 82 (54.6) 50 (48.1) 32 (69.6) .02
Prior embolization (No.) (%) 15 (10.0) 10 (9.6) 5 (10.9) .77
Median AVM volume (range) (mL) 3.51 (0.026–31.3) 1.51 (0.026–13.6) 3.6 (0.027–31.3) .007
Median margin dose (range) (Gy) 20 (12–23) 20 (12–23) 18 (12–23) ,.001

Table 1: The demographics of patients with AVMs of the brain at initial and repeat GKRS

Initial GKRS Repeat GKRS P Value
No. 150 25
Male (No.) (%) 85 (56.7) 10 (40) .12
Median age (range) (yr) 37 (9–79) 39 (14–69) .55
Median follow-up after each GKRS (range) (mo) 102 (15–221) 79 (22–209) .01
Median interval between the initial and repeat
GKRS (range) (mo)

– 58 (36–94) –

Note:—The dash (–) indicates not applicable.

Table 3: AVM characteristics and factors associated with obliteration after repeat GKRS

Total No.
(n = 25)

Obliteration
(n = 16) (64%)

Incomplete
Obliteration
(n = 9) (36%) P Value

Rupture (No.) (%) 18 (72) 11 (69) 7 (78) 1.0
Spetzler-Martin grade (No.) (%) .62
I/II 5 (20) 4 (25) 1 (11)
III/IV/V 20 (80) 12 (75) 8 (89)
Median AVM score (range) 1.17 (0.320–2.20) 1.25 (0.675–2.20) 0.86 (0.320–1.95) .12
Deep drainage (No.) (%) 17 (72) 10 (63) 7 (78) .66
Location (No.) (%) .85
Lobar 13 (52) 9 (57) 4 (44)
Thalamus/basal ganglia/brainstem 10 (40) 6 (38) 4 (33)
Cerebellum 2 (12) 1 (6.3) 1 (11)
Eloquent cortex of adjacent brain (No.) (%) 17 (68) 11 (69) 6 (67) 1.0
Prior embolization (No.) (%) 6 (25) 4 (25) 2 (22) 1.0
Median AVM volume at initial GKRS (range) (mL) 3.70 (0.03–31.3) 4.90 (0.06–31.3) 3.5 (0.42–12.3) .80
Median AVM volume at repeat GKRS (range) (mL) 0.77 (0.048–9.2) 0.59 (0.054–9.2) 0.77 (0.048–4.1) .93
Median margin dose (range) (Gy) 18 (14–20) 20 (14–20) 18 (16–20) .36
.50% Reduction in volume after initial GKRS (No.) (%) 19 (76) 12 (75) 7 (77.8) 1.0
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complete obliteration was associated with Spetzler-Martin grade
(P ,.001), deep drainage (P ¼ .04), lesions within eloquent areas
of adjacent brain cortex (P ¼ .02), AVM volume (P ¼ .007), and
prescribed margin dose (P ,.001) (Table 2). Location was also

significantly related to AVM obliteration (P ¼ .016) because a
Bonferroni correction found P, .017 to be statistically significant.

After the first GKRS, RICs occurred in 50 patients (33.3%).
Table 4 shows the relationship between RIC and AVM oblitera-
tion. Of the 104 patients who achieved AVM obliteration after the
first GKRS, 34 (32.7%) developed RICs. Of the 46 with incomplete
obliteration, 16 (34.8%) developed RICs. Thus, RIC development
after the first GKRS appeared not to be related to AVM oblitera-
tion (OR¼ 0.91; 95% CI, 0.44–1.89; P ¼ .85). Kaplan-Meier anal-
ysis also revealed that RICs were not significantly related to
obliteration after the first GKRS (P ¼ .12) (Fig 1A). In 50 patients
with incomplete obliteration after the first treatment, 25 patients
with 25 AVMs underwent repeat GKRS.

Outcome and Obliteration Predictors of Repeat GKRS
After repeat GKRS, 16 (64%) of the 25 patients with 25 AVMs
achieved complete obliteration. Among these 16 patients, 3 were
confirmed by DSA and 13 were diagnosed on the basis of MR
imaging/MRA. The median interval between the first and repeat
GKRS was 58months (range, 36–94months), and the median fol-
low-up after repeat radiosurgery was 79 months (range, 22–209
months) (Table 1). Of the 18 (72%) patients with ruptured AVMs
at the repeat GKRS, 1 had hemorrhaged after the first GKRS with
no bleeding history before the first procedure. Overall oblitera-
tion 4, 5, and 7 years after repeat GKRS was achieved in 50.5%,
65.4%, and 76.9% (Online Supplemental Data). There was no sig-
nificant difference in the latency period before obliteration
between the first and repeat GKRS procedures (P ¼ .77).

Among 16 patients without RIC histories after the first GKRS,
7 (43.8%) achieved complete obliteration after the repeat proce-
dure. On the other hand, 9 patients who underwent repeat GKRS
had histories of RIC after the first treatment; all these patients
achieved complete obliteration (OR ¼ 24.0; 95% CI, 1.2–489;
P ¼ .007) (Table 4). Five patients showed RICs after repeat
GKRS. Three of these 5 patients achieved complete obliteration.
RIC development after repeat GKRS had no significant relation-
ship with obliteration (P ¼ 1.0).

Kaplan-Meier analysis found that patients with AVMs who
developed RICs after the first GKRS had a significantly higher
obliteration rate after a repeat procedure (P ¼ .03) (Fig 1B).
After repeat GKRS, the complete obliteration rates at 4, 5, and
7 years were 36.8%, 45.8%, and 56.7% for patients without RICs
after the first GKRS and 66.7%, 88.9%, and 100% for those with
RICs after the first GKRS. Factors associated with AVM oblitera-
tion after the first treatment (ie, Spetzler-Martin grade, deep
drainage, location, eloquent cortex of the adjacent brain, AVM
volume, and margin dose) were not significantly related to oblit-
eration after repeat GKRS (Table 3). Among patients with repeat
GKRS, the median AVM volume change rate after the first treat-
ment was 21.1% (range, 3.18%–231%) (Fig 2). The median AVM
volume change rates were 32.2% (range, 6.9%–205%) for patients
without RICs (n ¼ 16) and 10.2% (range, 3.18%–231%) for those
with RICs (n¼ 9) (P ¼ .01) (Fig 2).

Postradiosurgery Complications
After the first GKRS, 48 RICs (32%) were noted (Table 5).
Among these, 8 patients presented with neurologic deficits

Table 4: The relationship between the development of RICs
and AVM obliteration after each GKRS

Obliteration
Incomplete
Obliteration P Value

Initial GKRS (No.) 104 46
RICs (No.) (%) 34 (32.7) 16 (34.8) .85
Repeat GKRS (No.) 16 9
Radiologic RICs after
initial GKRS (No.) (%)

9 (56.3) 0 (0) .007

Radiologic RICs after
repeat GKRS(No.) (%)

3 (18.8) 2 (22.2) 1.0

FIG 1. A, Kaplan-Meier curve for the obliteration of AVMs after the
first GKRS. Cumulative complete obliteration of AVMs after the first
GKRS with or without the development of RICs. RIC development
was not significantly associated with AVM obliteration (P ¼ .12). The
dotted line represents AVMs without RICs (�), and the solid line,
those with RICs (1). B, Cumulative obliteration of AVMs after repeat
GKRS with or without the development of RICs after the first GKRS.
The development of RICs was significantly associated with AVM
obliteration (P ¼ .03).
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(including 6 with transient and 2 with permanent symptoms).
The transient neurologic deficits after the first GKRS included
seizures (n ¼ 2), upper-extremity weakness (n ¼ 2), sensory dys-
function (n ¼ 1), scintillating scotoma (n ¼ 1), and visual field
deficits (n ¼ 2). Permanent symptoms after the first GKRS
included impaired consciousness due to deep drainage conges-
tion (n¼ 1) and visual field deficits (n¼ 1).

After repeat GKRS, 5 (20%) patients developed RICs, includ-
ing one (4%) with symptomatic RICs, which led to transient scin-
tillating scotoma. Most important, no patients developed
permanent symptoms after repeat GKRS. One patient developed
RICs after both the first and repeat GKRS procedures; however,
both were asymptomatic. Delayed cyst formation occurred in 2
patients (1.3%) after the first GKRS; both were symptomatic. No
cysts were observed after repeat GKRS. The incidences of radio-
logic RIC, symptomatic RIC, and cysts did not significantly differ
between the first and repeat GKRS procedures (P ¼ .35, 1.0, and
0.56, respectively).

RICs and Postradiosurgery
Hemorrhages
Among patients with initial GKRS (n ¼
150), 1 hemorrhage event was docu-
mented between AVM diagnosis and
initial GKRS (median follow-up,
1.5months; range, 0.03–261 months);
thus, the annual hemorrhage risk before
initial GKRS was 0.71%/year.

During the latency interval after
the first GKRS and before obliteration
or additional treatment, 19 hemor-
rhages occurred in 15 (10%) patients
(median follow-up, 43months; range,
1–114 months). Only 2 patients died
due to hemorrhage. The overall annual
preobliteration hemorrhage risk was
2.5%/year for all AVMs after the initial
GKRS. Among the 15 patients who
experienced hemorrhage after the ini-
tial treatment, RICs developed in 6
patients (20%). In patients with RICs,
Kaplan-Meier analysis identified the
cumulative hemorrhage rates as 4.1%
at 1 year, 10.2% at 4 years, and 12.7%
at 10 years after the first GKRS, com-
pared with 4.0%, 7.0%, and 8.3%,
respectively, in patients without RIC
(Online Supplemental Data). The RIC
incidence after the first GKRS was not
related to the postradiosurgery cumu-
lative hemorrhage rate (P ¼ .44).

Among the 25 patients with repeat
radiosurgery, 2 events in 2 patients (8.0%)
were documented after repeat GKRS.
They also experienced hemorrhage
during the latency period between the
initial and repeat treatment (median
follow-up, 45months; range, 14–165

months). After the repeat GKRS, the annual hemorrhage risk
before obliteration was 1.8%/year. The median follow-up dura-
tion after AVM obliteration diagnosis was 61.7months (range,
0.0–178 months) for the patients with initial GKRS and
41.5months (range, 0.0–159 months) for those with repeat treat-
ment. After initial or repeat GKRS, no hemorrhage occurred after
AVM obliteration diagnosis.

DISCUSSION
Radiation-Induced Changes and AVMObliteration
RIC development after the first GKRS was significantly correlated
with complete obliteration after repeat radiosurgery. Of the 9
patients with RICs after the first GKRS who underwent repeat
GKRS, all achieved complete obliteration; in contrast, 43.8% (7/16
patients) of those without RICs after the first GKRS achieved com-
plete obliteration (P ¼ .007). Kaplan-Meier analysis also revealed
that RIC development after the first GKRS was associated with a

FIG 2. Radiation-induced changes and the volume change ratio of residual AVMs after
the first GKRS. The association between RIC development and AVM volume reduction
after the first GKRS. Among patients who underwent repeat GKRS, the median rate of
AVM volume change after the first treatment was 32.2% (range, 6.9%–205%) for patients
without RICs (�) and 10.2% (range, 3.18%–231%) for those with RICs (1), respectively
(P ¼ .01).

Table 5: The development of RICs and cyst formation after each GKRS in patients with
AVMs of the brain

Initial GKRS
(n = 150)

Repeat GKRS
(n = 25) P Value

Radiologic RICs (No.) (%) 48 (32) 5 (20) .35
Symptomatic RICs (No.) (% of radiologic RICs) 8 (17) 1 (20) 1.0
Cyst formation (No.) (%) 2 (1.3) 0 (0.0) .56
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significantly higher rate of obliteration after repeat GKRS (P ¼
.03).

Kano et al10 retrospectively reviewed 105 patients who under-
went repeat GKRS for incompletely obliterated AVMs and found
that greater volume reduction after the first procedure was signif-
icantly associated with complete obliteration after the repeat pro-
cedure (P ¼ .035). We also found that RIC development was
significantly associated with a higher volume reduction of the
AVM nidus after the first GKRS. This led to complete oblitera-
tion after repeating the procedure. We speculate that RICs might
represent radiologic reactivity in AVMs.

RICs could be epiphenomena of ongoing AVM oblitera-
tion.12,13 Yen et al12 reported that 62.8% of AVM cases that devel-
oped RICs achieved total obliteration versus 52.1% of those
without RICs (P, .001). They also found that AVMs with exten-
sive RICs were more likely to achieve total obliteration than those
with mild RICs. We found RICs to be associated with a higher vol-
ume reduction of the AVM nidus after failed obliteration after the
first radiosurgery (P ¼ .01) (Fig 2). RICs appear to indicate AVM
obliteration progress after GKRS.

The mechanisms underlying post-GKRS RICs are incom-
pletely understood but could be related to perinidal edema
resulting from tissue injury or venous congestion.4,14 Direct tis-
sue damage, especially to endothelial or glial cells, may damage
the blood-brain barrier, cause excessive production of free radi-
cals, and induce inflammation.4,14 Venous congestion–induced
imaging changes result from obstruction of venous outflow due
to AVM obliteration.15

Complications of Repeat GKRS
Our results indicated that repeat GKRS did not increase the risk
of symptomatic complications compared with the first proce-
dure. The development of RICs was 32% after the first GKRS
and 20% after repeat GKRS (P ¼ .35). After repeat GKRS, 1/25
(4%) patients demonstrated symptomatic RICs with transient
neurologic deficits. In contrast, 8/150 patients (5.3%) demon-
strated symptomatic RICs after the first procedure. The inci-
dence of symptomatic RICs was not higher after repeat GKRS
(P ¼ 1.0). One patient (4%) developed RICs after both the first
and repeat GKRS procedures; however, in both instances the
changes were asymptomatic. Delayed cyst formation occurred
in 2 patients (1.3%) after the first GKRS and was not observed
after the repeat procedure. Hence, repeat GKRS did not increase
the risk of delayed cyst formation (P ¼ .56) (Table 5).

In previous research, 30%–40% of AVMs developed RICs af-
ter the first GKRS; however, only 2.5%–10.8% developed symp-
tomatic RICs, with a minimal number having permanent
deficits.12,14,16 After repeat treatment for residual AVMs,
Karlsson et al17 reported an overall complication rate of up to
14%, higher than that observed after the first treatment.
However, many patients in their study underwent treatment in
the 1970s and early 1980s, when technologies such as stereotac-
tic 3D imaging for brain AVMs and refined dosimetric proto-
cols were not yet available.15,18 Studies that reviewed patients
who underwent repeat radiosurgery procedures during the late
1980s to 2000s found rates of symptomatic RICs ranging from
3.6% to 9.5% after repeat treatment.7,19 Therefore, we do not

expect repeat GKRS to increase the risk of complications com-
pared with the first GKRS.

Repeat Radiosurgery for Residual AVMs
The high obliteration rate on retreatment and the relatively low
risk of complications indicated that repeat GKRS for residual
AVMs is a safe and beneficial treatment option. Several studies
have found no difference in the AVM hemorrhage risk pre-to-
post-GKRS (incompletely obliterated).20 Additional treatments
are recommended to eliminate residual AVMs after the first
procedure.7,20

Large-scale studies have demonstrated the effectiveness of
repeat GKRS for residual AVMs, with total obliteration rates rang-
ing from 55% to 62%,7,18,19 concordant with our finding of 64%.
These authors concluded that patients who had a residual nidus
after the first treatment nonetheless demonstrated a substantial
therapeutic effect (volume reduction) and were encouraged to
undergo repeat GKRS.

Limitations
This study was limited by our relatively small patient cohort; sub-
sequent, well-powered studies are needed. Additionally, this study
was retrospective, and the external validity may be limited by
patient selection bias in our treatment algorithms. Throughout
our 15-year experience, our understanding of dose-volume rela-
tionships, conformality, treatment plan selectivity, and reliance on
both angiographic and 3D MR imaging data have gradually
changed. Patients treated in the latter years of this study likely
benefited from our greater knowledge and improved technique.
The incidence of GKRS-related complications and hemorrhage
may be slightly inaccurate because we excluded patients who had
volume-staged GKRS (n ¼ 4) and those with a follow-up period
of ,1 year (n ¼ 9) and incomplete clinical data (n ¼ 7).
Furthermore, careful longitudinal clinical follow-up studies are
needed to continue monitoring long-term complications after
GKRS.

CONCLUSIONS
RICs after the first GKRS are a favorable indicator of AVM oblit-
eration after repeat GKRS. Although RICs occurred in 25%–33%
of patients, most did not result in neurologic deficits and perma-
nent sequelae were uncommon. Moreover, the risk of sympto-
matic RICs after repeat GKRS is comparable with that following
the first procedure. When the first GKRS fails to achieve complete
obliteration and results in RICs, a favorable outcome can occur by
repeating the procedure.

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
FUNCTIONAL

Reliability of Functional and Diffusion MR Imaging Near
Cerebral Cavernous Malformations

M. Colasurdo, H. Chen, R. Navarra, E. Piccirilli, A. Delli Pizzi, V. Panara, and M. Caulo

ABSTRACT

BACKGROUND AND PURPOSE: Surgical resection of cerebral cavernous malformations close to eloquent regions frequently uses
fMRI and DTI for surgical planning to best preserve neurologic function. This study investigates the reliability of fMRI and DTI near
cerebral cavernous malformations.

MATERIALS ANDMETHODS: Consecutive patients with cerebral cavernous malformations undergoing presurgical fMRI and DTI mapping
were identified. Each cerebral cavernous malformation was hand-contoured; 2 sequential 4-mm expansion shells (S1 and S2) were cre-
ated, generating 2 ROIs and 2 contralateral controls. Fractional anisotropy and regional homogeneity measurements were then extracted
from each ROI and compared with the contralateral controls. Reliability, accuracy, and precision were compared as appropriate.

RESULTS: Fifty-four patients were identified and included. Errors of fractional anisotropy were significantly lower than those of re-
gional homogeneity in S1 and S2 (P, .001), suggesting that fractional anisotropy is more reliable than regional homogeneity near
cerebral cavernous malformations. Proximity to cerebral cavernous malformations worsened the reliability of regional homogeneity
(S1 versus S2, P, .001), but not fractional anisotropy (P ¼ .24). While fractional anisotropy was not significantly biased in any ROI
(P. .05), regional homogeneity was biased toward lower signals in S1 and S2 (P, .05), an effect that was attenuated with distance
from cerebral cavernous malformations (P, .05). Fractional anisotropy measurements were also more precise than regional homo-
geneity in S1 and S2 (P, .001 for both).

CONCLUSIONS: Our findings suggest that hemosiderin-rich lesions such as cerebral cavernous malformations may lead to artifac-
tual depression of fMRI signals and that clinicians and surgeons should interpret fMRI studies near cerebral cavernous malforma-
tions with caution. While fMRI is considerably affected by cerebral cavernous malformation–related artifacts, DTI appears to be
relatively unaffected and remains a reliable imaging technique near cerebral cavernous malformations.

ABBREVIATIONS: APE ¼ absolute percentage error; BOLD ¼ blood oxygen level–dependent; CCM ¼ cerebral cavernous malformations; DVA ¼ develop-
mental venous anomalies; FA ¼ fractional anisotropy; PE ¼ percentage error; ReHo ¼ regional homogeneity; S1 ¼ Shell1; S2 ¼ Shell2

Cerebral cavernous malformations (CCMs) are well-circum-
scribed and multilobulated vascular lesions lacking interven-

ing brain parenchyma1 that are often in close proximity to
developmental venous anomalies (DVA).2 Although many CCMs
are clinically silent and can be managed conservatively,3 some
lesions present with hemorrhage or refractory epilepsy,4 which
may necessitate neurosurgical or neuroradiosurgical intervention.

Optimal neurosurgical or neuroradiosurgical approaches
require a balance between gross total resection and preservation
of neurologic function, especially in eloquent brain regions.
Historically, fMRI and DTI have been used for surgical planning
in eloquent regions.5-8 However, the reliability of these techni-
ques near CCMs depends heavily on the assumption that signals
are not influenced by proximity to artifacts caused by vascular
lesions. CCMs often have intralesional hemosiderin deposits
with higher concentrations on their outer borders, and because
fMRI relies on capturing subtle changes in paramagnetism seen
with shifting concentrations of oxygenated and deoxygenated
hemoglobin, the nearby presence of superparamagnetic substan-
ces such as hemosiderin can potentially compromise the reli-
ability of fMRI signals near CCMs. Furthermore, both fMRI and
DTI sequences are echo-planar-based techniques, which could
also make them both susceptible to paramagnetism-related
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artifacts near vascular anomalies.9 To date, the overall reliability
of fMRI and DTI techniques for surgical planning near CCMs is
unclear.

This study investigates the reliability of fMRI and DTI near
CCMs. We hypothesize that proximity to CCMs may impair the
accuracy and precision of fMRI and DTI and that fMRI may be
more prone to artifacts than DTI.

MATERIALS AND METHODS
Consecutive patients who underwent presurgical mapping
with fMRI and DTI were retrospectively identified from June
2008 to June 2019 at a single institution performed at
Università degli Studi Gabriele d'Annunzio, Chieti e Pescara,
at the Department of Imaging and Neuroscience. Written
informed consent was obtained from all patients before under-
going MR imaging, and this study was approved by the local
Ethics Committee.

Patients with a diagnosis of CCM were then selected, and all
subjects without a diagnosis of CCM were excluded.

Additional exclusion criteria were the following: 1) the pres-
ence of multiple brain CCMs; 2) the presence of prior brain sur-
gery leading to significant distortion of images; 3) a CCM located
within the infratentorial compartment; or 4) a study performed
on magnets with field strengths lower than 3T (Fig 1).

Data Acquisition and Study Design
All patients underwent a standardized multimodal imaging proto-
col that included conventional and advanced MR images obtained
during a single imaging session (Table 1).

Images were acquired with a 3T MR imaging system (Achieva
X-Series; Philips Healthcare) using a sensitivity encoding 8-
channel head coil.

DTI, fMRI, and conventional MR imaging sequence images
from the scanner were converted to a Neuroimaging Informatics
Technology Initiative (NifTi) compressed format using the dcm2nii
tool fromMRIcron (https://www.nitrc.org/projects/mricron).

Each CCM was hand-contoured on T2 sequences using the
open-source software ITK-SNAP (http://www.itksnap.org/pmwiki/
pmwiki.php),10 and on the basis of the T2 segmentation, 2 sequen-
tial expansion shells (S1 and S2) were created with a thickness
measuring 4mm, generating 3 different ROIs surrounding the
lesions. Subsequently every ROI was flipped in the normal contra-
lateral hemisphere with the following originally created algorithm,
obtaining a total of 6 ROIs per subject. Shells were computed by 2
sequential dilations and subtraction of the main ROI. Flipped con-
trol ROIs were obtained by registration to Montreal Neurological
Institute space (which assures symmetric space) and then flipped
back to the original space. Registration among spaces was per-
formed using Advanced Normalization Tools (ANTs, http://stnava.
github.io/ANTs/) (Fig 2).11

Volumetric segmentation of 3D fast-field echo sequences was
performed with the FreeSurfer image analysis suite (http://surfer.
nmr.mgh.harvard.edu/) using procedures described in prior publi-
cations.12-15 Voxels corresponding to gray matter within the ROIs
were automatically segmented to calculate regional homogeneity
(ReHo).

Denoising steps were applied to DTI acquisitions then a low
b-value volume was extracted and skull-stripped. DTI indexes

were computed using FSL Toolbox dti-
fit (https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/
FDT/UserGuide#DTIFIT) with tensor
fitting with weighted least squares after
eddy current correction and gradient
direction rotation. Voxels with fractional
anisotropy (FA) values outside the range
(0,1) or negative diffusion were marked
and excluded from the ROIs.

ReHo. Whole-brain time courses from
residuals of the general linear model on
task-based fMRI acquisitions were
extracted using the FSL Toolbox FEAT
pipeline (https://fsl.fmrib.ox.ac.uk/fsl/
fslwiki/FEAT)16,17 after section time

Table 1: MR imaging parameters for conventional and advanced sequences
Sequences Parameters

3D turbo field-echo T1-weighted Sagittal acquisition; TR/TE ¼ 8.1, 3.7 ms; section thickness ¼ 1-mm isovoxel;
matrix ¼ 256 � 256

Turbo spin-echo T2-weighted Axial acquisition; TR/TE ¼ 3000/80 ms; section thickness ¼ 3 mm; matrix ¼ 420 � 272
FLAIR Axial acquisition; TR/TE ¼ 11,000/125 ms; matrix ¼ 320 � 200 ms; TI ¼ 2800 ms
T2*-weighted fast-field echo Axial acquisition; TR/TE ¼ 1061/16 ms; matrix ¼ 232 � 141
SWI Axial acquisition; TR/TE ¼ 31/7.2 ms; D TE ¼ 6.2 ms; matrix ¼ 288 � 235
DTI Single-shot spin-echo echo-planar imaging; TR/TE ¼ 6502/70 ms; matrix ¼ 112 � 110;

b-values ¼ 0–800 mm2/s; 32 diffusion-sensitive directions
BOLD functional imaging T2*-weighted echo-planar; TR/TE ¼ 2000/35 ms; matrix ¼ 96 � 96; flip angle ¼ 90°;

section thickness = 3 mm

FIG 1. Flow chart of study selection.
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and motion correction. Affine registration from EPI space to
structural space was performed using white-matter boundary
methods (BBR; https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FLIRT_BBR#:
�:text=The%20white-matter%20boundary%20is%20mapped%20to
%20the%20EPI,pair%20is%20used%20to%20calculate%20the
%20cost%20function) implemented on FSL Toolbox FLIRT.16-22

Analysis of Functional NeuroImages (AFNI; https://afni.
nimh.nih.gov/),23 the Functional and Tractographic Connectivity
Analysis Toolbox (FATCAT),24 and 3dReHo (https://afni.nimh.
nih.gov/pub/dist/doc/program_help/3dReHo.html)25 were used
to extract regional homogeneity from ROIs.

Qualitative Data Acquisition
Using conventional MR imaging sequences, 2 neuroradiologists
with 5 and 9 years of experience performed a qualitative evaluation
of each CCM in a consensus reading assessing the following char-
acteristics (Fig 3): 1) signs of rupture; 2) the presence of a nearby
developmental venous anomaly; 3) the presence of edema; 4) base-
line T1 signal hyperintensity; 5) T2 signal hyperintensity; 6) T2
hemosiderin ring features (categorized as regular, irregular, contin-
uous, discontinuous); 7) the thickness of the hemosiderin ring
(measured on T1, T2, T2*, and SWI); 8) maximum axial diameters
of the lesion (measured on T1, T2, T2*, and SWI); and 9) the pres-
ence of intra- or extralesional hematoma. If a hematoma was pres-
ent, then they also collected the following additional variables: 10)
the maximum thickness of the wall of the hematoma (measured
on T1, T2, T2*, and SWI); and 11) the maximum axial diameters
of the hematoma (measured on T1, T2, T2*, and SWI).

Statistical Analysis. To assess the reliability of ReHo and FA in
each ROI, we calculated the absolute percentage error (APE) by

dividing measurements in CCMs, S1, and S2 by measurements
in their respective contralateral (control) ROIs. APEs were com-
pared within and between imaging modalities using the
Wilcoxon matched-pairs signed-rank test. Adjusted P values
were calculated using the Bonferroni method; values, .05 were
statistically significant. To assess bias, percentage error (PE) was
log-transformed and outliers were removed using the ROUT
method with a Q of 1%; normal distribution was confirmed by
visual inspection as well as the Anderson-Darling test. One-
sample t tests were performed to identify significant bias in each
ROI from contralateral controls; P values, .05 were statistically
significant. Welch t tests were performed to identify significant
differences within and between modalities; adjusted P values
(calculated using the Bonferroni method) , .05 were statisti-
cally significant. Finally, to assess variance, we performed F-tests
of equal variances on normalized PEs, and comparisons were
made within and between modalities. The Bonferroni method
raw P values were multiplied by the number of comparisons to
keep the same .05 significance threshold. Adjusted P values (cal-
culated using the Bonferroni method) , .05 were statistically
significant.

RESULTS
Patient Characteristics
Fifty-four patients were identified and included in our study
(Online Supplemental Data). Forty-one percent were men, the me-
dian age was 42 years, and 85% of patients were right-handed.
Thirty-seven percent of lesions were on the left side, 65% were in
the frontal lobe, and 85% were superficial. Lesions had a median
maximum diameter of 16mm, and the median border thickness

FIG 2. Conventional T2 TSE showing a left frontal subcortical cavernous hemangioma. White and gray matter segmentations of ROIs of the first and
second expansion shells (4mm each) are seen in light blue. On the contralateral hemisphere, computation of control ROIs is shown in light red.

FIG 3. Images exemplifying qualitative data analysis in 2 different patients (A and C) with T2 TSE and T2 gradient sequences (B and C). A 43-year-
old woman with a superficial, previously ruptured left parietal CCM with a collection of qualitative characteristics. CCM maximum diameters
(red and green, A and B), hematoma maximum diameters (yellow and orange, A and B), and maximum thickness of hemosiderin rim thickness
(light blue, A and B). A 52-year-old man with a left subcortical CCM with measurement of maximum diameters (green and red, C and D) and max-
imum hemosiderin rim thickness (light blue, C and D).
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was 3.2mm. Forty-three percent of lesions had a nearby DVA, and
56% of CCMs were ruptured.

Absolute Error (Overall Reliability)
To assess the overall reliability of fMRI and DTI, we compared
ReHo and FA measurements in CCMs, S1 (0–4 mm from the
CCM borders), and S2 (4–8 mm from CCM borders) with
measurements in their respective contralateral control ROIs.
APRs were calculated, and these errors were compared between
groups (Table 2 and Fig 4A). Here, we found that ReHo had sig-
nificantly higher absolute errors than FA in S2 (15.0% versus
6.5%, adjusted P, .001) and S1 (25.1% versus 9.2%, adjusted
P, .001). Proximity to CCMs significantly worsened the reli-
ability of ReHo, with significantly higher errors in S1 than S2
(adjusted P, .001). On the other hand, proximity to CCMs did
not seem to significantly impact the reliability of FA (adjusted
P¼ .12) (Table 2).

Bias (Accuracy)
To identify sources of error for ReHo and FA measurements, we
assessed both modalities for possible measurement biases in
CCMs, S1, and S2 (Table 2 and Fig 4B). Statistically, bias repre-
sents a deviation of the average of measurements from a theoretic
mean, suggesting systemic over- or underestimation of true sig-
nals. Here, we found that ReHo measurements were significantly
biased toward lower signals in S1 and S2 (P, .001 and P ¼ .02,
respectively). Furthermore, this effect was increased with proxim-
ity to CCMs, as seen by a significantly larger bias in S1 than in S2
(�27.2 versus �8.3%, adjusted P, .001). On the other hand, FA
measurements were not significantly biased toward higher or
lower signals in CCMs, S1, or S2, and there were no differences in
bias of FA measurements among ROIs (P. .99). Finally, ReHo
was significantly more biased than FA in S1 (�27.2% versus
�0.3%, respectively; adjusted P, .001), but not in S2 (adjusted
P¼ .16) (Table 2).

Table 2: Errors, bias, and variance of ReHo and FA measurements near CCMsa

fMRI (ReHo)
Variable Shell 1: 0–4 mm Shell 2: 4–8 mm
Error, median APE (IQR) 25.1% (13.5–43.6) 15.0% (6.9–26.4)
Bias, mean PE (95% CI) �27.2% (�33.8 to �19.8)b �8.3% (�14.9 to �1.1)c

Variance, % deviation from mean 28.3%�39.5% 22.6%�29.2%

DTI (FA)
Variable Shell 1: 0–4 mm Shell 2: 4–8 mm
Error, median APE (IQR) 9.2% (4.4–17.6) 6.5% (2.1–11.7)
Bias, mean PE (95% CI) �0.3% (�4.1–4.8)d �0.1% (–3.1–2.9)e

Variance, % deviation from mean 14.6%�17.1% 10.4%�11.6%

ReHo vs FA: P value
Variable Shell 1: 0– 4mm Shell 2: 4–8 mm
Error ,.001 ,.001
Bias ,.001 .16
Variance ,.001 ,.001

Note:—IQR indicates interquartile range.
a P values of the 1-sample t test to identify statistically significant bias.
b,.001.
c .023.
d .90.
e .93.

FIG 4. Error, bias, and variance of ReHo and FA measurements near CCMs. A, Absolute errors of each ROI compared with their contralateral
controls (median with interquartile range and adjusted P values from the Wilcoxon matched-pairs signed-rank test). B, Biases of each ROI com-
pared with their contralateral controls. Mean with standard error of mean is shown. P values from 1-sample t tests are shown below the bars,
and adjusted P values from Welch t tests are shown above the bars (C). Variances of each ROI compared with their contralateral controls and
SDs are shown. Adjusted P values from F-tests for equality of variance are shown. P values or adjusted P values . .05 were deemed nonsignifi-
cant and marked as ns.
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Variance (Precision)
We also assessed the variance of measurements to investigate
whether differences in precision may have contributed to the dif-
ferences in overall reliability between ReHo and FA measure-
ments (Table 2 and Fig 4C). Statistically, variance represents the
spread of measurements around the measurement mean, provid-
ing a quantification of noise or inherent imprecisions within
measurement techniques. Here, we found that FA was signifi-
cantly more precise than ReHo in S1 and S2 (adjusted P, .001
for both). We also found that for ReHo, there were no significant
differences in precision between S1 and S2 (P ¼ .31), whereas for
FA, S2 had lower variance than S1 (P¼ .03) (Table 2).

Qualitative Associations
Finally, we investigated whether qualitative characteristics of CCMs
(eg, CCM location, size, border thickness, border morphology, T2-
signal intensity within CCMs, nearby DVA, CCM rupture, and so
forth) may have impacted the reliability of either imaging tech-
nique. We did not identify any characteristics of CCMs that
significantly impacted the overall reliability of ReHo or FA
measurements.

DISCUSSION
fMRI and DTI are cornerstones of optimal presurgical planning
for CCMs near eloquent brain areas;5-8,26-33 however, the reliabil-
ity of these techniques near vascular lesions such as CCMs is not
well-understood. In this study, we show the following: 1) fMRI is
prone to significant error near CCMs, likely due to hemosiderin-
induced artifactual depression of blood oxygen level–dependent
(BOLD) signals; and 2) DTI is largely accurate near CCMs and
does not appear to be significantly compromised by CCM-related
artifacts. These findings are original, and they provide valuable
insight into how to optimize preoperative planning for CCMs.
DTI and fMRI are often considered unreliable near vascular mal-
formations and are frequently overlooked by both neuroradiolo-
gists and neurosurgeons when considering preoperative planning
protocols. Although relatively surprising given the relative pau-
city of studies34-36 that have tried to address this matter, our find-
ings, especially the consistent, quantifiable reliability of DTI,
should encourage its frequent use in clinical practice.

ReHo, a mathematic technique to assess whether the BOLD
signal of a given voxel is similar to that of its neighbors, was chosen
as our primary measurement.25 Neuronal firing often occurs in re-
gional clusters, which can present as concordant BOLD signals
across multiple neighboring voxels. Thus, higher ReHo values indi-
cate higher concordance signals of a given voxel with its neighbors,
which can be a marker of resting-state functional connectivity.37

Our results demonstrate that ReHo values are prone to large errors
near CCMs, likely driven by CCM-related artifacts. Hemosiderin, a
superparamagnetic blood-degradation product rich in Fe31 can
cause substantial signal distortions near CCMs and alter BOLD sig-
nals. Given that BOLD signals rely on measuring subtle changes in
paramagnetism, the overwhelming superparamagnetism of hemo-
siderin near CCMs can significantly compromise the sensitivity of
fMRI to detect subtle paramagnetic shifts. Substantial BOLD signal
distortions near CCMs can result in low values of ReHo due to
increased heterogeneity; thus, it is not surprising that our findings

show high measurement errors of ReHo near CCMs and that these
errors attenuate with distance from CCMs.

In stark contrast, FA measurements near CCMs are largely
accurate. Unlike BOLD signals, DTI signals do not directly assess
changes in paramagnetism; thus, hemosiderin deposits near
CCMs would be expected to have little impact on DTI measure-
ments. Of note, because fMRI and DTI both use echo-planar
sequences, they may have gross geometric image distortions from
susceptibility artifacts due to relatively long gradient-echo trains.9

However, we did not observe significant measurement errors
near CCMs for DTI, suggesting that this phenomenon likely plays
a minimal role and that the errors seen with fMRI are likely unre-
lated to this general limitation of echo-planar-based imaging.

Most interesting, qualitative characteristics postulated to con-
tribute to signal artifacts near CCMs were not significantly associ-
ated with differences in errors for either fMRI or DTI. While the
lack of statistical significance is likely due to the nature of the
sample size and the lack of statistical power, it is also possible that
there may be some degree of underlying change in the brain pa-
renchyma near CCMs that gives rise to changes in MR imaging
signals. For example, hemosiderin rims can cause neuronal hyper-
excitability and have been proposed as a possible etiology of epi-
lepsy. Thus, functional derangements and astrogliosis38 near
CCMs may ensue, causing changes in fMRI and DTI signals.
While this hypothesis might be plausible, our study is not con-
ceived or powered to assess the degree of astrogliosis adjacent to
CCMs and its potential interactions with fMRI. Furthermore,
fMRI and DTI both had some imprecision near CCMs, also con-
tributing to overall errors. Unlike the artifactual signal depression
seen with ReHo, these imprecisions were not strongly associated
with proximity to CCMs; thus, they may be intrinsic to their spe-
cific signal resolutions. Low precision can potentially be overcome
with the use of multishot sequences or parallel imaging. Despite
reduction of the echo-train length and the use of stronger magnets
that could improve precision, these strategies may exponentiate
susceptibility-related artifacts.

Our study has limitations. First, while resting-state fMRI
allows us to reliably compare signals to contralateral control ROIs,
task-based fMRI may provide more valuable and direct informa-
tion on the functional relevance of areas near CCMs. Nonetheless,
our observation that BOLD signals may be depressed near CCMs
would also be expected to affect task-based fMRI. Second, we used
resting periods during task-based fMRI studies for our analysis.
This methodology exposes our data to potential inaccuracies as
changes in cerebral blood flow, thus, BOLD signals, may persist
after tasks and create signal biases during resting states. Next, our
use of contralateral ROIs as controls relies on the assumption that
the human brain is symmetrically organized. While past studies
provide evidence for organizational symmetry,39-41 there are in-
evitably differences between hemispheres within each subject.
Finally, our study population included MR imaging examinations
obtained during 11 years, and changes in study protocols with
time may introduce heterogeneity.

CONCLUSIONS
Our results are consistent with the hypothesis that hemosiderin-
rich lesions such as CCMs may lead to artifactual depression of
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fMRI signals and that clinicians and surgeons should interpret
fMRI studies near CCMs with caution. While fMRI is signifi-
cantly affected by CCM-related artifacts, DTI appears to be rela-
tively unaffected and remains a reliable imaging technique near
CCMs. Future studies should further elucidate the mechanisms
underlying these findings and develop mitigating strategies to
improve the accuracy and precision of these imaging modalities.

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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Connectomic Basis for Tremor Control in Stereotactic
Radiosurgical Thalamotomy

E.H. Middlebrooks, R.A. Popple, E. Greco, L. Okromelidze, H.C. Walker, D.A. Lakhani, A.R. Anderson,
E.M. Thomas, H.D. Deshpande, B.A. McCullough, N.P. Stover, V.W. Sung, A.P. Nicholas, D.G. Standaert, T. Yacoubian,

M.N. Dean, J.A. Roper, S.S. Grewal, M.T. Holland, J.N. Bentley, B.L. Guthrie, and M. Bredel

ABSTRACT

BACKGROUND AND PURPOSE: Given the increased use of stereotactic radiosurgical thalamotomy and other ablative therapies for
tremor, new biomarkers are needed to improve outcomes. Using resting-state fMRI and MR tractography, we hypothesized that a “connec-
tome fingerprint” can predict tremor outcomes and potentially serve as a targeting biomarker for stereotactic radiosurgical thalamotomy.

MATERIALS AND METHODS:We evaluated 27 patients who underwent unilateral stereotactic radiosurgical thalamotomy for essen-
tial tremor or tremor-predominant Parkinson disease. Percentage postoperative improvement in the contralateral limb Fahn-Tolosa-
Marin Clinical Tremor Rating Scale (TRS) was the primary end point. Connectome-style resting-state fMRI and MR tractography
were performed before stereotactic radiosurgery. Using the final lesion volume as a seed, “connectivity fingerprints” representing
ideal connectivity maps were generated as whole-brain R-maps using a voxelwise nonparametric Spearman correlation. A leave-
one-out cross-validation was performed using the generated R-maps.

RESULTS: The mean improvement in the contralateral tremor score was 55.1% (SD, 38.9%) at a mean follow-up of 10.0 (SD,
5.0) months. Structural connectivity correlated with contralateral TRS improvement (r ¼ 0.52; P ¼ .006) and explained 27.0% of the
variance in outcome. Functional connectivity correlated with contralateral TRS improvement (r ¼ 0.50; P ¼ .008) and explained
25.0% of the variance in outcome. Nodes most correlated with tremor improvement corresponded to areas of known network
dysfunction in tremor, including the cerebello-thalamo-cortical pathway and the primary and extrastriate visual cortices.

CONCLUSIONS: Stereotactic radiosurgical targets with a distinct connectivity profile predict improvement in tremor after treat-
ment. Such connectomic fingerprints show promise for developing patient-specific biomarkers to guide therapy with stereotactic
radiosurgical thalamotomy.

ABBREVIATIONS: BOLD ¼ blood oxygen level–dependent MRI; DBS ¼ deep brain stimulation; DRTT ¼ dentato-rubro-thalamic tract; SMS ¼ simultaneous
multislice; SRS ¼ stereotactic radiosurgery; TRS ¼ Fahn-Tolosa-Marin Clinical Tremor Rating Scale; VIM ¼ ventral intermediate nucleus

Tremor is a debilitating neurologic condition that is seen with
multiple disorders, most commonly in essential tremor and

Parkinson’s disease.1 Patients who are refractory to pharmacologic

therapies are potentially candidates for surgical intervention.

Deep brain stimulation (DBS) is the current criterion standard
surgical treatment; however, not all patients are candidates or

wish to undergo DBS. Recently, there has been a resurgence in

ablative therapies using incisionless ablative techniques such as
stereotactic radiosurgery (SRS) and MR imaging–guided focused

ultrasound. While ablative treatment mechanisms might overlap
with DBS, little is known on the connectomics of SRS and tremor

improvement.
In contrast to traditional “localizationist” models of the brain,

a more recent shift to a network, or “connectomic,” model has
greatly enhanced our understanding of brain function and pathol-
ogy.2 Such a shift has also occurred in the realm of neuromodula-
tion with recognition of many disorders as “circuitopathies”3 and
the need for targeted network surgery, or “connectomic surgery.”4

The connectomic model, using MR tractography as a measure of
structural connectivity and resting-state fMRI as a measure of
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functional connectivity, has been previously applied to better
understand treatment effects in DBS surgery.5-22 In treatment of
tremor, this has led to the consolidation of the role of the cere-
bello-thalamo-cortical sensorimotor network in explaining many
previously reported “sweet spots” in the DBS literature.5-14

To date, there has been limited application of the connectomic
model to SRS in tremor. Using a combination of resting-state
functional MR imaging and MR tractography, we explored
whether the therapeutic network for SRS in treatment of tremor
displays a “connectome fingerprint” that correlates with tremor
improvement. Identification of such a network may provide fur-
ther insight into the mechanism of tremor improvement and
guide targeting in SRS. We also hypothesized that the similarity
of any patient's individual connectivity map to the connectome
fingerprint of tremor improvement will predict his or her meas-
ured tremor improvement, which may establish feasibility for the
potential of connectivity fingerprints to guide SRS targeting.

MATERIALS AND METHODS
This prospective clinical trial was approved by the University of
Alabama at Birmingham institutional review board. All patients
gave verbal and written consent. The trial was registered at https://
www.clinicaltrials.gov/ under trial NCT03305588. Subjects were
recruited in collaboration with the University of Alabama at
Birmingham Neurology, Neurosurgery, Movement Disorders, and
Radiation Oncology Departments. Patients with medically refrac-
tory essential tremor or tremor-dominant Parkinson disease older
than 18 years of age with Eastern Cooperative Oncology Group
Performance Status of#2 were included. Patients were not candi-
dates for DBS on the basis of either medical/surgical comorbidities
or by their own choice. Patients were ineligible if they had prior
brain radiosurgery or therapeutic brain radiation therapy or if
there was a contraindication to MR imaging.

Imaging Protocol
Before thalamotomy, patients were scanned on a 3T Magnetom
Prisma (Siemens) scanner with a high-performance, 80mT/m
gradient system and a 64-channel head/neck coil. Patients’ heads
were tightly packed in the head coil to minimize motion.

Diffusion imaging was obtained with a spin-echo EPI sequence
using simultaneous multislice (SMS) excitation. A total of 64 dif-
fusion directions were obtained with a b-value¼ 1500 s/mm2 plus
6 B0 volumes without diffusion-weighting. The diffusion scan was
repeated with an opposing phase-encoding direction for distortion
correction. Additional relevant parameters include TR ¼ 3.3 sec-
onds, TE ¼ 90 ms, SMS factor ¼ 4, in-plane acceleration ¼ 2,
phase partial Fourier ¼ 6/8, receiver bandwidth ¼ 1232Hz/px,
echo spacing ¼ 0.94ms, EPI factor ¼ 140, in-plane resolution ¼
1.5 � 1.5mm, section thickness ¼ 1.5mm, with scan time ¼ 4
minutes and 21 seconds per acquisition.

A connectome-style resting-state fMRI was acquired with a
multiecho blood oxygen level–dependent (BOLD) gradient-echo
EPI sequence using SMS excitation. The temporal SNR of BOLD
imaging is generally lower in subcortical regions due to many fac-
tors, including the distance from the receive coil and increased
physiologic noise. To address this issue, we used a multiecho
BOLD approach that significantly improves subcortical

connectivity measures.23 Additionally, the use of a reduced TR
with high spatial resolution and a long, connectome-style BOLD
acquisition has all been shown to improve the statistical analysis
of resting-state fMRI data. Relevant parameters include the fol-
lowing: TR ¼ 1.5 seconds, echo times ¼ 12.4, 34.3, and 56.2ms,
flip angle¼ 65°, SMS factor¼ 4, in-plane acceleration ¼ 2, phase
partial Fourier ¼ 6/8, receiver bandwidth ¼ 1850Hz/px, echo
spacing ¼ 0.66ms, EPI factor ¼ 81, in-plane resolution ¼ 2.0 �
2.0mm, section thickness ¼ 2.0mm. The scan was repeated with
opposing phase-encoding directions to account for directional
bias. A total of 1180 measurements were obtained with a total
scan time of 31 minutes and 28 seconds.

A T1-weighted MPRAGE sequence was used for structural
registration and performed before SRS. At 3 months after SRS,
3D T1-weighted images were repeated with intravenous contrast.
See the Online Supplemental Data for sequence details.

SRS Procedure
Frameless SRS was performed using a thermoplastic mask with an
open face molded to the patient’s head. Plans were created using
the Eclipse treatment planning system (Varian Medical Systems),
and the dose was calculated using either the Analytical Anisotropic
Algorithm or AcurosXB algorithm (Varian Eclipse Treatment
Planning System) with grid spacing of 1mm. Patients were treated
using an Edge (Varian) linear accelerator equipped with a high-
definition multileaf collimator and a 10MV flattening-filter-free
beam by using the virtual cone technique.24 Optical surface guid-
ance was used to monitor the patient position during treatment.25

For full details of the procedure, see the Online Supplemental Data
.

Clinical Testing
Before SRS, a baseline Fahn-Tolosa-Marin Clinical Tremor Rating
Scale (TRS) was assessed. The TRS was repeated at each follow-up
assessment after SRS, and the last documented TRS score was
used for analysis. TRS was assessed by a single examiner who was
blinded to the imaging results at the time of assessment. The pri-
mary outcome measure for the study was a percentage decrease in
contralateral upper and lower body tremors, measured as the sum
of the lateralized TRS scores from Part I on the body side opposite
of the treatment hemisphere. Any disease-related medications
were maintained at preoperative doses for follow-up.

Image Preprocessing
The postoperative postcontrast T1-weighted images were coregis-
tered to the preoperative T1-weighted images using Advanced
Normalization Tools (http://stnava.github.io/ANTs/). The final
lesion location was manually segmented as the enhancing region
on the 3-month postoperative postcontrast T1-weighted images.

The diffusion data underwent eddy current correction, sec-
tion-to-volume movement correction, and outlier replacement in
FSL “eddy_cuda” (https://git.fmrib.ox.ac.uk/fsl/conda/fsl-eddy-
cuda) on a custom-built Linux workstation using 3 NVIDIA
Quadro P5000 GPUs. Susceptibility-induced distortions were
corrected with FSL “topup” (https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/
topup) using the repeat acquisitions in opposing phase-encoding
directions.26 FSL “BEDPOSTX_GPU” (https://users.fmrib.ox.ac.
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uk/�moisesf/Bedpostx_GPU/) was used to estimate the orienta-
tion distribution functions with 3 fiber orientations modeled per
voxel. The diffusion data were coregistered to the T1 MPRAGE
using a boundary-based registration implemented in FreeSurfer
(http://surfer.nmr.mgh.harvard.edu). An exclusion mask was
generated to include the ventricles and contralateral hemisphere
white matter.

The multiecho BOLD data were initially preprocessed in AFNI,
Version 22.0.06 (https://afni.nimh.nih.gov/). Preprocessing steps
included realignment, spatial smoothing of 4-mm full width at half
maximum, and coregistration to the T1 MPRAGE. Denoising of
the data was performed with multiecho independent component
analysis using TE-dependent analysis implemented in AFNI. Last,
motion censoring (framewise displacement of .0.3mm) and out-
lier detection were performed using default values in AFNI. Global
mean signal regression and regression of motion parameters were
also performed.

Connectome Generation
Probabilistic tractography was performed using “probtrackx2_gpu”
(https://users.fmrib.ox.ac.uk/�moisesf/Probtrackx_GPU/index.
html) from the FMRIB Software Library, Version 6.0.3 (http://

fsl.fmrib.ox.ac.uk) in each of the sub-
jects, with 250,000 samples, a curvature
threshold of 0.2, modified Euler stream-
lining (https://mycareerwise.com/pro-
gramming/category/numerical-analysis/
modified-euler-method), and a step
length of 0.5mm. A region-of-avoid-
ance was added to exclude the internal
capsule and deep white matter of the
contralateral hemisphere. Because no
plausible fibers or existing evidence
implicates tracts connecting the thala-
mus with the contralateral hemisphere
via the capsular fibers, such connections
are most likely spurious fibers and their
inclusion leads to an artificial increase
in directions of freedom with resulting
inflation of P values. Probabilistic trac-
tography was performed using the seg-
mented lesion as the seed region to
generate “lesion tract maps” of all tracts
passing through the lesion (Fig 1).

The preprocessed BOLD resting-
state fMRI data underwent a seed-based
correlation analysis across the entire
brain for each subject using the seg-
mented lesion as the seed point to gen-
erate a whole-brain “lesion connectivity
map” (Fig 1). The resulting t-maps were
used for subsequent analysis.

The structural images, lesion con-
nectivity maps, and lesion tract maps
were then normalized into Montreal
Neurological Institute template space, as
described in the Online Supplemental

Data. The right hemisphere lesion connectivity maps and lesion
tract maps were nonlinearly flipped to the left hemisphere for
comparison across the cohort.

Connectome Analysis
To determine the relationship between structural connectivity
and contralateral tremor improvement, we generated an ideal
tract fingerprint for the cohort. First, the individual lesion tract
maps for each subject were correlated with percentage improve-
ment in the contralateral tremor to generate a Spearman rank-
correlation coefficient on a voxel-by-voxel basis. The resultant
group R-map, or tract fingerprint, represents an optimal voxel-
by-voxel tract map for contralateral tremor improvement.

To assess the significance of the tract fingerprint in predicting
outcomes, we performed a leave-one-out cross-validation. An
R-map was created by correlating tracts traversing the lesion with
the contralateral TRS improvement using all patients except one,
withheld for validation. The probabilistic tract map from the left-
out patient was then used to calculate spatial similarity (measured
via the Fisher z-transformed spatial correlation coefficient) with
the tract fingerprint generated from the remainder of the cohort.
The similarity index for each left-out subject was then correlated

FIG 1. Pipeline for generation of a single-subject lesion connectivity map and lesion tract map (A
and B). The lesion is segmented from the posttreatment MR imaging (C). The mean BOLD time-
series for the lesion is extracted and correlated to all other brain voxels. D, The resulting t-score
map is a patient-specific lesion connectivity map. E, The lesion is used as a seed region to gener-
ate a patient-specific lesion tract map representing the probability of all streamlines connected
to the lesion.
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versus the measured tremor improvement using the Spearman
correlation.

Next, the process was repeated using the lesion connectivity
map generated from the resting-state fMRI for each individual
subject to create a functional fingerprint.

Statistics
Demographic data were expressed as mean, range, and SD, as
appropriate. The primary outcome measure was the percentage
change in the contralateral TRS. Correlation of lesion volume
and contralateral TRS improvement was assessed with a non-
parametric Spearman correlation. Statistical significance was
considered as P, .05.

RESULTS
Demographic and Clinical Results
Forty total patients were enrolled in the clinical trial. Three died
of unrelated causes before follow-up, 1 declined treatment, 3
patients were not eligible for 3T MR imaging, and 6 patients were
lost to follow-up for their imaging and/or clinical assessment,
leaving 27 patients for analysis. Demographic and group outcome
data are listed in the Table. Twenty-three (85.2%) patients under-
went left thalamotomy, while 4 (14.8%) had right thalamotomy.
Twenty patients (74.0%) had a $50% reduction in contralateral

tremor, while 7 patients (26.0%) had
,50% reduction in contralateral
tremor. The mean improvement in the
contralateral tremor score was 55.1%
(SD, 38.9%). All patients had at least
6months of clinical follow-up with the
mean duration of follow-up being
10.0 (SD, 5.0)months. Adverse events
determined to be related to radiosur-
gery included 1 subject with grade I
sensory deficits consisting of numb-
ness in the left first and second digits
and left-sided mouth and buccal mu-
cosa dysesthesia occurring 10months
after radiosurgery. Two subjects expe-
rienced grade II radiation necrosis
consistent with hyper-response. One
of these subjects experienced right-
foot drag, right-hand grip weakness,
right-arm proprioceptive loss, mild
expressive aphasia, bilateral lip pares-
thesia, and left-sided headache occur-
ring 7months after radiosurgery. One
subject experienced falls, dysarthria,
right-arm and right-leg weakness, and
incoordination occurring 11 months
after radiosurgery. Both subjects with
grade II radionecrosis reported near-
resolution of tremor at 4months after
radiosurgery. All 3 subjects with radio-
surgery-related adverse events were
treated with tapered corticosteroids and

bevacizumab infusions. There were no grade III–V adverse events
related to radiosurgery.

Structural Connectome Analysis
The tract R-map, or tract fingerprint, is shown in Fig 2. The cere-
bello-thalamo-cortical somatosensory network is a primary compo-
nent of the affected network, including the primary somatosensory
cortex, supplementary motor area, premotor cortex, ventral tha-
lamic nuclei, and cerebellum—primarily cerebellar lobules IV, V,
VI, and VIIIB, all areas implicated in the cerebellar somatosen-
sory network.27 Additional connectivity to temporal, occipital,
and prefrontal areas is also present. The tract pathways correlated
to tremor improvement (Fig 3) show primary involvement of the
dentato-rubro-thalamic tract (DRTT); thalamocortical tracts to
the primary sensorimotor, supplementary motor area, and pre-
frontal cortex; as well as the pallidothalamic tracts.

Results of the leave-one-out cross-validation of the tractogra-
phy are shown in Fig 4A. The structural connectivity correlated
with measured improvement in contralateral TRS (r ¼ 0.52; P ¼
.006) and could explain 27.0% of the variance in outcome.

Functional Connectome Analysis
The functional R-map, or functional fingerprint, is shown in Fig 5.
The functional connectivity data further corroborate the structural
connectivity, showing a correlation with cerebello-thalamo-cortical

FIG 2. Tract fingerprint representing the ideal tract connectivity pattern for tremor improve-
ment. Commonly implicated areas of abnormality in tremor are identified, including the cere-
bello-thalamo-cortical motor network, as well as striate and extrastriate cortical regions.

Demographic and clinical outcome data
Criteria
Age at treatment (yr) 72.3 (SD, 13.1)
Male sex (No.) (%) 17 (63.0%)
Essential tremor (No.) (%) 22 (81.5%)
Parkinson disease (No.) (%) 4 (14.8%)
ET 1 PD (No.) (%) 1 (3.7%)
Baseline contralateral TRS score (mean) 6.8 (SD, 4.3)
Baseline ipsilateral TRS score (mean) 4.9 (SD, 4.3)
Baseline midline TRS score (mean) 2.5 (SD, 2.8)
Follow-up duration (mean) (mo) 10.0 (SD, 5.0)
Postoperative contralateral TRS improvement (mean) 55.1% (SD, 38.9%)
Postoperative ipsilateral TRS improvement (mean) 9.9% (SD, 61.8%)
Postoperative midline TRS improvement (mean) 27.2% (SD, 90.0%)

Note:—ET indicates essential tremor; PD, Parkinson disease.
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somatosensory network, in particular the primary somatosensory
cortex, ventral thalamic nuclei, and cerebellar lobules IV, V, VI,
and VIIIB. Additional connectivity to temporal, occipital, and pre-
frontal areas is also present. Results for the leave-one-out cross-val-
idation of the functional connectivity are shown in Fig 4B. The
functional connectivity correlated with measured improvement in
contralateral TRS (r ¼ 0.50; P ¼ .008) and could explain 25.0% of
the variance in outcome.

DISCUSSION
In this study, we show that improvement in tremor after SRS
thalamotomy is significantly correlated with a distinct pattern of

structural and functional connectivity, primarily via the cerebello-
thalamo-cortical pathway. This network has been previously dem-
onstrated to be an important driver in tremor pathophysiology
and a target for other forms of neuromodulation, such as DBS.
Our findings indicate that a significant amount of variance in
tremor outcomes after SRS are driven by an identifiable network
topology, which may serve as a new therapeutic biomarker for
SRS targeting. As opposed to other forms of neuromodulation,
such as DBS, there are no intraprocedural biomarkers to validate
target selection in SRS. By application of the concept of connec-
tomic surgery,12 we have shown the potential of a lesion connec-
tome fingerprint to predict tremor improvement from a given
SRS target using both MR tractography and resting-state fMRI.

FIG 3. Group tract R-map of pathways most correlated with tremor improvement.

FIG 4. A, Leave-one-out cross-validation of the tract fingerprint shows greater similarity of the individual’s lesion tract map to the fingerprint map
predicted measured improvement in tremor (r ¼ 0.52; P ¼ .006). B, Leave-one-out cross-validation of the functional fingerprint also shows that
greater similarity of the individual’s lesion functional map to the fingerprint map predicted measured improvement in tremor (r¼ 0.50; P ¼ .008).
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Our approach may enhance network-specific targeting in SRS and
provide patient-specific biomarkers.

The optimal target for neuromodulation of tremor has been
debated for decades. Most commonly proposed targets have been
the ventral intermediate nucleus (VIM) and the posterior subtha-
lamic area, including the caudal zona incerta, prelemniscal radia-
tions, and subthalamic nucleus.11 More recently, connectivity
studies in DBS have suggested that these targets are unified by a
common network and all targets overlap with the DRTT.7,14

The role of the DRTT in tremor improvement has been well-
demonstrated in DBS,5-14,28-34 but limited data exist on the use
of tractography in surgical planning for SRS.35,36 Historically,
the DRTT is defined by efferent cerebellar fibers originating
in the dentate nucleus of the cerebellum that traverse superiorly
through the ipsilateral superior cerebellar peduncle, decussate in
the midbrain, pass the red nucleus (but without synapsing in the
red nucleus), en route to the contralateral VIM and posterior
vetralis oralis nucleus.37,38 Tracts ultimately reach the contralat-
eral primary motor cortex and premotor/supplementary motor
cortex from the VIM and vetralis oralis nucleus, respectively.
More recently, a small number of DRTT fibers have been shown
to follow a similar path but without decussation in the midbrain
and extend to the ipsilateral thalamus; however, these tracts
likely have less of a role in motor function.37,38 Our study adds
further evidence to the role of the DRTT in the surgical treat-
ment of tremor, particularly implicating a similar therapeutic
target in SRS as seen in DBS.

From an anatomic perspective, nodes within the fingerprint
maps correspond to areas known to exhibit network abnormal-
ities in tremor. First, the fingerprint network distribution agrees
with established network abnormalities attributed to the develop-
ment of tremor via tremor-specific frequency synchronization
within multiple nodes in the cerebello-thalamo-cortical pathway,
including the cerebellum, thalamus, primary sensorimotor cortex,
supplementary motor cortex, and premotor cortex.39,40 Similar to
prior work in DBS for essential tremor, we found that a lesion
network fingerprint that includes the motor and supplementary
motor networks also correlates with tremor improvement in
SRS.7,14 Additionally, there was correlation with cerebellar lobules

IV, V, and VI, which are regions previ-
ously shown to be abnormal in essential
tremor and part of the sensorimotor
network.41 Taken together, our results
suggest that the therapeutic network
involved in SRS thalamotomy provides
evidence for targeting biomarkers similar
to those in the existing DBS literature.

Most interesting, we also found
structural and functional connectivity
to the primary and extrastriate visual
cortex as part of the tremor connectome
fingerprint. While not historically con-
sidered a major part of tremor pathoge-
nesis, the primary and associative visual
cortices have been the subject of more
recent investigation of the role of the
visuospatial network in tremor augmen-

tation. Archer et al42 showed that visual feedback exacerbates
tremor severity in essential tremor and functional changes in
extrastriate areas correlate with the worsening of tremor. Likewise,
postsurgical alterations in brain connectivity have been observed
in the visual cortex that correlated with tremor improvement in
MR imaging–guided focused ultrasound43 and SRS;44 however,
direct activation of this region was not observed with active DBS.45

Pretreatment functional connectivity between the ventrolateral
thalamus and visual association areas has also been shown as a
predictor of tremor improvement after SRS.46 Further studies are
needed to understand the true causal effect of visual network con-
nectivity versus a coincident change in addition to the cerebello-
thalamo-cortical motor network.

Several limitations to our study are noteworthy. Although
tremor outcomes were gathered prospectively, the connectomics
analyses were applied in retrospect. Thus, future studies would
benefit from examining the effects of prospective targeting based
on the proposed biomarkers. SRS thalamotomy was effective for
tremor and well-tolerated overall. Larger cohorts, however, are
needed to expand on these results and better assess the frequency
of potential adverse effects. Additionally, intersubject variations
in the temporal evolution of the lesion may result in fluctuation
of the clinical response and are relatively unpredictable pre-SRS.
We chose to use the 3-month post-SRS examination because this
was thought to most accurately represent the intended target
location with less variability among patients. Last, there are inher-
ent limitations to MR tractography and resting-state fMRI that
have been well-described.6,31,47 We used a robust probabilistic
tracking approach and a lengthy fMRI acquisition to increase the
robustness of our connectome modeling; however, these proto-
cols may be challenging to implement in routine clinical care,
and further studies will be needed to explore reproducibility with
less robust data sets.

CONCLUSIONS
Using a connectomic approach, we have shown that SRS targets
with a distinct connectivity profile predict posttreatment tremor
improvement. Among these are networks implicated in tremor
pathogenesis, including the cerebello-thalamo-cortical network

FIG 5. Functional fingerprint representing the ideal tract connectivity pattern for tremor
improvement. Similar to the tract fingerprint, commonly implicated areas of abnormality in
tremor are identified, including the cerebello-thalamo-cortical motor network as well as the
striate and extrastriate cortical regions.
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and visual networks. The use of such connectomic fingerprints
may provide a patient-specific biomarker for SRS thalamotomy;
however, validation of this approach for use in targeting will
require further studies to prospectively validate these results.

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

Use of the Woven EndoBridge Device for Sidewall
Aneurysms: Systematic Review and Meta-analysis

A. Rodriguez-Calienes, J. Vivanco-Suarez, M. Galecio-Castillo, C.B. Zevallos, M. Farooqui, M. Malaga,
C. Moran-Mariños, N.F. Fanning, O. Algin, E.A. Samaniego, B. Pabon, N. Mouchtouris, D.J. Altschul, P. Jabbour,

and S. Ortega-Gutierrez

ABSTRACT

BACKGROUND: The Woven EndoBridge device was originally approved to treat intracranial wide-neck saccular bifurcation aneur-
ysms. Recent studies have suggested its use for the treatment of sidewall intracranial aneurysms with variable success.

PURPOSE: Our aim was to evaluate the safety and efficacy of the Woven EndoBridge device for sidewall aneurysms using a meta-
analysis of the literature.

DATA SOURCES: We performed a systematic review of all studies including patients treated with the Woven EndoBridge device
for sidewall aneurysms from inception until May 2022 on Scopus, EMBASE, MEDLINE, the Web of Science, and the Cochrane
Central Register of Controlled Trials.

STUDY SELECTION: Ten studies were selected, and 285 patients with 288 sidewall aneurysms were included.

DATA ANALYSIS: A random-effects meta-analysis of proportions using a generalized linear mixed model was performed as appro-
priate. Statistical heterogeneity across studies was assessed with I2 statistics.

DATA SYNTHESIS: The adequate occlusion rate at last follow-up was 89% (95% CI, 81%–94%; I2, ¼ 0%), the composite safety out-
come was 8% (95% CI, 3%–17%; I2 ¼ 34%), and the mortality rate was 2% (95% CI, 1%–7%; I2 ¼ 0%). Aneurysm width (OR ¼ 0.5; P ¼
.03) was the only significant predictor of complete occlusion.

LIMITATIONS: Given the level of evidence, our results should be interpreted cautiously until confirmation from larger prospective
studies is obtained.

CONCLUSIONS: The initial evidence evaluating the use of the Woven EndoBridge device for the treatment of wide-neck sidewall
intracranial aneurysms has demonstrated high rates of adequate occlusion with low procedural complications. Our findings favor
the consideration of the Woven EndoBridge device as an option for the treatment of sidewall aneurysms.

ABBREVIATIONS: GCP ¼ good clinical practice; NOS ¼ Newcastle-Ottawa Quality Assessment Scale; WEB ¼ Woven EndoBridge

The endovascular treatment of wide-neck bifurcation aneur-
ysms has prompted the development of new techniques and

devices.1-3 As a result, intrasaccular flow disruption with the
Woven EndoBridge (WEB; MicroVention) device has emerged

as a safe and effective alternative without the requirement of
long-term antiplatelet therapy. Good clinical practice (GCP)
studies developed in Europe and the United States led to the
approval of the WEB device by the US Food and Drug
Administration for the treatment of adults with intracranial
wide-neck bifurcation aneurysms.4-8 Subsequently, several post-
marketing prospective studies with long-term follow-up have
confirmed the good long-term efficacy, stability, and safety of
the WEB for the treatment of bifurcation aneurysms.9
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Following the initial release and experience with the WEB de-
vice, several adjustments and innovations to its design and deliv-
ery system have been made.10,11 Of note, the device is currently
available in smaller sizes with improved visibility. In addition, the
delivery system has decreased its profile to 0.017-inch microcath-
eters for WEB sizes 3–7mm.12 With these adjustments, the use of
the WEB has gradually evolved to include smaller and distally
located aneurysms. Furthermore, several published reports have
suggested that expanding initial indications might be feasible
while maintaining a safe profile.10,13-16

Hence, we sought to evaluate the safety and efficacy of the
WEB device for sidewall aneurysms stratified by size and location
using our institutional experience and an aggregate meta-analysis
of proportions. In addition, we evaluated the predictors of com-
plete occlusion at follow-up using patient-level data.

MATERIALS AND METHODS
Protocol and Guidance
This systematic review used the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA) statement to
report the search results.17

Search Strategy and Eligibility Criteria
We performed a comprehensive literature search in Scopus,
EMBASE, MEDLINE, the Web of Science, and the Cochrane
Central Register of Controlled Trials from inception until May
2022. The complete search strategy is provided in the Online
Supplemental Data. Articles were included in the analysis if they
met the following criteria: 1) randomized clinical trials, non-
randomized trials, and cohort observational studies and case series
($5 cases) of adult (18 years of age or older) patients with sidewall
intracranial aneurysms (outside the traditional indications from
the GCP studies4-7) and treated with any of the WEB devices, 2)
publication language in English or Spanish, and 3) at least 1 of our
prioritized outcomes reported. Case reports, abstracts, commenta-
ries, and reviews were excluded.

Study Selection
The search strategy was applied individually to each database.
Two reviewers independently screened all studies by titles and
abstracts to identify potentially relevant articles. Finally, the same
reviewers accessed the full-text versions and determined their eli-
gibility. Any disagreements were resolved through an initial dis-
cussion between the 2 reviewers. A third reviewer was considered
an arbitrator if no consensus was reached.

Data Collection Process and Outcomes
Two reviewers independently extracted data from the included
studies using a standardized electronic form. We extracted base-
line, angioarchitectural, and procedural characteristics. An Excel
(Microsoft) datasheet was uniformly sent by e-mail to the first and
corresponding authors of the selected studies with aggregated data
to extract patient-level data. Finally, the received data sets were
merged into a summary database for the patient-level analysis.

The primary efficacy outcome was the proportion of adequate
angiographic occlusions at the last follow-up, defined as a
Raymond-Roy scale of I–II or a Bicêtre Occlusion Scale of 0, 00,

or 1. Secondary efficacy outcomes included complete occlusion at
the last follow-up (defined as a Raymond-Roy of I or a Bicêtre
Occlusion Scale of 0 or 00), immediate complete occlusion, mRS
at the last follow-up (a favorable outcome was defined as mRS 0–
2), aneurysm retreatment, and the technical success rate. The pri-
mary safety outcome was a composite including intraprocedural
and postprocedural complications. Intraprocedural complications
included thromboembolic events, hemorrhagic events, device-
deployment issues, and air embolisms. Postprocedural complica-
tions included ischemic and hemorrhagic events. Our secondary
safety outcomes were the rate of intraprocedural complications,
postprocedural complications, and all-cause mortality.

Risk of Bias and Certainty of the Evidence
Two reviewers used the Newcastle-Ottawa Quality Assessment
Scale (NOS) for cohort studies to assess the methodologic quality
of the included studies. According to the Cochrane recommenda-
tions, we assessed the certainty of the body of evidence from eligi-
ble studies in the quantitative synthesis.18 We used the Grading
of Recommendation, Assessment, Development, and Evaluation
approach.

Data Synthesis
A random-effects meta-analysis of proportions was performed
using a generalized linear mixed model to estimate pooled rates
and 95% CIs for each prioritized outcome. Statistical heterogene-
ity across studies was assessed with the I2 test (.50% suggests
substantial heterogeneity), while heterogeneity between sub-
groups was assessed with the Cochran Q test for heterogeneity.
We planned further prespecified subgroup analyses by using the
available patient-level data for the anatomic territory of the aneu-
rysm (anterior circulation subgroup versus posterior circulation
subgroup), the maximal diameter of the aneurysm (,7 versus
$7mm), and the rupture status (ruptured versus unruptured). A
mixed-effects logistic regression to study the predictors of com-
plete and adequate occlusion with variables selected via backward
stepwise regression was performed using the patient-level data.

Institutional Experience
We performed a retrospective review of all patients with sidewall
aneurysms who underwent endovascular treatment with the WEB
device at our institution between September 2020 and November
2021. Institutional review board (University of Iowa Hospitals &
Clinics) approval was obtained. Data on the demographic, clinical,
and radiologic characteristics of the patients were collected. The
morphologic features of the aneurysm and treatment outcomes
were determined.

The indication for endovascular treatment was determined by a
multidisciplinary team of neurovascular surgeons and neurointer-
ventionalists. The selection of the WEB in these patients was deter-
mined according to the characteristics of the patient and aneurysm
when other management options such as primary coiling, stent-
assisted coiling, balloon-assisted coiling, flow diversion, and
remodeling were deemed not the best treatment option. The proce-
dure and WEB-size selection were performed in the same fashion
as previously described and suggested by the manufacturer.14,19

Only when there was a concern for WEB protrusion into the
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parent vessel aspirin was prescribed for 6weeks following the pro-
cedure. In general, the clinical and imaging follow-ups were per-
formed at 3, 6, and 12months.

RESULTS
Study Selection and Characteristics
A total of 1025 documents were identified, and 626 duplicates
were removed (Online Supplemental Data). As a result of the ini-
tial screening by title and abstract, there were 50 potentially eligi-
ble documents. Next, in the full-text evaluation, 40 documents
were excluded due to the type of included population, the absence
of data of interest, or the study design (Online Supplemental
Data). Finally, 10 studies were included from the final systematic
search. Patient-level data from 104 patients, including 9 patients
from our institution (Online Supplemental Data) were available
and included.

Seven studies were conducted in Europe,10,12,14,15,20-22 and 3, in
the United States.13,16,23 A total of 285 patients (79% female; mean
age, 58 years) with 288 sidewall aneurysms (35% ruptured) were
included in our aggregate meta-analysis. Most aneurysms were
wide-neck (92%). Most were located in the anterior circulation
(80%). Of them, the posterior communicating artery (20%), the
communicating segment of the internal carotid artery (14%), and
the paraophthalmic segment (12%) were the most common loca-
tions. From those aneurysms in the posterior circulation (20%),
the most common locations were the superior cerebral artery
(17%) and the posterior inferior cerebellar artery (17%). Details
about the antiplatelet regimens used in each study are summarized

in the Online Supplemental Data. The
mean follow-up was 10.4 months and
ranged from 3.3 to 29.5 months. The
characteristics of all studies are presented
in the Online Supplemental Data.

Risk of Bias within Studies and
Certainty of the Evidence
Using the NOS, we rated 8 studies as
high quality and 2 as moderate quality.
All the studies earned one point for rep-
resentativeness of the exposed cohort.
Details are shown in the Online
Supplemental Data. The certainty of the
evidence was assessed for each outcome
individually in the overall population.
The assessment for each outcome is pre-
sented in the summary of findings table
(Online Supplemental Data). Publication
bias was detected for immediate com-
plete occlusion, favorable clinical out-
come, postprocedural complications, and
mortality on the basis of funnel plot visu-
alization (Online Supplemental Data).

Synthesis of Results
At last-follow up, the rate of adequate
occlusion was 89% (95% CI, 81%–94%;
I2 ¼ 0%, P ¼ .66) (Fig 1A). The techni-

cal success rate for implanting the WEB was 99% (95% CI, 79%–
100%; I2 ¼ 0%, P ¼ 1.00). The immediate complete occlusion
rate was 37% (95% CI, 30%–43%; I2 ¼ 0%, P ¼ .5), and the
complete occlusion rate at last follow-up was 64% (95% CI, 57%–
70%; I2 ¼ 13%, P ¼ .32) (Fig 1B). The favorable clinical outcome
rate (mRS 0 – 2) was 89% (95% CI, 75%–96%; I2 ¼ 48%, P ¼
.07), and the retreatment rate was 9% (95% CI, 5%–13%; I2 ¼ 0%,
P¼ .82).

The rate of the composite safety outcome was 8% (95% CI,
3%–17%; I2¼ 34%, P¼ .13) (Fig 2A). The intraprocedural compli-
cation rate was 6% (95% CI, 4%–10%; I2 ¼ 0%, P ¼ .94) (Fig 2B);
2% (95% CI, 1%–5%; I2 ¼ 0%, P ¼ 1.00) were thromboembolic
complications, 1% (95% CI, 0%–14%; I2¼ 0%, P¼ .91) were hem-
orrhagic, 1% (95% CI, 0%–3%; I2 ¼ 0%, P ¼ .99) were device-
deployment issues, and 1% (95% CI, 0%–4%; I2 ¼ 0%, P ¼ 1.00)
were vascular dissections. The postprocedural complication rate
was 1% (95% CI, 0%–1%; I2 ¼ 33%, P ¼ .14) (Fig 2C). The all-
cause mortality rate was 2% (95% CI, 1%–7%; I2¼ 0%, P¼ .73).

Subgroup Analysis
Subgroup analysis for rates of adequate occlusion was consistent
with the rates of the entire cohort for ruptured (68%) and unrup-
tured (80%) sidewall aneurysms (Online Supplemental Data).
Similarly, composite safety outcome rates were similar for rup-
tured (6%) and unruptured (6%) sidewall aneurysms (Online
Supplemental Data).

Subgroup analysis for adequate occlusion and the composite
safety outcome was consistent for the anterior and posterior

FIG 1. Forest plot for adequate (A) and complete (B) occlusion at last follow-up by study.
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circulation (Online Supplemental Data). On subgroup analysis by
aneurysmmaximal diameter, adequate occlusion and the composite
safety outcome were consistent for aneurysmsof ,7 and$7mm
(Online Supplemental Data).

Patient-Level Predictive Analysis
The variables selected using stepwise regression included maximal
aneurysm diameter, neck size, height, width, height difference (the
difference between the height of the aneurysm and theWEB device
[before opening]), and width difference (the difference between
the width of the aneurysm and the WEB device [before opening])
(Online Supplemental Data). The aneurysm width (OR¼ 0.5; 95%
CI, 0.26–0.95; P¼ .03) was the only independent predictor of com-
plete occlusion at the last follow-up. None of the variables included
predicted adequate occlusion.

DISCUSSION
While multiple prospective and retrospective studies have
demonstrated the safety and effectiveness of the WEB device

for intracranial wide-neck bifurcation
aneurysms,24-27 only a few studies have
reported treatment results with the
WEB for sidewall aneurysms. In this
meta-analysis of patients treated with
the WEB for wide-neck sidewall aneur-
ysms, we found the following: 1) The
WEB device has an efficient profile with
a high rate of adequate occlusion (89%)
at follow-up, and 2) it has a safety pro-
file with a low rate of our composite
safety outcome (8%). Furthermore, we
determined that the aneurysm width
was the main predictor of complete
occlusion at the last follow-up in wide-
neck sidewall aneurysms.

In the cumulative population of the
WEB Clinical Assessment of Intrasaccular
Aneurysm Therapy (WEBCAST), French
Observatory, and WEBCAST-2 studies
(168 patients), complete and adequate
occlusion was observed in 52.9% and
79% at 1-year follow-up, respectively.28

Moreover, in the WEB Intrasaccular
Therapy (WEB-IT) study, complete and
adequate occlusion rates at 1-year fol-
low-up were 53.8% and 84.6%, respec-
tively.4 The rates of complete (64%) and
adequate (89%) occlusion at the last fol-
low-up observed in our meta-analysis
are comparable with the results from
the GCP studies. Furthermore, several
meta-analyses have reported similar
findings in wide-neck bifurcation
aneurysms.29-31 On the other hand,
recent meta-analyses of flow diversion
for the treatment of sidewall aneurysms
have shown pooled complete (range,

69.5%–74.9%)32,33 and adequate occlusion (range, 84.7%–88.9%)
rates,33,34 comparable with our findings.

Considering the composite safety outcome of the WEB device
for wide-neck sidewall aneurysms, we found an 8% rate of intra-
procedural and postprocedural complications. Focusing on the
intraprocedural complications, our findings are lower than the
8.4% pooled rate of intraprocedural complications reported by
Monteiro et al24 in a recently published meta-analysis evaluating
ruptured intracranial aneurysms treated with the WEB device.
Furthermore, when we compared our findings with those in a recent
meta-analysis that included ruptured and unruptured aneurysms,
our hemorrhagic rate was similar to the reported 0.83% rate and our
thromboembolic event rate was lower than the 5.6% reported rate.31

Of note, meta-analyses of flow diversion for sidewall aneurysms
have shown higher pooled complication rates ranging from 7.8%
to 27.1%.32-34 The definition of complications in the studies we
included for meta-analysis was inconsistent, so a direct comparison
across studies might be limited. Next, considering the postproce-
dural complications, our findings were significantly lower than the

FIG 2. Forest plot for composite safety outcome (A) intraprocedural complications (B), and post-
procedural complications (B) by study.
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14% reported by Tau et al35 on a meta-analysis evaluating the WEB
for all types of aneurysms and similar to the 1% rate reported in the
previously mentioned meta-analysis of ruptured aneurysms.24

Our patient-level data-predictive analysis found that a smaller
aneurysm width increased the probability of complete occlusion
at the last follow-up after WEB treatment. Nevertheless, although
the rest of the variables included in the model were not statisti-
cally significant predictors (Online Supplemental Data), the tend-
ency of the association is according to previous reports.36-38

Considering that patient-level data were available for less than
half of the patients, a clear limitation was our small number of
patients, which was insufficiently powered to detect a modest
effect of some of the parameters studied.

Our appraisal of the certainty of the evidence allowed us to
assess the quality of the evidence for each of our prioritized out-
comes. From this assessment, we have been able to identify limi-
tations of this meta-analysis. First was the methodologic design
of the included studies. The retrospective design of all the studies
inherently comes with selection bias, and because most did not
include direct comparisons with wide-neck bifurcation aneur-
ysms or other treatment strategies, a comparative meta-analysis
was not possible. Second, most included studies did not have
long-term follow-up periods (.18 months). Third, almost all the
evidence from the WEB device is focused on the indications from
the GCP studies; therefore, the available literature included in
this meta-analysis is limited by studies with small sample sizes,
increasing the heterogeneity and lack a standardized assessment
of the angiographic parameters. Finally, we did not perform a
meta-analysis with adjusted effect sizes for potential covariates
due to the limited sample size.

Implications for Clinical Practice
While a detailed characterization of the aneurysm location, angle,
size, and morphologic features is fundamental for the best treat-
ment selection, the addition of intrasaccular flow disruption for
the treatment of wide-neck sidewall aneurysms expands the neu-
rointerventionalist’s toolbox for the treatment of intracranial
aneurysms. Furthermore, with the continuous evolution of the
WEB device and its delivery system, its use has become less tech-
nically challenging, allowing the continual expansion of its use.
The flow-disruption technique can potentially become a valuable
treatment selection for hard-to-treat aneurysms for which the
standard coil-based methods have limited performance.

CONCLUSIONS
The initial evidence evaluating the use of the WEB for the treat-
ment of wide-neck sidewall intracranial aneurysms has demon-
strated high rates of adequate occlusion with low procedural
complications. Our findings favor the consideration of the WEB
device as an option for the treatment of sidewall aneurysms.

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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Evolution of Radiographic Changes of a Vascularized
Pedicled Nasoseptal Flap after Endonasal Endoscopic Skull

Base Surgery
J.L. Birkenbeuel, A. Abiri, T. Nguyen, B.F. Bitner, E.F. Abello, M. Vasudev, F.P.K. Hsu, E. Kuoy, and E.C. Kuan

ABSTRACT

BACKGROUND AND PURPOSE: There is active research involving the radiographic appearance of the skull base following recon-
struction. The purpose of this study was to describe the radiographic appearance of the vascularized pedicle nasoseptal flap after
endoscopic skull base surgery across time.

MATERIALS AND METHODS:We performed chart and imaging review of all patients with intraoperative nasoseptal flap placement
during endoscopic skull base surgery at a tertiary academic skull base surgery program between July 2018 and March 2021. All
patients underwent immediate and delayed (.3 months) postoperative MR imaging. Primary outcome variables included flap and
pedicle enhancement, flap thickness, and flap adherence to the skull base.

RESULTS: Sixty-eight patients were included. Flap (P ¼ .003) enhancement significantly increased with time. Mean nasoseptal flap
thickness on immediate and delayed postoperative scans was 3.8 and 3.9 mm, respectively (P ¼ .181). The nasoseptal flap adhered
entirely to the skull base in 37 (54.4%) and 67 (98.5%) patients on immediate and delayed imaging, respectively (P, .001).

CONCLUSIONS:Our findings demonstrate heterogeneity of the nasoseptal flap appearance after skull base reconstruction. While it
is important for surgeons and radiologists to evaluate variations in flap appearance, the absence of enhancement and lack of ad-
herence to the skull base on immediate postoperative imaging do not appear to predict reconstructive success and healing, with
many flaps “self-adjusting” with time.

ABBREVIATIONS: EEA ¼ endoscopic endonasal approaches; ESBS ¼ endonasal skull base surgery; NSF ¼ nasoseptal flap

Advancements in surgical techniques and instrumentation
have revolutionized endoscopic endonasal skull base surgery

(ESBS) from the resection of transsellar masses to a wide spec-
trum of lesions along the ventral skull base.1-5 With endoscopic
endonasal approaches (EEAs), intraoperative CSF leaks or large
bony defects with dural exposure or both are often encountered.6

The mainstay of skull base reconstruction with EEA has become
the nasoseptal flap (NSF).7,8 The NSF is a vascularized pedicled
flap that consists of mucoperiosteum and/or mucoperichon-
drium supplied by the posterior septal branch of the sphenopala-
tine artery.9 First described in 2006 by Hadad et al,8 the NSF has

gained popularity for skull base reconstruction due to its rich
blood supply and wide coverage. With its use, the incidence of a
postoperative CSF leak after ESBS has significantly decreased.10

The NSF, unlike other vascularized flaps, cannot undergo tra-
ditional monitoring with Doppler or other manual or visual
methods. Because frequent endoscopic evaluation is not feasible
postoperatively, MR imaging is commonly used to assess the via-
bility of the NSF after surgery.11 Previously, radiologists have
looked for flap enhancement as a sign of flap viability. However,
a recent study suggested the unreliability of flap enhancement as
a proxy for flap viability or as a predictor of postoperative CSF
leaks.12 Reported findings, while limited, have suggested a nonen-
hancing mucosal gap and displacement of the NSF as possible
reasons for postoperative CSF leaks.13

Postoperative imaging can also be used to assess flap position-
ing and changes in appearance with time. Preliminary studies of
the radiographic findings of NSFs have reported various changes
in thickness and enhancement on follow-up MR imaging, with 1
study by Learned et al12-15 reporting stabilization of the imaging
features within 2–6 months after surgery. However, there is a gen-
eral paucity of literature examining the radiographic appearance
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of the NSF so far. This study therefore aimed to systematically
describe the immediate and delayed MR imaging characteristics
of the vascularized pedicle NSF and to demonstrate its evolution
with time to help clinicians better understand the natural progres-
sion of the radiographic appearance of the NSF.

MATERIALS AND METHODS
After the University of California, Irvine, institutional review
board approval, we conducted a retrospective review of all patients
undergoing endoscopic skull base surgery with intraoperative
NSF placement for reconstruction of skull base defects between
July 2018 and March 2021. Patients with both sellar and nonsellar
pathology were included as long as the NSF was used (eg, transcri-
briform, transplanum, and transclival approaches were included).
Imaging criteria for all postoperative scans were defined by con-
sensus by a rhinologist/skull base surgeon (E.C.K.) and a neurora-
diologist (E.K.). Two separate physicians (E.K. and E.C.K.)
independently reviewed each case to ensure interobserver agree-
ment, with disagreements resolved after further discussion.

All patients underwent preoperative MR imaging within 48
hours of the operation, immediate postoperative MR imaging
within 48 hours of the operation, and delayed postoperative MR

imaging at least 3 months after the operation. Features evaluated
included enhancement of the pedicle and flap (ie, no, weak, or
bright enhancement) as evaluated on T1 postgadolinium sequences,
flap thickness (in millimeters), flap adherence to the skull base
(defined as absence or presence of gaps between the flap and skull
base along the length of the flap), and diaphragma sellae descent for
both immediate and delayed postoperative MRIs. Flap enhance-
ment was quantified as follows: For each MR imaging, a 200 � 100
pixel window consisting of the flap and pedicle was extracted. Flap
enhancement was calculated as the average pixel intensity (range,
0–255 pixels) of the extracted images. The 33rd and 66th percentile
intensities were computed from the resulting list of enhancement
values, which were used as thresholds to stratify flap and pedicle
enhancement into 3 categories: no, weak, or bright enhancement.
Representative figures demonstrating no, weak, and strong
enhancement based on our objective criteria are shown in Fig 1.

We collected data on overall patient demographics, tumor
location, cavernous sinus involvement, suprasellar involvement,
American Society of Anesthesiologists (ASA) status, prior trans-
nasal surgery, prior radiation to the lesion, tumor pathology, surgi-
cal approach (ie, standard versus extended), intraoperative leak (ie,
no leak, low-flow leak, high-flow leak), the presence of a postoper-
ative CSF leak, and lumbar drain use for both groups (Online
Supplemental Data).

All statistical analyses were performed using PASW 18.0
(https://www.malavida.com/en/soft/pasw/). Paired t tests were
performed for continuous variables to assess differences in out-
comes between immediate and delayed postoperative MR images.
McNemar and marginal homogeneity tests were used for 2 and
3 or more categoric variables, respectively, to assess changes
between immediate and delayed postoperative images. P values#
.05 were considered statistically significant.

RESULTS
All 68 patients had observable skull base defects with coverage by
the flap, with the C-shaped NSF concave into the operative defects
on postoperative coronal and/or sagittal views in all patients.
Patient demographics and clinical characteristics are listed in the
Online Supplemental Data. There were no postoperative CSF leaks
in this cohort. In the 39 patients with a change in NSF enhance-
ment, 27 (69%) flaps increased in enhancement and 12 (31%) flaps
decreased in enhancement with time. Fifty-seven percent of flaps

changed in enhancement pattern by 4
months after the operation. There
were 27 (40%) NSFs that increased and
41 (60%) that decreased in thickness
with time. A list of tumor pathologies
is presented in Table 1. Changes in
flap and pedicle enhancement, mean
flap thickness, and NSF adherence to
skull base descent between immediate
and delayed MR imaging are reported
in Table 2. Examples of changes in
NSF enhancement, skull base adher-
ence, and thickness are demonstrated
in Figs 2–4, respectively.

FIG 1. Representative figures of no enhancement (A), weak enhance-
ment (B), and bright enhancement (C).

Table 1: Tumor pathology of all 68 patients
Pathology No. (%)

Pituitary adenoma 46 (67.6)
Craniopharyngioma 6 (8.8)
Meningioma 6 (8.8)
Pituitary apoplexy 4 (5.9)
Clival chordoma 2 (2.9)
Esthesioneuroblastoma 1 (1.5)
Rathke cleft cyst 2 (2.9)
Vascular malformation 1 (1.5)

Table 2: Changes in outcome variables between immediate and delayed postoperative
MR imaging

Variable Immediate Postop Delayed Postop P Value
Flap enhancement, No. (%)
None 19 (28) 4 (6) .003a

Weak 14 (20) 20 (29)
Bright 35 (52) 44 (65)

Pedicle enhancement, No. (%)
None 41 (60) 30 (44) .076
Weak 12 (18) 23 (34)
Bright 15 (22) 15 (22)
Mean flap thickness (mm) 3.8 (SD, 1.2) 3.9 (SD, 1.1) .181
NSF adherence to skull base, No. (%) 37 (54.4) 67 (98.5) ,.001a

Note:—Postop indicates postoperative.
a P values ,.05 are statistically significant.
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DISCUSSION
EEA is a relatively new surgical technique used to resect lesions
along the skull base, allowing a wider FOV, improved illumina-
tion, and the ability to directly access tumors while avoiding vital
structures.16-18 However, EEA can often create large surgical
defects and is associated with the risk of CSF leaks with possible
increased morbidity and hospital length of stay.12 Various attempts
have been made to address this dilemma, including the use of fat
grafts and extranasal vascularized flaps; however, the risk of a CSF
leak with these techniques remained unacceptably high and often
added to postoperative morbidity. The NSF is now considered the
criterion standard when reconstructing skull base defects after
ESBS because it has demonstrated superiority in decreasing postop-
erative CSF leaks in EEA procedures whenever feasible.7,10,15,19,20

The mainstay for radiographic evaluation of the NSF has been MR
imaging. While imaging can be used to assess tumor resection and
surveillance with time, it can also provide valuable information on
NSF enhancement, thickness, positioning, and adherence to the
skull base.

In this study, we report heterogeneity

in flap appearance on immediate ima-

ging and across time. We found that

nearly 60% of NSFs changed in enhance-

ment, with a trend toward increased NSF

enhancement on delayed MR imaging

(27/39; 69%). Additionally, our study did

not find significant changes in flap thick-

ness (P ¼ .181). Flap adherence to the

skull base significantly increased (P ¼
.181), with 98.5% of all NSFs adherent to

the skull base on delayed MR imaging.

These results provide a better under-

standing for clinicians on the natural pro-

gression of the radiographic appearance

of the NSF postoperatively and should

assist them in identifying abnormal radi-

ographic findings in future cases.
Variations in flap enhancement on

MR imaging have been conventionally

used as a predictor of flap failure and

the risk of a CSF leak, especially in

larger skull base defects when NSFs are

used. It has been hypothesized that

there is an increased risk of CSF leak in

poorly enhancing NSFs due to compro-

mised vasculature. This is thought to be

due to injury to or compression of the

vascular supply.15 Our study as well as

others have since challenged the notion

that enhancement patterns can predict

flap failure.12 As mentioned in previous

studies, more likely reasons for a CSF

leak include NSF migration or displace-

ment, which would appear as a nonen-

hancing mucosal gap on imaging.12,13

FIG 2. A, Immediate postoperative imaging following resection of an
endoscopic transsellar pituitary adenoma with an intraoperative CSF
leak demonstrates full coverage of sellar defect with the NSF in the
shape of a C. There is elevation of the diaphragma sellae and com-
pression of the pituitary gland. The flap pedicle and body are both
brightly enhancing, with complete adherence to the skull base. B,
Delayed imaging demonstrates continued enhancement of the flap
with complete adherence to the skull base, as well as re-expansion of
the pituitary gland and collapse of the diaphragma sellae.

FIG 3. A, Immediate postoperative imaging following resection of an endoscopic transsellar pitui-
tary adenoma with an intraoperative CSF leak shows full coverage of sellar defect, demonstrating
that the enhancing nasoseptal flap appears to be nonadherent to the skull base. B, Delayed imag-
ing confirms that the flap is now uniformly opposed to the skull base.

FIG 4. A, Immediate postoperative imaging following an endoscopic unilateral transcribriform
approach to an olfactory groove meningioma demonstrates that the flap extends into the defect
with bright enhancement. B, Delayed imaging demonstrates mild thinning of the flap with mildly
decreased enhancement. Preop indicates preoperative.
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Although this study did not find enhancement predictive of NSF

necrosis, a recent study by Chabot et al21 reported a lack of

enhancement on MR imaging as a predictor of NSF necrosis.

Therefore, if suspicion for flap failure is high (eg, signs of menin-

gitis, clear rhinorrhea), MR imaging may be warranted to better

evaluate the NSF.
Most interesting, we also found no relationship between the

direct adherence of the NSF to the skull base and subsequent
development of postoperative CSF leaks. As reported in this
study, only 54% of NSFs were directly adherent to the skull base
on immediate postoperative imaging, with an increase to 98.5%
on delayed MR imaging. To our knowledge, this feature has not
been previously reported and should reassure clinicians that the
NSF will improve its direct adherence to the skull base with time.
One explanation for this finding is that NSF adherence likely
improves as granulation tissue forms and the flap scars down
onto the underlying bone. Additionally, the senior author rou-
tinely performs multilayer reconstruction using subdural and/or
epidural underlay materials, which can also create an artificial
space between the flap undersurface and skull base. These materi-
als may break down and may also account for improved flap
adherence with time.

Additionally, we found no significant changes in NSF thick-
ness between immediate and delayed postoperative imaging. This
finding contrasts with a prior study by Learned et al,14 which
reported a 20%–30% reduction in flap thickness with time. Any
increased thickness on delayed postoperative imaging may be due
to flap neovascularization that increases flap thickness. However,
this feature did not significantly change the thickness across time
in our study.

In the current study, we also compared enhancement changes
between immediate and delayed postoperative imaging. We found
19 flaps that did not enhance at all on immediate postoperative
imaging but ultimately increased in enhancement on delayed imag-
ing, suggesting neovascularization across time as the flap healed
over the skull base. Although the NSF may not have been brightly
enhancing originally, this characteristic does not appear to affect its
long-term integration and healing. We showed 94% flap enhance-
ment (ie, weak or bright) on delayed postoperative imaging. This
enhancement pattern on delayed postoperative imaging appears to
be similar to that seen with free mucosal graft reconstruction
because a prior study by Kim et al22 reported 100% flap enhance-
ment at 3 months after ESBS. This study did not assess free muco-
sal graft enhancement with time and thus cannot determine
whether cases reconstructed with a free mucosal graft have similar
enhancement changes from the immediate postoperative imaging
to delayed imaging.

Given that CSF leaks were not observed in any patient, it is
unlikely that weak-to-no enhancement of the NSF predicts flap
failure. Additionally, 9 flaps that originally displayed strong
enhancement decreased enhancement with time, suggesting that
a decrease in enhancement is also unlikely to predict flap failure.
These data, in accordance with prior literature, suggest that
using MR imaging to evaluate NSF enhancement serves as a
poor proxy for determining flap viability. In these scenarios, a
meticulous closure technique, proper flap placement, optimiz-
ing wound-healing status, and enforcement of postoperative

precautions likely play a larger role in reconstructive success.
There is merit, however, in using MR imaging to determine the
risk of CSF leak as it relates to flap position and placement as
per the studies by Adappa et al12 and Learned et al.13

An alternative theory for an increase in flap enhancement with
time may be due to reactive changes such as granulation tissue or
mucosalization of the flap itself.15 Granulation tissue typically
develops within 3–7 days after the operation and would not be evi-
dent at the time of the immediate postoperative MR imaging,
which was acquired within the first 48 hours.23 It is, therefore, rea-
sonable to think that granulation tissue would be present on
delayed postoperative imaging and may affect flap thickness and
enhancement. Although we demonstrate a significant increase in
NSF enhancement with time, we did not see a corresponding
increase in the thickness of the enhanced tissue. Given these find-
ings, enhancement changes over time are most likely due to
changes to the vascularity of the flap rather than secondary to tis-
sue changes of the surrounding tissue. Hypotheses for the
increased vascularity of the flap with time are 2-fold. First, the flap
is initially compressed and placed on tension as it is rotated back
to cover the skull base defect. As the flap matures, there is likely
reduced tortuosity on the flap that improves blood flow to the
flap. Second, neovascularization near the flap edges that occurs
during flap healing likely plays a significant role in the increase in
enhancement to the flap.

Limitations
Limitations to the study included its retrospective nature and the
limited sample size and the variable interval of the second postop-
erative imaging. While this study included only 44 patients, this is
the largest cohort to date investigating the radiographic appearance
of the NSF, to our knowledge. Although several materials were
used during the multilayer reconstruction in each case (eg, collagen
matrix as underlay, dural sealant, and dissolvable nasal dressings
superficial to the flap), this study focused its analysis on the find-
ings of the NSF itself, which is a distinct, readily identifiable, and
critical layer for reconstruction. Additionally, we were unable to
statistically analyze risk factors for CSF leaks, given that we did not
observe any postoperative CSF leaks in our study. Future large-
scale, prospective studies are required to better understand radio-
graphic predictors of NSF failure and postoperative CSF leaks.

CONCLUSIONS
Understanding the appearance of the NSF and its changes in post-
operative appearance with time is essential for surgeons and radiol-
ogists. Our findings demonstrate that the NSF tends to increase in
enhancement, with most flaps changing enhancement patterns by
4 months postoperatively. These findings should assist surgeons
and radiologists in better appreciating the evolution of the NSF.

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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Enhancement in the RoundWindow Niche: A Potential Pitfall
in High-Resolution MR Imaging of the Internal Auditory

Canal
T. Brinjikji, C.M. Carr, J.C. Benson, and J.I. Lane

ABSTRACT

BACKGROUND AND PURPOSE: There is limited discussion in current literature about the normal imaging appearance of the round
window. The purpose of this study was to assess the prevalence and imaging characteristics of gadolinium enhancement in the
round window niche on MR imaging to the internal auditory canal.

MATERIALS AND METHODS: The presence or absence and laterality of enhancement in the round window niche on MR imaging
was retrospectively reviewed in 95 patients from 1 institution. All studies included high-resolution (#0.5-mm section thickness) pre-
and postgadolinium 3D FSE T1 with fat-saturation and postgadolinium 3D FLAIR image sequences. T1 and T2 acquisitions were
viewed as coregistered overlays to confirm that enhancement was lateral to the round window membrane within the round win-
dow niche. CT was reviewed when available to assess the presence and laterality of soft tissue in the round window niche.

RESULTS: Ninety-five patients with internal auditory canal MRIs were included. Enhancement was present in the round window of 15 of
95 patients (15.8%). Of the 27 patients who underwent CT, 4 (14.8%) had concordant soft tissue on CT and MR imaging enhancement in
the round window niche. One patient had MR imaging enhancement within the round window niche without a corresponding abnormal-
ity on CT. The absence of soft tissue on CT and the corresponding lack of MR imaging enhancement were present in 22 (81.5%) patients.

CONCLUSIONS: Enhancement can be visualized within the round window niche on MR imaging as an incidental finding. This
enhancement probably represents postinflammatory granulation tissue and does not require further intervention. However, the
potential for this enhancement to be misdiagnosed as a pathologic process can be a pitfall in MR imaging.

ABBREVIATIONS: ENT ¼ ear, nose, and throat; FS ¼ fat-saturation; IAC ¼ internal auditory canal; RW ¼ round window; RWN ¼ round window niche

The round window (RW) is an opening between the middle
and inner ear, located along the posterior aspect of the coch-

lear promontory. It acts as the boundary between the basal turn
of the cochlea and the round window niche (RWN) of the meso-
tympanum. Functionally, the RW vibrates with an opposite phase
to vibrations from the oval window, resulting in cochlear fluid
movement.1,2

Given the proclivity of middle ear pathologies to affect the
ossicular chain and oval window, the RW is often overlooked.
Nevertheless, accurate assessment of the RW and RWN is crucial
for both diagnostic and preoperative planning purposes.3,4 Overall,
isolated RWN pathology is rare, though developmental anomalies,

otitis media, otosclerosis, and labyrinthitis ossificans can affect this

region.1 Enhancement isolated to the RWN should not be confused

with intralabyrinthine schwannomas5,6 or small paragangliomas,

which usually arise from the cochlear promontory or extend along

Jacobson nerve from the anterior wall of the jugular foramen.7

More commonly, nonmalignant, inflammatory abnormalities

are found in this region, including fluid, proteinaceous debris

and granulation tissue. These benign findings can demonstrate

enhancement on MR imaging and may be confused with more

sinister entities. For example, the authors of this study have previ-

ously encountered several situations in which enhancement on

MR imaging was mistakenly noted to be present at the lateral as-

pect of the basal turn of the cochlea. Precise localization actually

revealed that the enhancement was within the RWN, which

excluded the possibility of an intracochlear schwannoma. In the

current literature, the expected prevalence of enhancement in the

RWN region is unknown. Thus, this study set out to assess

the frequency of enhancement in the RWN with correlation of

opacification on CT imaging.
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MATERIALS AND METHODS
Following institutional review board approval, sequentially obtained
internal auditory canal (IAC) protocol MR imaging examinations
performed between March 1, 2021, and April 20, 2021, were

compiled. MR imaging examinations
were obtained on 3T Magnetom scan-
ners (Skyra, Verio, and Prisma; Siemens)
and included high-resolution 3D sam-
pling perfection with application-opti-
mized contrasts by using different flip
angle evolution (3D SPACE sequence;
Siemens) FSE T2 (TR, 1300ms; TE,
162ms; section thickness, 0.6mm), axial
T1 SPACE pregadolinium (TR, 600ms;
TE, 30ms; section thickness, 0.90mm),
3D SPACE FLAIR (TR, 5000 ms; TE,
345ms; section thickness, 1.20mm),
and postgadolinium sagittal T1 fat-satu-

ration (FS) SPACE (TR, 650ms; TE, 14ms; section thickness,
0.90mm), which is a part of our institution’s standard IAC proto-
col. Patients were scanned with a 32- or 64-channel head coil. In
total, there were 100 patients who had an IAC MR imaging, with
5 ultimately excluded due to incomplete MR imaging. Of these,
27 (28.4%) patients had a prior temporal bone CT that could be
used for evaluation of the presence of soft tissue in the RW.

Imaging and Clinical Review
The IAC MRIs were independently reviewed by 2 fellowship-
trained neuroradiologists with Certificates of Added Qualification.
The neuroradiologists independently reviewed the postcontrast
3D SPACE FSE T1 coregistered with 3D SPACE FSE T2 to local-
ize the RWN and determine the presence or absence and laterality
of enhancing granulation tissue (Fig 1). CT scans of patients rang-
ing from 3 days to 19 years before the MR imaging were also
assessed when available for the presence or absence and laterality
of soft tissue in the RWN. Discrepancies were resolved via consen-
sus review. Demographic information including age, sex, surgical
history, and ear, nose and throat (ENT) diagnosis was obtained
from the institution’s electronic medical records for the entire
cohort.

RESULTS
There were 95 (53 women; 55.8%) patients who made up the
cohort, with 190 RWNs evaluated on MR imaging. The average
patient age was 58 years (range, 18–84 years) (Table 1). In total,
RWN enhancement was noted on the MR imaging of 15/95
patients (15.8%). Twenty-seven patients had a CT scan. There
were 4 (14.8%) patients who had RWN enhancement on MR
imaging and corresponding abnormal opacification on CT within
the RW. A single patient had RWN enhancement on MR imaging
without a corresponding abnormality on CT. The remaining 22
(81.5%) patients did not have an abnormality in the RWN on MR
imaging or CT (Table 2).

Hearing loss was the most common presentation, comprising
51 patients (53.7%), while tinnitus, dizziness, temporal bone
mass, and headache represented the remainder of the presenta-
tions (Table 1). Twenty-four patients (25.3%) were found to have
a mastoid effusion on MR imaging, 6 of whom also had RW
enhancement on MR imaging. Eight patients (8.4%) had an oper-
ation on their temporal bones before their MR imaging. Two
patients (2.1%) were noted to have granulation tissue in the RW

FIG 1. Example of enhancing granulation tissue in the RW. A, Axial postcontrast FS T1WI demon-
strates enhancement present bilaterally in the RWs (arrows). B, Axial head CT with thin-section
bone window reconstructions demonstrates a right-sided canal wall-down mastoidectomy for
resection of a cholesteatoma. Opacification of the round windows can be seen bilaterally, corre-
lating to the area of enhancement (arrowheads).

Table 1: Summary of patient demographics, reasons for initial
ENT visit, and relevant medical history relating to temporal
bone
Patient information
Demographics
No. of patients 95
Age at MR imaging (average) (range) (yr) 58 (18�84)
Sex (No.)
Female 53
Male 42

Reason for ENT visit
Hearing loss 51
Tinnitus 11
Vertigo/dizziness/ataxia 13
Schwannoma/cholesteatoma/other tumor 13
Headache 2
Other 5
No. of patients with a mastoid effusiona 24
No. of patients with prior surgery on temporal bone 8
Tympanomastoidectomy 6
Tympanotomy 1
Myringotomy 1

a No. of patients with clinical charts indicating the presence of granulation tissue
in RW.

Table 2: Summary of MR imaging and CT findings
Findings
Patients with MR imaging 95
Enhancement in RW 15
Right 6
Left 7
Bilateral 2

Patients with both MR imaging and CT 27
CT–/MR imaging– 22
CT1/MR imaging1 4
CT–/MR imaging1 1
Patients with CT 27
Soft tissue in RW 4
Right 0
Left 3
Bilateral 1

Note:—CT1 indicates soft tissue found, MR imaging1 indicates enhancement
found, CT– indicates no soft tissue found, and MR imaging indicates no enhance-
ment found.
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on their chart, one based on imaging and the other on surgical
assessment. Both patients were found to have enhancement on
MR imaging and soft tissue on CT in the RW.

DISCUSSION
The purpose of this study was to evaluate the prevalence of
enhancement in the RWN on high-resolution MR imaging. We
found that enhancement in the RW onMR imaging is not uncom-
mon. It is present in 15.8% of cases, even without past surgery.
Although CT was not available for all patients in this study, 1 of 5
patients who did have a CT scan and had RWN enhancement on
MR imaging did not have a concordant abnormality on CT. To
our knowledge, this represents the first description of incidental
enhancement in the RWN onMR imaging.

Enhancement of the RWN is a potential pitfall in the imaging
evaluation of this region and should not be confused with pathol-
ogy when observed as an isolated finding. On MR imaging, RWN
enhancement will be located lateral to the RW membrane at the
level of basal turn of the cochlea. Coregistration with thin-section
3D T2WI or correlation with any concurrent CT imaging will
localize the abnormality to the RWN, excluding the possibility of
pathology, such as an intralabyrinthine schwannoma or a small
glomus tympanicum.

Prior studies describing the anatomic appearance of the RWN
on imaging are scarce. Veillon et al8 discussed some normal and
pathologic RW and RWN findings on CT. They highlighted the
importance of imaging in the detection of otosclerotic foci, con-
genital stenosis, and perilymphatic fistula. Other studies in the lit-
erature have described the anatomic landmarks of the RW to
guide cochlear implantation procedures.9

Roßberg et al,10 in their retrospective study of conebeam CT
examinations in 27 patients before treatment with intratympanic
steroids, found granulation tissue obscuring the RWN in 15%
(4/27) of patients, similar to our results with a larger cohort.
Schachern et al11 found histologic evidence of granulation tissue

in the RWN following experimentally induced otitis media in a
cat model. In his postmortem study of 26 temporal bones in
patients with a history of chronic otitis media, Djeric12 found his-
tologic evidence of fibroproliferative or granulation processes in
the RWN in all cases. In most of these cases, the inflammatory
changes were characterized by cellular debris and cystic spaces
containing acidophilic fluid. This finding probably explains the
increased T2 signal in the RWN that we observed in several cases
of RWN contrast enhancement (Fig 2).

The differential diagnosis of isolated RWN enhancement on
MR imaging is quite limited. Several of our cases demonstrated
inflammatory changes elsewhere within the middle ear and mas-
toid air cells, supporting the diagnosis of granulation tissue (Fig 1).
Intralabyrinthine schwannomas can extend into the RWN from
the basal turn of the cochlea, but no evidence of cochlear enhance-
ment on T1 or filling defects on T2 was observed in any of our
cases. Tumor extension into the RWN can be seen with skull base
meningiomas or paragangliomas, but again no evidence of adja-
cent skull base tumor was observed in this cohort.

This study has several limitations. First, it was conducted at a
single institution, and the imaging reviewed was retrospective.
Next, a small minority of patients had CT images available for
comparison reviews. Finally, there was not surgical confirma-
tion in all cases with imaging abnormalities. However, given
prior reports of granulation tissue at this location and surgical
confirmation of granulation tissue in 1 patient with RWN
enhancement on MR imaging, it is likely that the MR imaging
and CT findings of this cohort also represent granulation tissue.

CONCLUSIONS
Enhancement in the RWN is well-seen on high-resolution MR
imaging and can be a potential pitfall in the interpretation of
imaging. In the absence of other findings, the enhancement likely
represents granulation tissue and may likely not require further
imaging or intervention.

FIG 2. A, Postcontrast FS T1WI reconstructed in the Stenvers view demonstrates focal contrast enhancement. B, Thin-section 3D SPACE T2WI
reconstructed in the Stenvers view demonstrates fluid signal throughout the basal turn of the cochlea as well as hyperintense signal lateral to
the RW membrane (white arrow). Specifically, there is no filling defect within the basal turn of the cochlea. C, Coregistered overlay of the 3D
SPACE T2WI and postcontrast FS T1WI illustrate that the enhancement is located lateral to the basal turn and entirely within the RWN (white
arrow). Without the aid of the T2 SPACE and coregistration, it would be possible to misdiagnose a small intralabyrinthine schwannoma in the
basal turn or a glomus tympanicum. The white arrow in A is the focal enhancement.
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ORIGINAL RESEARCH
HEAD & NECK

Ultrasound Fusion–Guided Core Needle Biopsy for Deep
Head and Neck Space Lesions: Technical Feasibility,

Histopathologic Yield, and Safety
X. Li, J. Li, N. Zheng, H. Hu, X. Xie, and G. Huang

ABSTRACT

BACKGROUND AND PURPOSE: Ultrasound is generally considered to have a minor role in guiding biopsies for deep head and neck
space lesions. However, the ultrasound fusion technique may have the potential to change this opinion. This study evaluated the fea-
sibility, histopathologic yield, and safety of ultrasound fusion–guided core needle biopsies for deep head and neck space lesions.

MATERIALS ANDMETHODS: From March 2021 to April 2022, patients with primary deep head and neck space lesions were prospec-
tively included in this study. Ultrasound fusion was performed with contemporaneous CT, MR imaging, or PET/CT studies, and
ultrasound fusion–guided core needle biopsy was performed by using a Micro-Convex probe via 4 different needle approaches.
Feasibility, histopathologic results, and biopsy-related complications were observed. Descriptive statistics were applied.

RESULTS: Ultrasound-guided biopsy was feasible in all 16 patients (11 women and 5 men; mean age 46 [SD, 16] years; range, 16–
76 years). The lesions were located in the parapharyngeal space, infratemporal fossa, and skull base, with a median diameter of
3.8 cm (range, 2.2–6.5 cm). An adequate and definite histopathologic yield was obtained in 15/16 (93.8%) patients; among them, 4/15
lesions (26.7%) were malignant, and 11/15 (73.6%) were benign. No major complications occurred. Minor complications were noted in
2 of the 16 (12.5%) patients (self-limiting inflammation in 1 and bleeding in 1).

CONCLUSIONS: This study demonstrates that ultrasound fusion–guided biopsy of deep head and neck space lesions is feasible and
safe, with a high histopathologic yield.

ABBREVIATIONS: H&N ¼ head and neck; US ¼ ultrasound

Lesions arising from deep head and neck (H&N) spaces are
uncommon, but clinical management is challenging due to ana-

tomic complexity and histologic diversity.1,2 Preoperative biopsy
remains standard for better counseling and treatment planning.
Open biopsy is used but should be carefully chosen due to risks,
while percutaneous imaging-guided biopsy is now increasingly
performed. CT guidance is a well-established biopsy method for

H&N lesions,3,4 but reports involving deep H&N spaces are few
and mostly limited to small samples of patients.5-7 In addition,
infrared navigation–guided biopsy has been explored in a small
number of patients at a few institutes.8-10 MR imaging guidance
is not widely used because of the longer acquisition times, higher
cost, and the need for an open-configuration MR imaging system
and MR imaging–compatible needles.3,11

Ultrasound (US) guidance, with its inherent advantages of real-
time imaging capability, rapid performance time, vessel depiction
without intravenous contrast material, flexibility and portability,
lack of radiation exposure, and high cost-effectiveness, is generally
the first-line choice for biopsies on many H&N masses. However,
to date, almost all researchers consider US unsuitable for the deep
H&N region,3,5-9,12 for 2 reasons: First, acoustic degradation
increases with depth, especially when the depth is .4 cm,12

increasing the difficulty in delineating a target reliably; and second,
osseous or air structures preclude an adequate acoustic window
for US scanning.

US fusion has been widely used in biopsy and ablation proce-
dures of the liver, kidney, and prostate.13,14 However, it has scarcely
been applied in deep H&N spaces, such as the parapharyngeal
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space, infratemporal fossa, and skull base. To solve the above 2
issues, we have combined 2 advances; first, we have used US fusion
imaging with CT, MR imaging, or PET/CT. Second, instead of a
traditional Linear Array Probe, we have used a Micro-Convex
probe (PVT-382BT; 3.0-5.0 MHz; Canon Medical Systems) for
deeper acoustic penetration and better suitability for the narrow
space between the bony structures. Thus, our purpose was to eval-
uate the feasibility, pathologic diagnostic value, and safety of US
fusion–guided biopsies for deep H&N space lesions.

MATERIALS AND METHODS
Patients
This study was approved by the institutional review board. Each
patient was informed of the risks and consented to the procedure.
From March 1, 2021, to April 30, 2022, sixteen patients with pri-
mary deep H&N space lesions were prospectively enrolled in this
study. The decision regarding biopsies was discussed by a multi-
disciplinary team, including otolaryngologists, oncologists, and
radiologists. The indications for US fusion–guided biopsy were the
following: 1) deep H&N space lesions that were difficult to identify
on routine B-mode US, and 2) lesions that needed to selectively
target the solid, enhancing components or hypermetabolic tissue.
The contraindications were as follows: 1) pure cystic lesions; 2)
patients who had a pacemaker and could not be in the magnetic
field; 3) patients who could not maintain a fixed position during
the procedure; and 4) patients with a bleeding disorder. For lesions
with contiguous spread into adjacent anatomic spaces, the epicen-
ter of the mass was used to classify the location.

US Fusion Process
The details of CT/MR imaging and whole-body PET/CT techni-
ques are described in the Online Supplemental Data. All data
were collected within 1 week before the biopsy, stored in DICOM
format, and imported into the fusion platform (Smart-Fusion;

Canon Medical Systems) packaged with
the US system (Aplio i900; Canon
Medical Systems). An embedded elec-
tromagnetic navigation system (3D
Guidance; Northern Digital) was used
for probe tracking.

One of 2 radiologists with .5 or 10
years of experience performed the pro-
cedure. Patients maintained a stable
supine position, tilting the head away
from the side of the target lesion if nec-
essary. The fusion process was broadly
similar to the previous description of
abdominal organs, which is based on
the same principles of electromagnetic
tracking and registration of the cross-
sectional images with the live US
image.13,14 Particularly for the deep
H&N space lesions in this study, we
used a Micro-Convex probe, which
had a smaller volume, deeper penetra-
tion, and better suitability to scan via
the narrow acoustic window compared

with the traditional Linear Array Probe. The planned US
scanning and biopsy approaches included the subzygomatic, ret-
romandibular, paramaxillary, and submandibular approaches
(Fig 1). In addition, we used the plane of the globe for initial
registration, followed by manual adjustment of the position by
point-to-point registration and confirmation by color Doppler
flow imaging and the overlay mode. The common anatomic
points included optic nerves, carotid bifurcations, nasal tip,
hyoid bone, and the thyroid. The registration errors were
#5mm and validated by .4 different points in the overlay
mode. When registration was successful, the cross-sectional
images were coordinated and moved simultaneously with real-
time US scanning. The operator could then confidently locate
the biopsy target (Online Video). This process took approxi-
mately 2–5minutes for an experienced operator.

US Fusion–Guided Biopsy
We performed all biopsies with the patient under local anesthesia
with 1% lidocaine and used an 18-ga semiautomated side-cutting
biopsy needle with a slot of 2.2 cm (Magnum; C.R. Bard). Guided
by real-time US fusion imaging, the operator inserted the needle
through a planned approach to obtain$2 core specimens, either
by the freehand technique or assisted by the needle holder.
Meanwhile, the blood vessels and necrotic areas of the lesions
were avoided.

Patients were clinically monitored for at least 30minutes after
the biopsy, and they were followed up between 1–3 days and
1month after the procedure to document any additional short-
term or delayed complications.

Statistical Analysis
Statistical analysis was performed using SPSS, Version 22.0 (IBM).
Continuous data are described as medians and interquartile ranges
or mean (SD), according to the Shapiro-Wilk normality test.

FIG 1. Schematic of US fusion–guided biopsy, with the use of a Micro-Convex probe and 4 available
needle approaches.
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RESULTS
Patient Characteristics and Procedural Details
In the 14-month period, 16 patients (11 women and 5 men; mean
age, 46 [SD, 16] years; range, 16–76 years) underwent US fusion–
guided biopsy of deep H&N space lesions. Presenting symptoms
varied, though the 2 most common were swelling (7/16, 43.8%)
and tinnitus (4/16, 25.0%). The long-axis diameter of the lesions
ranged from 2.2 to 6.5 cm (median, 3.8 cm; interquartile range,
2.7–4.3 cm). The center of the lesion was most frequently the
parapharyngeal space (9/16, 56.3%), followed by the infratem-
poral fossa (4/16, 25%); 3 lesions (3/16, 18.8%) were located in
the skull base. CT (11/16, 68.8%) was the most commonly used
technique for US fusion, followed by MR imaging (4/16, 25.0%)
and PET/CT (1/16, 6.3%). The retromandibular approach (7/16,
43.8%) was the most used needle approach, followed by the

submandibular (4/16, 25.0%), subzygomatic (3/16, 18.8%), and
paramaxillary approaches (2/16, 12.5%). The number of needle
passes ranged from 2 to 3 (median, 2.5). Detailed information
on the patient characteristics and procedural details are pro-
vided in the Online Supplemental Data.

Histopathologic Yield
The US fusion–guided biopsies were technically successful in all
patients. Adequate samples were obtained for definite patho-
logic diagnosis in 15 of the 16 biopsies, and the diagnostic rate
was 93.8%. Among those, 26.7% (4/15) were malignant, and the
remaining 73.6% (11/15) were benign. Schwannoma (Fig 2),
meningioma (Fig 3), and lymphatic malformations (Fig 4 and
Online Video) were the top 3 benign pathologic types; others
included solitary fibrous tumor (1/15, 6.7%), Warthin tumor

FIG 2. A 58-year-old woman without clinical presentation (patient No. 2). A, Axial T1-weighted postcontrast MR image shows a left parapharyng-
eal lesion with heterogeneous hyperintensity and a demarcated border. The target lesion is located deep in the parotid gland, and the ICA
(arrow) is displaced medially. After a successful fusion of MR imaging (B) and US (C), MR imaging facilitates the accurate localization of the target
lesion, which is ill-defined on US, with the ICA (arrow) confirmed on the color Doppler mode and the overlay mode (yellow mask). The dotted
line indicates the expected needle path via the retromandibular approach. The histopathologic yield was schwannoma. T indicates target lesion;
PG, parotid gland.

FIG 3. A 30-year-old woman with maxillofacial swelling, pain and dizziness for 2 years (patient No. 3). A, The axial contrast-enhanced CT
image shows a homogeneously enhancing lesion involving the infratemporal fossa and pterygopalatine fossa. A branch of the maxillary artery
runs superficially around the lesion (arrow). After a successful fusion of CT (B) and US (C), we can locate the target lesion that is occult on US
due to the acoustic shadow of the mandible. Color Doppler US helps to avoid the maxillary artery (arrow). The dashed line indicates the
expected needle path via the subzygomatic approach. Histopathology demonstrated meningioma (meningothelial subtype, World Health
Organization grade I). T indicates target lesion.
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(1/15, 6.7%), pleomorphic adenoma (1/15, 6.7%), and paragan-
glioma (1/15, 6.7%). The malignant diagnoses included invasive
meningioma (1/15, 6.7%), acinic cell carcinoma of the parotid
gland (1/15, 6.7%), squamous cell carcinoma (1/15, 6.7%), and
nasopharyngeal carcinoma (1/15, 6.7%) (Fig 5). One biopsy (1/16,
6.3%) was nondiagnostic due to inadequate tissue sampling.

Biopsy-Related Complications
No major complications occurred after the biopsies. Minor com-
plications were observed 1 day after the biopsy in 2 of 16 (12.5%)
patients, both of whom were diagnosed with lymphatic malfor-
mation: One had mild inflammation of the puncture site and was
treated conservatively in the outpatient clinic, and the other had
self-limited bleeding that presented with blood-tinged sputum
and required no intervention.

Clinical Management
Four patients (4/16, 25%) with diagnostic biopsies underwent sub-
sequent surgical excision, and a concordant pathologic diagnosis

was obtained in 100% (4/4) of them. One patient (1/16, 6.3%)
diagnosed with lymphatic malformation underwent sclerother-
apy by tansoral injection of pingyangmycin. One patient (1/16,
6.3%) diagnosed with nasopharyngeal carcinoma was treated by
radiation therapy and chemotherapy; the original surgical plan
was canceled. One patient (1/16, 6.3%) diagnosed with squamous
cell carcinoma refused further treatments. The remainder with
benign or less invasive lesions (8/16, 50%) underwent clinical and
imaging follow-up, following multidisciplinary discussion and
consensus. In our 1 patient with a nondiagnostic specimen, the
subsequent surgical pathology revealed low-grade myoepithelial
carcinoma ex pleomorphic adenoma.

DISCUSSION
This pilot study showed that US fusion–guided biopsy was feasi-
ble, effective, and safe, with a high histopathologic yield for deep
H&N space lesions. To our knowledge, this is the first report of
the application of US fusion to this challenging area and may

FIG 4. A 32-year-old woman with aural fullness, tinnitus, and hearing loss for 1 year (patient No. 10). A, The axial contrast-enhanced CT image
shows a parapharyngeal lesion at the level of the alveolar ridge with mild and heterogeneous enhancement, constricting the auditory tube.
After successful fusion with CT (B), a heterogeneous low-echoic lesion can be identified and located on US. C, The paramaxillary approach is
chosen (dashed line). Histopathology demonstrated lymphatic malformation. T indicates target lesion.

FIG 5. A 39-year-old man with headache for 1 month (patient No. 14). A multiplanar image of US–PET/CT fusion with the patient’s head tilted to
the contralateral side. A, The axial plain CT shows an ill-defined lesion centered in the infratemporal fossa with bony destruction. B, The axial
fused [18F] FDG-PET/CT reveals a high focal uptake. C, The target lesion is occult behind the acoustic shadow of the coronoid process on US,
but a selective biopsy can be guided under fusion images. The subzygomatic approach is chosen (dashed line). Histopathology revealed naso-
pharyngeal carcinoma. T indicates target lesion.
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play a role in the work-up of lesions involving the parapharyngeal
space, infratemporal fossa, and skull base.

US-guided biopsy is an ideal first-line technique for cervicofa-
cial masses, such as the thyroid, superficial lobe of the parotid
gland, and cervical lymph nodes. US has played a minor role in the
deep H&N spaces overlaid by bony structures such as the maxilla,
mandible, mastoid, and styloid process, as well as the air-contain-
ing aerodigestive tract. This role is understandable when operators
used only a large Linear Array Probe for scanning these areas, with
obstructing anatomy overlying them. As reported in a recent study,
preoperative needle biopsies were not feasible in 35% (42/120) of
patients with parapharyngeal tumors because ultrasound or trans-
oral palpation could not localize the lesions.15 However, our study
has demonstrated the feasibility of US-guided biopsy for deep
H&N spaces when combined with imaging fusion techniques and
modification of probe and needle-path selection. In our biopsy
procedure, US fusion provided resolution compensation, while the
Micro-Convex probe accommodated the acoustic window and
reduced the blind zone. All the deep H&N space lesions in this
study were technically accessible, even a small skull base lesion
measuring approximately 2 cm.

CT guidance has been considered a valuable tool in the biopsy
of deep H&N lesions. However, conventional CT guidance lacks
real-time feedback during the biopsy procedure, so the operator
must confirm the needle path by intermittent scans. Real-time
CT-fluoroscopy guidance or conebeam CT guidance is less widely
used and can increase the radiation exposure to operators.16,17 In
comparison, US fusion–guided biopsy is a real-time procedure,
crucial for avoiding blood vessels or other structures without radi-
ation exposure. Previous studies have shown a diagnostic rate of
CT-guided core needle biopsy of 73%–96.8% in lesions involving
the H&N as a whole.4-7 The average size of all target lesions was
approximately 2.4–3.3 cm,4-6 including superficial and lower cer-
vical masses. For emerging infrared navigation-guided biopsy, the
diagnostic rate was approximately 90%.8-10 The target lesion size
was reported in only 1 study of 8 patients, ranging from 2.5 to
9.0 cm (median, 3.7 cm).10 The diagnostic rate in our study was
93.8% (15/16), with a median lesion size of 3.8 cm (range, 2.2–
6.5 cm), which is similar to other guidance modalities.

One biopsy sample of a parapharyngeal lesion measuring 3.8
cm was inadequate in this study, yielding a nondiagnostic biopsy
rate of 6.3% (1/16). A small lesion size and necrotic components
may contribute to nondiagnostic specimens.7,11 In retrospectively
reviewing this unsuccessful biopsy, we postulated that patient
movement during needle insertion may have affected the regis-
tration accuracy. The operator should take note of the patient’s
position and re-perform registration if necessary.

US fusion–guided biopsy was demonstrated to be safe without
major complications in this study, in accordance with the results
of other studies. Major complications after biopsy of deep H&N
masses are rare. The risk of cranial nerve injury remains a theo-
retic concern but has not been demonstrated in the literature to
date. Two cases of severe vascular complications after CT-guided
biopsy of a H&N lesion have been reported.18,19 According to the
authors, avoidance of vascular structures was critical, especially
for patients with prior neck surgery and radiation therapy. The
minor complication rate was 12.5% (2/16), including mild

inflammation of the puncture site and self-limited blood-tinged
sputum. Mild infection and bleeding were the most reported
minor complications after image-guided biopsy in the H&N.3-11

Other minor complications included vasovagal reaction, transient
facial palsy, and CSF leakage, which did not occur in this study.

The major limitation of our study was the small sample size.
Because the incidence of deep H&N space lesions is low, US
fusion–guided biopsy must be further evaluated in more patients
and in multiple centers. In addition, we could not always compare
histopathologic concordance between the biopsy and surgical
specimens because most of the lesions in this study were benign,
and the choice of surgery was avoided or postponed.

CONCLUSIONS
This pilot study demonstrates the feasibility, efficacy, and safety of
US-guided percutaneous core needle biopsy for lesions in deep
H&N spaces. Our findings may broaden the clinical application of
the US fusion technique and contribute to diagnosing deep H&N
space lesions accurately and conveniently.

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

High-Resolution 7T MR Imaging of the Trochlear Nerve
T. Kumar, G.M. Virador, P. Brahmbhatt, A.A. Bhatt, E.H. Middlebrooks, A. Desai, A. Agarwal, P. Vibhute,

and V. Gupta

ABSTRACT

BACKGROUND AND PURPOSE: The trochlear nerve has traditionally been difficult to identify on MR imaging. The advent of 7T MR
imaging promises to greatly benefit visualization of small structures due to gains in the signal-to-noise ratio allowing improved spa-
tial resolution. We investigated the utility of a clinically feasible ultra-high-resolution 7T MR imaging protocol for identification of
the trochlear nerve, as well as assessment of normal trochlear nerve anatomy.

MATERIALS AND METHODS: Coronal high-resolution 2D T2-weighted TSE images used in a 7T epilepsy protocol of 50 subjects at
our institution were reviewed by 2 independent radiologists for visualization of the trochlear nerve at the nerve origin and cister-
nal, tentorial, and cavernous segments. The frequency of nerve visibility within these segments and their anatomy were docu-
mented, and disagreements were resolved by joint review.

RESULTS: Of the 100 nerves reviewed in 50 subjects, at least 2 segments of the trochlear nerve from the brainstem to the cavern-
ous sinus were identified in 100% of cases. The origins from the brainstem and cisternal segment were visible in 65% and 93% of
nerves, respectively. The trochlear nerve was identified at the trochlear groove in 100% of cases and in the posterior wall of the
cavernous sinus in 74% of cases.

CONCLUSIONS: Coronal high-resolution 2D TSE at 7T reliably identified the trochlear nerve throughout its course and is a promis-
ing tool for imaging patients with suspected trochlear nerve pathology.

ABBREVIATIONS: CN ¼ cranial nerve; SAR ¼ specific absorption rate; SCA ¼ superior cerebellar artery

The trochlear nerve, or cranial nerve IV (CN IV), provides
motor innervation of the superior oblique muscle and is re-

sponsible for inferior abduction of the eye. As a purely motor
nerve, trochlear nerve palsy presents as torsional diplopia with a
characteristic compensatory head tilt away from the affected
side.1,2 Numerous disease processes including trauma, microvas-
cular ischemia, or mass effect from a nearby tumor can affect the
nerve, in addition to congenital trochlear nerve anomalies.3

Iatrogenic trochlear nerve injury is also an important concern in
skull base surgery. It is, therefore, important for the radiologist to
be able to visualize the course of the trochlear nerve.

The trochlear nerve has the longest intracranial course of all
cranial nerves (60 mm), while also having the smallest diameter
of approximately 0.3–1 mm.4,5 The course of the nerve has been
divided into the brainstem, cisternal, tentorial, cavernous, and

orbital segments.6 The brainstem segment refers to the intra-axial

course from the nucleus to the exit of the nerve into the quadri-

geminal cistern. The longest segment, the cisternal segment, runs

in the ambient cistern. The nerve then courses along the tento-

rium in its tentorial segment before piercing the dura within the

trochlear cistern to enter the cavernous sinus. After coursing in

the lateral wall of the cavernous sinus, the nerve enters the orbit

through the superior orbital fissure, bifurcates, and innervates the

superior oblique muscle.
The ability to identify the normal course of the trochlear nerve

on imaging may serve as an aid to identify lesions or impinge-

ment by nearby structures. However, due to its small caliber and
its course along several vascular structures, CN IV has been diffi-

cult to identify on imaging.5 Delineating its intracranial course
has remained challenging even with the state-of-the-art 3T MR
imaging sequences, largely due to limits on achievable resolution.

An intrinsically higher SNR on 7T offers the potential for ultra-
high-resolution imaging and improved visualization of the troch-

lear nerve.7 However, many substantial challenges of ultra-high-
field MR imaging, such as B0 and B11 inhomogeneity and an
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increased specific absorption rate (SAR), are barriers to reliable

visualization of the trochlear nerve at 7T.8 Careful sequence opti-

mization is required to realize the full potential of ultra-high-field

MR imaging. The purpose of this study was to investigate the util-

ity of an optimized T2 TSE at 7T in identifying the trochlear

nerve from its origin from the brainstem to the cavernous sinus

and describe its anatomic relationships and normal variations.

MATERIALS AND METHODS
MR Imaging Technique
Based on the nerve diameter and orientation of its intracranial
course, the optimal sequence considerations include coronal
section orientation along the vertical axis of the midbrain (or-
thogonal to the nerve) with the shortest achievable section
thickness to reduce volume averaging, in-plane resolution of
$0.4mm, high nerve-CSF contrast, coverage from posterior
midbrain to midorbit, and acquisition time of #10minutes for
practical clinical utility. Coronal 2D T2-weighted TSE in clinical
use for evaluation of the mesial temporal lobe in our recently
implemented epilepsy protocol on a clinical 7T Magnetom Terra
MR imaging scanner (Siemens) met all the above considerations.

Relevant sequence parameters included the following: section
thickness ¼ 1.2mm, TR ¼ 8630ms, TE ¼ 35ms, flip angle ¼
138°, echo-train length ¼ 10, FOV ¼ 150 � 150 mm, in-plane
resolution ¼ 0.34 � 0.34mm (reconstructed at an interpolated
voxel size of 0.17 � 0.17 � 1.2mm), and a total scan time of 8
minutes. This sequence was developed at our institution through
extensive volunteer testing with multiple iterations of sequence
parameter optimization of contrast and SNR for the desired reso-
lution within a clinically acceptable scan time. Epilepsy is one of
the most common clinical indications for 7T MR imaging at our
institution, providing a large imaging data set. Furthermore, in
this patient cohort, the brainstem and cisternal structures were
expected to be normal.

Subjects and Data Acquisition
Scans of 60 consecutive subjects undergoing clinical 7T MR
imaging for epilepsy were evaluated, of which 10 scans were
excluded from the analysis owing to excessive motion. The age
range of the subjects was 16–85 years (mean age, 40.7 years).
None of the subjects had any reported history of diplopia or ocu-
lar movement disorder.

The coronal T2 TSE images from this data set were evaluated
independently by 2 experienced neuroradiologists for identifica-
tion of each trochlear nerve. Visualization of the nerve was
recorded in a binary fashion for each segment: 1) origin from
the midbrain, 2) cisternal segment, 3) tentorial segment, and 4)
anterior portion of its cavernous segment. Satisfactory identifi-
cation of the nerve was considered positive in each segment if
the nerve was clearly visible in at least $2 consecutive sections.
The course of the trochlear nerve was followed and recorded
from its origin from the brainstem, through the ambient cistern,

along the tentorium, and into the pos-
terior cavernous sinus. Any disagree-
ments in identification of the nerve
between the 2 observers were resolved
by joint review. The relationship of the
nerve to the major arteries was also
recorded, along with the anatomic fea-
tures of the trochlear groove and the
trochlear cistern. The diameter of the
nerve in the ambient cistern and meas-
urements of the trochlear groove were
also documented.

RESULTS
The incidence of positive identifica-
tion of the different nerve segments is
recorded in the Table. Of the 100 nerves
reviewed in 50 subjects, at least some
part of each trochlear nerve was identi-
fied in 100% of cases. The overall inter-
rater agreement in identification of the
nerve segments was 93% (k ¼ 0.76).

Of the total 100 nerves studied, the
origin from the brainstem immediately
below the inferior colliculus was confi-
dently identified in 65% and the nerve

Trochlear nerve segment visualization

Total Nerve Visualization
Origin at brainstem 65/100 (65%)
Cisternal segment 93/100 (93%)
Tentorial segment 100/100 (100%)
Cavernous segmenta 74/100 (74%)

a Only the posterior cavernous segment was visible.

FIG 1. Coronal T2-weighted image showing the origins of trochlear nerve at the pontomesence-
phalic junction along the posterior aspect of the brainstem (dashed arrows), the left inferior colli-
culus (asterisk), rostral branches of the SCA (arrowheads), and caudal branches of the SCA (short
arrows).
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was visible in the ambient cistern 93% of the time. The nerve
was always seen through its course in the trochlear groove, while
it was confidently seen in 74% of cases piercing the posterior
wall of the cavernous sinus surrounded by varying amounts of
CSF in the so-called trochlear cistern. The T2 TSE sequence
offered no effective contrast for visualization of the cavernous
segment traveling within the fibrous layers of the lateral cavern-
ous dura or the orbital segments, which were, therefore, not
evaluated in this study.

The Table shows the visibility of the trochlear nerve segments
from its origin to the cavernous sinus.

Trochlear Nerve Anatomy on 7T
MRI Sections
Origin from the Brainstem. The origin
of the trochlear nerve was seen at the
posterior aspect of the pontomesence-
phalic junction at the inferior margin of
inferior colliculus (Fig 1). In all subjects,
the rostral branches of the superior cere-
bellar artery (SCA) were seen coursing
above the nerve origin, whereas the cau-
dal SCA branches traversed below it on
the superior surface of the cerebellum
(Fig 1).

Cisternal Segment. Anterior to its ori-
gin, the nerve was seen coursing superi-
orly and anterolaterally into the ambient
cistern to reach the inferior surface of
the free edge of the tentorium cerebelli
(Fig 2). In 7% of the scans, CSF flow
artifacts obscured the entire segment
in the ambient cistern (Fig 2). The
diameter of the trochlear nerve ranged
between 0.4 and 0.5 mm in the ambi-
ent cistern.

On reaching the free edge of the
tentorium cerebelli, the nerve traveled
anterosuperiorly, becoming cranial to
the rostral SCA branch before entering
the trochlear groove (Fig 3).

Tentorial Segment. The trochlear nerve
then passed through a 4- to 6-mm-long
depression, ie, the trochlear groove, in
the medial surface near the free edge of
the tentorium before entering the cav-
ernous sinus (Fig 4). The distance of the
groove from the free edge was 1.1–
2.0mm (mean, 1.5mm), and its depth
measured between 0.4 and 0.9mm
(mean, 0.6mm). After traversing the
trochlear groove, the nerve pierced the
posterior petroclinoid ligament to enter
the lateral wall of the cavernous sinus,
posterior and inferior to the oculomotor
cistern (Fig 5). At this level, the nerve

was always contained within its own CSF sleeve, the trochlear cis-
tern, and was never seen in the oculomotor cistern (Fig 5). The
caliber of the trochlear cistern, seen as a sleeve of CSF surrounding
the trochlear nerve, varied considerably among the subjects.

Cavernous Segment. After piercing the posterior petroclinoid lig-
ament, the nerve reached the posterolateral apex of the cavernous
sinus within the trochlear cistern, wedged between the anterior
petroclinoid ligament laterally and the posterior petroclinoid
ligament medially (Fig 6). Thereafter, it continued anteriorly in
the lateral wall of the cavernous sinus, immediately below the

FIG 2. Coronal T2-weighted image showing the left trochlear nerve within the ambient cistern
coursing toward the tentorium cerebelli (arrow). Note CSF flow signal obscuring the right troch-
lear nerve (arrowhead).

FIG 3. Coronal T2-weighted image showing the left trochlear nerve (arrowhead) crossing the
rostral branch of the SCA (dashed arrow) along left tentorium cerebelli, and the right trochlear
nerve entering the trochlear groove (arrow).
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oculomotor nerve and lateral to the cavernous venous channels
and ICA (Fig 7).

Owing to the rather limited contrast between the nerve and ad-
jacent structures on the TSE T2 sequence, the trochlear nerve could
not be identified anterior to the midcavernous sinus in our study.

DISCUSSION
The aim of this study was to evaluate the ability of 7T MR imaging
to better visualize the trochlear nerve and describe its course from
its origin to the cavernous sinus in a large cohort of subjects with

preserved nerve anatomy and normal
ocular motor function. We were able to
identify the trochlear nerve and its ana-
tomic relationships with a high degree
of consistency on our coronal high-reso-
lution 2D T2 TSE sequence. 7T MR
imaging is, therefore, a promising tool
for the clinical imaging of the trochlear
nerve.

Successful identification of the troch-
lear nerve on conventional MR imaging
has remained challenging owing to its
size, proximity to adjacent vessels/other
structures, and the achievable spatial re-
solution of MR imaging at standard field
strengths.5,9 As also noted by Choi et
al,5 reducing the voxel size below the di-
ameter of the trochlear nerve is critical
in detecting the nerve. Previous MR
imaging studies at 3T have shown lim-
ited success in consistently identifying
the nerve throughout its course.5,10-12

Consequently, there are incomplete and
inconsistent descriptions of the troch-
lear nerve in the MR imaging literature,
particularly in reference to the tentorial
segment of the nerve and the trochlear
cistern. Moreover, there is little-to-no
reference in the imaging literature to the
relationship of the nerve to the vessels in
the ambient cistern and the dural reflec-
tions of the posterior cavernous sinus.
Inconsistencies are also encountered in
cadaveric, anatomic descriptions. A few
postmortem dissections have described
the tentorial course of the nerve within
the oculomotor cistern, while others
note a distinct CSF-containing trochlear
cistern, independent of the oculomotor
cistern.7,13-15

We were able to address these knowl-
edge gaps and controversies regarding
the normal anatomy of the trochlear
nerve. No variations of the nerve course
were observed apart from the relative
distance of the nerve to other cisternal
structures. Within the tentorial segment,

the trochlear groove for the nerve was consistently visualized;
whenever the cavernous segment was visualized, the nerve always
coursed through the posterior cavernous sinus in its own CSF
sleeve (ie, the trochlear cistern). These observations are important
advancements in our understanding of trochlear nerve anatomy.

Proper identification of the trochlear nerve on MR imaging
can be of value both from a presurgical perspective and in cases
of suspected trochlear nerve palsy. Imaging has occasionally
proved useful in identifying nerve impingement after trauma or
nerve absence in some congenital cases of trochlear nerve

FIG 4. Coronal T2-weighted image showing the trochlear nerves within the trochlear grooves
(arrows).

FIG 5. Coronal T2-weighted image showing the right trochlear nerve piercing the dura through
the posterior petroclinoid ligament (dashed arrows) encased within the posterior end of the
trochlear cistern (arrowhead), and the left trochlear nerve within the trochlear groove before
entering the trochlear cistern (arrow).
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palsy.16-18 Currently, imaging is rarely used in the clinical evalu-

ation of isolated trochlear nerve palsy, largely because of the

inability of current techniques to achieve sufficient resolution to

identify the nerve. Our observations show that high-resolution

2D TSE MR imaging at 7T permits reliable identification of the

trochlear nerve and evaluation of its anatomic relationships.
The 3D techniques commonly used for cranial nerve assess-

ment at lower field strengths, such as CISS, true FISP, and

sampling perfection with application-
optimized contrasts by using different
flip angle evolution (SPACE sequence;
Siemens), have limited data for cranial
nerve assessment at 7T. These 3D tech-
niques present unique challenges at
ultra-high-field imaging. Due to the
sensitivity of CISS and true FISP to
phase variations, these techniques have
artifacts at ultra-high-field strengths,
limiting their use.8 While volumetric
TSE, such as T2 SPACE, can be advan-
tageous at 7T due to higher SNR and
reduced blurring at shorter echo-train
lengths, minimal blurring can still limit
visualization of small structures, such
as CN IV. Additionally, pronounced
inhomogeneity in the B11 transmit
field at 7T limits use of variable flip
angle sequences (eg, SPACE). Strategies
to improve B11 homogeneity, such as
parallel transmission, also add to the al-
ready high SAR of these sequences
limiting achievable resolution in rea-
sonable acquisition times. Given these
limitations, we chose an optimized 2D
TSE sequence to provide extremely
high in-plane resolution to enable vis-
ualization of the small nerve while
minimizing the section thickness to
balance the SAR and scan length.
Previous studies using TSE at 7T were
unsuccessful in visualizing CN IV,
which underscores the value and nov-
elty of our sequence optimization.8

Our study has notable limitations.
There were no children in our cohort;
the application to children is limited
by the current weight restrictions of
7T imaging to patients of .30 kg due
to the SAR. Furthermore, our study
did not include patients with suspected
trochlear nerve pathology.

CONCLUSIONS
High-resolution 2D TSE MR imaging
at 7T allows reliable visualization of the
trochlear nerve in an acceptable acqui-

sition time and appears promising for clinical imaging of the
trochlear nerve.

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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FIG 6. Coronal T2-weighted image showing the right trochlear nerve coursing in the trochlear
cistern (arrowhead) at the posterolateral apex of cavernous sinus before reaching the lateral wall
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ORIGINAL RESEARCH
HEAD & NECK

The Impact of Interactive MRI-Based Radiologist Review on
Radiotherapy Target Volume Delineation in Head and Neck

Cancer
D. Adjogatse, I. Petkar, M. Reis Ferreira, A. Kong, M. Lei, C. Thomas, S.F. Barrington, C. Dudau, P. Touska,

T. Guerrero Urbano, and S.E.J. Connor

ABSTRACT

BACKGROUND AND PURPOSE: Peer review of head and neck cancer radiation therapy target volumes by radiologists was intro-
duced in our center to optimize target volume delineation. Our aim was to assess the impact of MR imaging-based radiologist
peer review of head and neck radiation therapy gross tumor and nodal volumes, through qualitative and quantitative analysis.

MATERIALS AND METHODS: Cases undergoing radical radiation therapy with a coregistered MR imaging, between April 2019 and
March 2020, were reviewed. The frequency and nature of volume changes were documented, with major changes classified as per
the guidance of The Royal College of Radiologists. Volumetric alignment was assessed using the Dice similarity coefficient, Jaccard
index, and Hausdorff distance.

RESULTS: Fifty cases were reviewed between April 2019 and March 2020. The median age was 59 years (range, 29–83 years), and 72%
were men. Seventy-six percent of gross tumor volumes and 41.5% of gross nodal volumes were altered, with 54.8% of gross tumor
volume and 66.6% of gross nodal volume alterations classified as “major.” Undercontouring of soft-tissue involvement and unidentified
lymph nodes were predominant reasons for change. Radiologist review significantly altered the size of both the gross tumor volume
(P ¼ .034) and clinical target tumor volume (P ¼ .003), but not gross nodal volume or clinical target nodal volume. The median con-
formity and surface distance metrics were the following: gross tumor volume Dice similarity coefficient ¼ 0.93 (range, 0.82–0.96),
Jaccard index ¼ 0.87 (range, 0.7–0.94), Hausdorff distance ¼ 7.45mm (range, 5.6–11.7mm); and gross nodular tumor volume Dice simi-
larity coefficient ¼ 0.95 (0.91–0.97), Jaccard index ¼ 0.91 (0.83–0.95), and Hausdorff distance ¼ 20.7mm (range, 12.6–41.6). Conformity
improved on gross tumor volume-to-clinical target tumor volume expansion (Dice similarity coefficient ¼ 0.93 versus 0.95, P ¼ .003).

CONCLUSIONS: MR imaging–based radiologist review resulted in major changes to most radiotherapy target volumes and signifi-
cant changes in volume size of both gross tumor volume and clinical target tumor volume, suggesting that this is a fundamental
step in the radiotherapy workflow of patients with head and neck cancer.

ABBREVIATIONS: AJCC ¼ American Joint Committee on Cancer; CTV ¼ clinical target volume; CTVN ¼ clinical target nodal volume; CTVT ¼ clinical target
tumor volume; DSC ¼ Dice similarity coefficient; GTV ¼ gross target volume; GTVN ¼ gross nodal volume; GTVonc ¼ original oncology GTV; GTVrad ¼ post-
radiology review volume; GTVT ¼ gross tumor volume; HD ¼ Hausdorff distance; HN ¼ head and neck; HNC ¼ head and neck cancer; IQR ¼ interquartile
range; JI ¼ Jaccard index; PTV ¼ planning target volume; RT ¼ radiotherapy; TRE ¼ target registration error

The efficacy of curative radiotherapy (RT) for head and neck
cancers (HNCs) requires the delivery of high doses of radia-

tion to well-defined disease volumes, while sparing normal

tissues as much as possible.1 HNC target volume delineation relies
on accurate interpretation of radiologic imaging with complex
locoregional anatomy. While CT provides geometric accuracy and
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relative electron density–derived dose calculations required for
RT planning, MR imaging allows more accurate disease identifica-
tion, owing to improved soft-tissue contrast resolution.2

Variability of gross target volume (GTV) delineation has been
shown to affect dose distribution to tumors and organs at risk.3 The
uncertainty of GTV delineation is partially accounted for through
the creation of radical clinical and planning target volumes (CTV
and PTV). For intensity-modulated RT, it is recommended that
radical CTVs be created from geometric expansion of GTVs, rather
than larger traditional anatomic boundaries.4 Therefore, precise
GTV delineation is crucial for improving plan quality and patient
outcomes.5 MR imaging–based GTV delineation has been shown
to reduce interobserver variability.3 Therefore, coregistration of MR
imaging with planning CT scans for RT volume delineation is
important for optimum disease definition, with acquisition in the
RT immobilization mask and position preferred for superior preci-
sion of CT-to-MR imaging registration.6

Review of oncologist-defined RT target volumes by head and
neck (HN) radiologists reportedly changes 52%–55% of volumes
when using CT or diagnostic MR imaging.7,8 Peer review by fel-
low oncologists is associated with alteration rates of 14%–39%.9,10

The importance of oncology peer review is well-established and is
the standard of care in many UK centers, whereas radiologist
involvement occurs in only 8% of institutions.11

In 2018, interactive MR imaging–based radiologist review was
formally introduced into the RT workflow for patients with HNC
at our institution. It was hypothesized that this would result in
significant changes to the RT target volumes. This study aimed to
describe the frequency, nature, causes, and clinical significance of
alterations and to compare the size and conformity indices for
target volumes obtained before and after radiologist review.

MATERIALS AND METHODS
The study received local institutional approval as a service evalua-
tion (Guy’s and St Thomas’NHS Foundation Trust, No. 9623). All
patients prospectively consented to use of anonymized informa-
tion for audit and quality-improvement purposes at the time of
their RT consent.

Participants
From April 2019 to March 2020, consecutive patients undergoing
radical volumetric modulated arc therapy for HNC, for which the
use of a coregistered MR imaging was indicated for target volume
delineation, were prospectively reviewed during weekly interac-
tive oncologist/radiologist sessions.

Imaging and Coregistration Protocols
RT planning CT scans were acquired on a Biograph mCT Flow
(Siemens) at 2.5-mm section thickness with contrast enhancement,

unless contraindicated. All planning CT scans were performed
using a 5-point thermoplastic immobilization shell.

Patients had a diagnostic MR imaging performed on either
1.5T or 3T MR imaging Magnetom Aera or Skyra scanners
(Siemens) using a surface phased-array 20- or 32-channel neck
coil. The diagnostic MR imaging protocol included the following:
axial T1WI TSE with and without fat suppression, T2WI TSE, and
contrast-enhanced T1WI (plus fat suppression); coronal T2WI
STIR; and axial DWI. Section thicknesses ranged from 3mm
(STIR) to 4mm (anatomic and DWI). Wherever possible, patients
with paranasal sinus and nasopharyngeal cancer also underwent
MR imaging for RT planning in an immobilization mask. The RT
planning MR imaging protocol included the following: sagittal
T2WI sampling perfection with application-optimized contrasts by
using different flip angle evolution (SPACE sequence; Siemens),
axial T1WI FLASH, and contrast-enhanced axial T1WI FLASH (1
fat suppression) sequences, all acquired at 1-mm section thickness.

The MRIs were rigidly coregistered with the planning CT
within the RT treatment planning system. The institutional proto-
col in use during the study period mandated the diagnostic or RT
planning T2WI sequence for coregistration, because historically
this sequence had most frequently been referenced for volume
delineation. Additional sequences were coregistered on request or
at the discretion of the RT pretreatment team. Coregistration
accuracy was retrospectively determined within the RT treatment
planning system using the target registration error (TRE) of 1
bony and 2 soft-tissue landmarks. The mean (TREmean) and
maximum (TREmax) values for each coregistration were obtained
and assessed against the recommended optimum of TREmean of
#2 mm and TREmax of#5 mm.12

Radiologist Review and Definition of Target Volumes
Gross tumor and gross tumor nodal volumes (GTVTs and
GTVNs) were generated by 1 of 5 clinical oncologists (with 2, 2,
2, 7, and 12 years of HNC consultant experience) on Eclipse RT
Treatment Planning System (Version 15.5; Varian), with concur-
rent use of Sectra PACS IDS7 (Sectra) and supportive clinical in-
formation. Volumes were subsequently reviewed jointly with 1 of
3 HN radiologists (with 2, 6, and 20 years’ experience), also using
Eclipse and PACS. The review process included interactive dis-
cussion with reference to clinical information and other diagnos-
tic imaging (eg, PET/CT) at the discretion of the radiologist. All
radiologists and oncologists were aware of the study purpose.

The primary focus was review of the delineation of all gross dis-
ease on MR imaging. GTVs were duplicated and saved before radi-
ology review to preserve the original oncology GTV (GTVonc). A
second postradiology review volume (GTVrad) was created and
amended as necessary. Contours were adjusted by the radiologist
or the oncologist under the instruction of the radiologist. All final
amended GTVs were also viewed on the CT planning scan to
assess discrepancies, which were noted and amended when possi-
ble. Patients proceeded to the creation of CTVs and PTVs as per
institutional protocol, with no further input from radiologists.

For this evaluation, study CTVs were created by a single ob-
server (the first author of this report who is a clinical oncologist
not part of the original delineation or peer review process) to avoid
interobserver variability in the CTV delineation process and to
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assess the impact of radiology review on CTVs. This process
involved geometric expansion of both GTVonc/GTVrad by a 10-
mm isotropic margin to create tumor or nodal CTVonc/CTVrad
(20 mm for nodes with evidence of extranodal spread) and editing
off barriers to tumor spread (ie, air, bone, and muscle if muscle
invasion was absent). In postoperative cases, the preoperative dis-
ease on MR imaging was used to guide the extent of the CTV,
which would ultimately encompass the entire anatomic surgical
bed. Therefore, adjustments to preoperative GTVs were included
in this study, but not the postoperative CTVs.

Radiation Therapy Planning
All patients underwent volumetric modulated arc therapy, with
standard PTV doses and fractionations as follows: 65 Gy in 30
fractions (f) to cover gross disease; 60 Gy/30f to the postoperative
tumor bed; and 54Gy/30f to elective nodal regions, delineated as
per consensus guidelines.13,14 Isotropic 4 -mm margins were
added to CTVs to create radical PTVs.

Descriptive Data and Qualitative Analysis
Patient demographics, tumor subsite and staging (American Joint
Committee on Cancer [AJCC] and tumor, node and metastasis),
delineating oncologist, attending radiologist, and time taken for
review were documented prospectively. The nature, anatomic pat-
terns, and contributing factors for volume amendment were noted
at the time of review. Anatomic patterns were the following:
lymph node (addition/removal), GTVT deep extent (changes to
submucosal involvement), GTVT superficial extent (changes pri-
marily along mucosal surface), normal structure exclusion, skull
base/bone or perineural spread, intracranial, and sinonasal (intra-
sinus) extension. Oncologists also prospectively recorded whether
they thought the changes made at peer review were clinically sig-
nificant. This judgment was qualitative, combining a subjective
assessment of clinical significance and a predetermined definition
of geographic miss (Online Supplemental Data).

Volumetric and Quantitative Analysis
The absolute and percentage volume differences between the
GTVonc and GTVrad (regarded as the expert volume) were
recorded. Conformity (degree of spatial overlap) was assessed
using the Dice similarity coefficient (DSC) and Jaccard index
(JI).15 The Hausdorff distance (HD) assessed the maximum dis-
tance between voxel locations for each tumor volume, to assess
the deviation between volumes in 3D.16 These indices were
obtained using MIM Encore (MIM Software). Only amended vol-
umes that were duplicated and saved before peer review were
included in volumetric analysis.

Postradiology volume adjustments were retrospectively classi-
fied as major or minor on the basis of the guidance of the Royal
College of Radiologists (Online Supplemental Data).17 Alterations
to prevent a geographic miss, such as editing a GTVT by$10 mm
or adding suspicious nodes within the radical CTV, were defined
as major. Alterations that would otherwise still be clinically accept-
able, such as editing of normal tissues, were classified as minor.

Statistical Analysis
Descriptive statistics documented the frequency of GTV change,
anatomic patterns of change, and rates of major change. The

Shapiro-Wilk test was used to assess data-distribution normality.
The Spearman correlation coefficient assessed an association
between years of experience (oncologist/radiologist) and the fre-
quency of any change and major change. The difference in volume
size between pre- and postradiology GTVs and CTVs and the dif-
ferences in the distribution of DSC, JI, and HD between GTVs
and CTVs were analyzed using the Wilcoxon signed-rank test. A
2-tailed Fisher exact test was used to determine whether categoric
factors were associated with any or major change. Analyzed factors
were the following: histology, T stage, N stage, AJCC stage, postop-
erative status, use of a research trial delineation protocol, and use
of DWI for target identification. Registration error (TREmean and
TREmax) and its correlation with frequency of any and major
change were assessed using the Mann-Whitney U test. Statistical
significance was P, .05.

RESULTS
Participant Characteristics
We reviewed 50 consecutive patients (Online Supplemental
Data): 37 patients with definitive intensity-modulated RT, 11
postoperative patients, and 2 high-dose palliative patients. The
median age was 59 years, 72% were men, and 72% had oropha-
ryngeal cancer. There were 50 GTVTs and 42 GTVNs reviewed.
One GTVN review was subsequently excluded as new diagnostic
information became available (fine-needle aspiration cytology)
after GTVNonc delineation. The median radiology time taken
per case was 20 minutes (interquartile range [IQR] ¼ 15–30;
absolute range ¼ 5–60). Five patients had MR imaging scans for
RT planning; all others had diagnostic MRIs. Figure 1 illustrates
an example of post–peer review volume adjustments.

Frequency, Nature, and Anatomic Patterns of GTV and
CTV Changes following MR Imaging–Based Radiologist
Review
Forty-two patients had at least 1 GTV amended (84%). Seventy-
six percent of GTVTs (38/50) and 41.5% of GTVNs (17/41) were
amended.

Anatomic patterns of change were the following: GTVN,
additional nodes identified (82.3%; 14/17); GTVT, deep extent
(68.4%; 26/38); GTVT, superficial extent (23.6%, 9/38); normal
structure exclusion (GTVT, 5.2%, 2/38; GTVN, 11.8%, 2/17); and
GTVT with perineural spread (2.5%, 1/38).

Explanatory documentation for GTV modification was
available for all amended volumes and was retrospectively
organized into 5 distinct groups (Fig 2). The most common rea-
sons for modifications were imaging misinterpretation (GTVT,
57.8%, 22/38; GTVN, 52.9%, 9/17) and changes made after
collaborative discussion (GTVT, 7.9%, 3/38; GTVN, 23.5%,
4/17). Medial extension of oro-/hypopharyngeal tumors (n ¼ 6)
and superior extension of nasopharyngeal tumors into the naso-
pharyngeal vault (n¼ 4) were common causes for GTVT altera-
tion. The most frequent reasons for GTVN addition were
inclusion of suspicious or pathologic nodes adjacent to correctly
delineated nodal disease in cervical levels 1b–3 (n ¼ 9) and
inclusion of retropharyngeal nodes (n ¼ 3: 1 missed despite
diagnostic report, 1 pathologic but unreported, 1 highly suspi-
cious and unreported). Of all patients with amended volumes,
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76.2% (32/42) were judged as having clinically significant altera-
tions by the delineating oncologist.

AJCC stage 4 was the only covariate associated with any change
to the GTVT (P ¼ .043, OR¼ 5.33; 95% CI, 1.078–26.35). Factors
associated with any GTVN amendment were the following: nodal
stages 1 (P ¼ .029, OR ¼ 0.77; 95% CI, 0.48–0.97) and 3 (P ¼
.008, OR¼ 1.42; 95% CI, 1.04–1.93) and AJCC stages 3 (P ¼ .028,
OR¼ 0.10; 95% CI, 0.01–0.92) and 4 (P ¼ .014, OR¼ 11.43; 95%
CI, 1.29–100.82).

Volumetric and Quantitative Analysis
Of the 55 amended volumes, 40 were available for volumetric
analysis: 31 GTVTs and 9 GTVNs. Seven GTVTs and 8 GTVNs

were excluded because the original
GTVonc was not preserved. In addi-
tion, 22 study clinical target tumor vol-
umes (CTVTs) and 9 study clinical
target nodular volumes (CTVNs) were
analyzed. Nine postoperative CTVTs
were excluded because changes to the
GTVT did not affect the CTVT.

Volumetric results of amended
volumes are detailed in the Online
Supplemental Data. Of these, major
changes were seen in 54.8% of GTVTs
(17/31) and 66.6% of GTVNs (6/9).
Seventy-four percent of GTVTs (23/31)
and 77.7% of GTVNs (7/9) were
increased. The median percentage vol-
ume change was 5.7% and 4.5% for
GTVT and GTVN, respectively. An
increase in volume was seen across
most subsites (Fig 3). Overall volume
similarity was very good for GTVT
(DSC ¼ 0.93, JI ¼ 0.87, HD ¼
7.45mm) and GTVN (DSC ¼ 0.95,
JI ¼ 0.91, HD ¼ 20.7mm). The simi-
larity of tumor volumes increased after
GTVT-to-CTVT expansion. Following
GTVN-to-CTVN expansion volume
similarity varied; surface distance (HD)
reduced, however volume overlap
(DSC/JI) worsened.

There was a statistically significant
difference between the volume sizes of
GTVTonc and GTVTrad (P ¼ .034)
and CTVTonc and CTVTrad (P ¼
.003), but not for GTVN or CTVN.
Conformity was significantly higher for
CTVT versus GTVT with a median
DSC of 0.95 versus 0.93 (P ¼ .003) and
a median JI of 0.90 versus 0.87 (P ¼
.003). There were no statistically signifi-
cant differences in conformity between
CTVN and GTVN.

There were no covariates associated
with major changes to either GTVT or

GTVN. Increasing years of oncologists’ experience correlated with
increased DSC and JI (P ¼ .018) for GTVT. There was no correla-
tion for radiologists’ years of experience. Rates of any and major
change did not differ depending on the clinician’s experience.

Coregistration Error
Fifty-five registration errors were assessed (5 RT planning, 50 diag-
nostic scans). The median TREmean and TREmax for all coregis-
trations was 4.5mm (IQR ¼ 3.15–5.6) and 6.4mm (IQR ¼ 4.6–
8.45), respectively. For RT planning scans, the median TREmean
was 2.2mm (IQR ¼ 1.65–2.75), and the TREmax, 2.8mm (IQR ¼
1.9–3.7). Registration error exceeded both optimum TRE values in
52.7% (n¼ 29) of scans.

FIG 2. Factors contributing to volume amendments: GTVT and GTVN. 1Changes made following
joint discussion between the oncologist and radiologist, eg, inclusion of lymph nodes with border-
line pathologic changes. 2Diffusion-weighted MR imaging sequences. 3Tumor volumes described as
complex by the oncologist and radiologist at the time of peer review. Includes skull base disease
with perineural spread, septate tumor, and postexcisional biopsy changes.

FIG 1. Examples of volume amendments made at peer review. Selected images show the differ-
ence in GTVonc and GTVrad delineations. A and B, T2-weighted axial images show an intermedi-
ate-signal left piriform fossa tumor (arrows). Following review of the diffusion-weighted imaging
(b ¼ 1000) (single arrow) (C), the contouring on T1-weighted gadolinium-enhanced axial image is
expanded from GTVonc (red) to GTVrad (green) (D). T2-weighted axial image demonstrates multi-
ple bilateral lymph nodes. The left submandibular gland (arrow) was initially included in the
GTVonc (red) because it was isointense to other pathologic lymph nodes. F, Diffusion-weighted
imaging (b ¼ 1000) aided in the identification of the lower signal submandibular gland; hence, it
was excluded from GTVrad (green).
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Registration error did not correlate with the frequency of any
change; however, the distribution of TREmean values was higher for
cases that underwent major-versus-minor change: median, 4.9mm
(IQR ¼ 3.23–6.53) versus 3.6mm (IQR ¼ 1.97–5.23), respectively
(P ¼ .048). No differences were seen in the distribution of TREmax.

DISCUSSION
MR imaging–based radiologist review resulted in amendments to
76% of tumor and 41.4% of nodal volumes, with 54.8% of GTVT
and 66.6% of GTVN changes being classified as major. Most
GTVT changes were related to the addition of disease in the deep
mucosal extent. Some decisions made following collaborative dis-
cussion, such as inclusion of borderline nodes, may not have
occurred during oncologist-only contouring, and their clinical
relevance is uncertain, with a potential for overcontouring result-
ing in an increased dose to normal tissues. Conformity indices
suggested good similarity between the pre- and postradiologist
GTVT and GTVN. Because expansion from GTVT was often
constrained by adjacent bone and air, there was less impact of the
radiologist’s review on representative CTVT volumes, though the
small differences in volume size were statistically significant.
Conversely, differences among nodal volumes were amplified by
expansion to the CTVN. This did not reach statistical signifi-
cance, possibly due to the small number of nodal volumes avail-
able for analysis.

Among radiologists, HN imaging is recognized as a challeng-
ing subject requiring specialized training.18 Oncology training

includes no formal diagnostic radiology education; therefore,
radiologist-delineated volumes were presumed to be the criterion
standard. In our study, most GTV changes were due to under-
contouring. Radiologists routinely analyzed information from
multiple sequences and had more familiarity with additional
sequences such as DWI, which allows greater confidence in dis-
tinguishing pathology from normal tissues and in detecting
lymph nodes. Review of the DWI, in particular, was implicated in
7 GTV adjustments on peer review. Oncologists agreed with radi-
ologists’ recommendations to increase volumes to reduce the risk
of a geographic miss, as primary tumor recurrence within the
irradiated field is rarely salvageable. However, if the radiologic
evaluation of superficial tumor extension was thought to be erro-
neous on the basis of mucosal clinical findings, then this issue
was discussed and discounted.

Diagnostic reports were available at contouring; however,
most lymph node additions were either misidentified pathologic
nodes within the same cervical level as correctly delineated nodes
or suspicious nodes that were not formally reported. In our insti-
tution, diagnostic reports state the existence of nodal disease per
cervical nodal level without listing each individual node, thus
increasing the likelihood of imaging misinterpretation by oncolo-
gists. In addition to detecting overlooked pathologically appearing
(by size and morphological criteria) lymph nodes, there was a
tendency for radiologists to suggest the inclusion of borderline
enlarged nodes in the lymphatic drainage pathways of the primary
tumor that were deemed suspicious, with which the oncologists
agreed.

FIG 3. Boxplots of percentage volume change for GTVT by subsite. Case number 22 and 24 (highlighted as superscript numbers on the box plot
of oropharyngeal cancer cases) are outliers in terms of percentage volume change. Case 22: the GTVT was reduced by 24.5% on radiologist
review due to the removal of normal oral tongue and normal parapharyngeal fat. Case 24; GTVT increased by 41.4% on radiologist review due to
imaging misinterpretation of abnormal deep mucosal disease extent.

196 Adjogatse Feb 2023 www.ajnr.org



Compared with similar studies, our rate of change to gross
volumes was high. However, the proportion of major changes
was comparable. Braunstein et al7 studied the impact of neurora-
diologist peer review on, primarily, CT-based RT planning vol-
umes. They noted a 55% alteration rate, 61% of which was
clinically significant. More recently, Chiu et al8 evaluated the
effects of radiologist input using coregistered MR imaging scans
and reported a 52% alteration rate, with major changes seen in
79%. Studies of oncologist-only peer review reported lower rates
of any change (14%–39%) and major/clinically significant change
(8.8%–13%).9,10 The discrepancy between outcomes of radiologist
and oncologist peer review may be reflective of the level of exper-
tise in imaging interpretation, possibly exaggerated further when
using MR imaging. Moreover, in our institution, radiologists
attended interactive review sessions rather than postdelineation
peer review meetings. This practice allowed detailed exploration
for each case on a one-to-one basis.

Comparison of clinical significance across studies is difficult
because definitions for major/clinically significant changes vary.
Some articles, such as this one, classified major changes on the
basis of volumetric results; therefore, rates were reported only
among amended volumes (with prereview volumes saved).7

Others reported clinical significance among all reviewed volumes
(including unaltered and unsaved volumes).8-10 Among all
reviewed volumes in this study, 34% of GTVT and 14.6% of
GTVN would have undergone major changes. However, the lack
of volumetric analysis of 15 unsaved cases of GTVonc likely dis-
torts those results.

Our conformity indices were very good and consistent with
quality-assurance studies in clinical trials reporting a median JI of
$0.7 and a DSC of $0.8,19,20 and the recent peer-review study of
Chiu et al.8 Chiu et al reported median GTVT values of DSC ¼
0.97, JI ¼ 0.94, and HD ¼ 3.6 mm. They also observed a larger
HD for GTVN at 37mm and a reduction in conformity on
GTVN-to-CTVN expansion. While a GTVT is usually 1 continu-
ous volume, GTVN often includes multiple separate nodes; there-
fore, the inclusion of additional nodes will have a greater impact
on conformity and distance. In our study, nodes were often added
superior and/or inferior to the GTVNonc, expanding the volume
within the soft tissues before anatomic barriers were encountered.

Following publication of the study of Braunstein et al,7 the use
of MR imaging–guided RT volume delineation in HNC has
increased, with a projected future move toward delineation based
on functional imaging and MR imaging–based synthetic CTs,21

hence the focus of our study on MR imaging–based volume
delineation. In contrast to earlier, predominantly CT-based stud-
ies, we detected a predominance of undercontoured volumes by
oncologists when using MR imaging.7,22 This may reflect the lack
of formal training in MR imaging interpretation for oncologists
as well as a conservative approach to include areas/nodes consid-
ered suspicious to minimize the risk of a geographic miss.
Therefore, involvement of input of specialist radiologists in
GTV delineation may be more advantageous, given the increas-
ing complexity of HN MR imaging interpretation, particularly
when using functional sequences.

Few MRIs in our study were acquired in the RT treatment
position; therefore, registration error exceeded both optimum

TRE values in half of the scans. The effect of suboptimal registra-
tion on the degree of volume change is uncertain. Among
amended volumes with TREmax . 5mm (n ¼ 24), only 1 case
corrected the GTVrad, but not GTVonc, on CT. In 3 cases, both
GTVonc/rad were contoured on both CT/MR imaging and com-
pared accordingly. In 5 cases, both GTVonc and GTVrad were
produced on MR imaging only. In 16 cases, GTVonc and
GTVrad were evidently corrected for anatomic mismatch to
some degree (ie, both contours edited away from bone/air). In
these cases, some soft-tissue discrepancies remained, which may
have been due to registration error, but there was no clarifying
documentation regarding this aspect. Nevertheless, the accompa-
nying descriptive reasons for volume change for each case suggest
that many soft-tissue volume discrepancies would have persisted
irrespective of registration error.

There are limitations to this study. It describes a one-to-one
comparison for a single oncologist and single radiologist at a given
time, without analysis of interobserver agreement within the
oncologist and radiologist groups. It is recognized that delineation
of GTVs by each of the oncologists and radiologists would have
allowed the calculation of agreement parameters for tumor vol-
umes and would have given a better understanding of perform-
ance between and across the 2 disciplines. However, the inclusion
of multiple different radiologists and oncologists in the review
process reflects the range of real-world practice in our institution.

Another limitation includes a lack of longitudinal data to
assess the presence of a learning curve, especially important as the
more junior oncologists gain experience. The possibility that
oncologists may have delayed complex contouring decisions in
anticipation of the pending radiologist review, resulting in more
volume amendments, cannot be excluded. However, the prospec-
tive documentation suggests that when oncologists viewed a case
as complex, the radiologist tended to agree. Therefore, the peer
review process facilitated decision-making for these difficult cases.

The use of a single observer to create study CTVs may have
increased the variation between the GTVs and CTVs. Ideally the
oncologist for each case would have produced a CTVonc before
peer review; however, this step was impractical because radiolog-
ist review and oncology target delineation sessions occurred on
the same day. Preoperative GTVTs were included in volumetric
analysis because they still provided information on delineation
accuracy of the oncologist. However, removing the consequent
postoperative CTVTs may have introduced selection bias toward
poorer CTVT conformity (no postoperative nodal volumes were
amended). Nevertheless, CTVT conformity was still superior to
GTVT conformity on both measures.

Additional comparison metrics assessing the extent of under-
contouring (geographic miss index) and overcontouring (discord-
ance index) may have provided a more specific assessment of
contour similarity, uninfluenced by volume size. However, further
metrics would not likely reduce the qualitative benefits of peer
review highlighted in this study. Furthermore, as more centers
adopt the intensity-modulated RT 51 5 consensus,23 which
reduces the margin for the high-risk CTV to 5mm, the need for
optimized GTV delineation is increasing.

At our institution, HN oncology and radiology teams agreed
on the need for expert radiology review of gross volumes when

AJNR Am J Neuroradiol 44:192–98 Feb 2023 www.ajnr.org 197



MR imaging delineation was introduced in the HNC RT work-
flow, given the complexity of the tumor site and the lack of spe-
cific MR imaging training of oncologists. This study was planned
to assess its impact. Since its implementation, we have expanded
the use of MRIs in the immobilization mask for patients having
definitive intensity-modulated RT, to reduce registration errors.
The efficiency and responsiveness of the radiology review process
have been enhanced since 2020 by performing remote radiology
review using an application equipped with shared screen func-
tions. CTV and PTV volumes are subsequently peer reviewed
within the oncology group. In this study, we have shown that the
impact of radiology review of tumor and nodal volumes is suffi-
ciently significant to warrant expert review of radiologists in MR
imaging–based volume delineation in patients with HNC, some-
thing to be considered by institutions and funding bodies.

CONCLUSIONS
Interactive MR imaging–based radiologist review resulted in RT
target volume amendments in most patients. Despite high confor-
mity indices, most changes to GTVT and GTVN were considered
major. Although volumetric similarities improved on GTVT-
to-CTVT expansion, changes to the volume size remained statisti-
cally significant for both GTVT and CTVT. The true clinical sig-
nificance of these changes remains uncertain. However, the
quantitative measures and descriptive reasons for volume adjust-
ment illustrate the benefit of the input of radiologists for MR
imaging–based volume delineation in HNC.

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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Early Fetal Corpus Callosum: Demonstrating Normal Growth
and Detecting Pathologies in Early Pregnancy

T. Weissbach, A. Massarwa, E. Hadi, S. Lev, A. Haimov, E. Katorza, A. Brenner-Weissmann, E. Krampl-Bettelheim,
G. Kasprian, R. Sharon, R. Achiron, B. Weisz, Z. Kivilevitch, and E. Kassif

ABSTRACT

BACKGROUND AND PURPOSE: A malformed corpus callosum carries a risk for abnormal neurodevelopment. The advent of high-
frequency transducers offers the opportunity to assess corpus callosum development in early pregnancy. The aim of the study was
to construct a reference chart of the fetal corpus callosum length on ultrasound between 13 and 19 weeks of gestation and to pro-
spectively examine growth patterns in pathologic cases.

MATERIALS AND METHODS:We performed a prospective cross-sectional study between 2020 and 2022 in well-dated, low-risk, sin-
gleton pregnancies between 13 and 19 weeks of gestation. A standardized image was obtained in the midsagittal plane. Imaging cri-
teria were used as a confirmation of the early corpus callosum. Measurements were taken by 4 trained sonographers. Intra- and
interobserver variability was assessed. Corpus callosum length in centiles were calculated for each gestational week.

RESULTS: One hundred eighty-seven fetuses were included in the study. All cases met inclusion criteria. At 13 weeks of gestation,
the margins of the early corpus callosum were sufficiently clear to be measured in 80% (20/25) of fetuses. A cubic polynomial
regression model best described the correlation between corpus length and gestational age. The correlation coefficient (r2) was
0.929 (P, .001). Intra- and interobserver variability had high interclass correlation coefficients (.0.99). Presented is the earliest pub-
lished case of agenesis of corpus callosum and a case of dysgenetic corpus callosum in Rubinstein-Taybi syndrome.

CONCLUSIONS: Provided is a nomogram of the early fetal corpus callosum. Applying imaging criteria helped to identify a case of
complete agenesis of the corpus callosum as early as 14 weeks.

ABBREVIATIONS: CC ¼ corpus callosum; GA ¼ gestational age

The corpus callosum (CC) is a commissural structure com-
posed of neuronal fibers crossing the midline, connecting

both hemispheres.1-3 Agenesis and dysgenesis of the corpus cal-
losum carry risk for abnormal neurodevelopment.4-6 A short CC
may be the first clue of abnormal formation. Normal CC growth
charts are available from 16 weeks of gestation.7-14 None are pro-
vided for earlier weeks. The advent of high-frequency transducers

offers the opportunity to bring forward anomaly screening to the
first trimester.15-20 A recent publication depicted the early devel-
opment of the CC on sonography, between 14 and 17 weeks;21

however, whether at 13 weeks of gestation the commissural fibers
of the CC have developed and can be demonstrated is still
debated.3,21,22 The aims of the study were the following: 1) to
construct a normal modeled reference chart of the length of the
fetal CC on 2D ultrasound between 13 and 19 weeks of gestation,
2) to propose imaging criteria to support identification of the
early CC, and 3) to prospectively examine the growth of the CC
in suspected or confirmed pathologic cases.

MATERIALS AND METHODS
A prospective cross-sectional study was conducted between 13
and 19 weeks of gestation at a single tertiary care center (Chaim
Sheba Medical Center). Inclusion criteria were the following: 1)
singleton pregnancies, 2) accurate pregnancy dating using first tri-
mester crown-rump length or a history of regular menses, 3)
absence of known major fetal malformations or genetic aberra-
tions, and 4) absence of conditions known to affect fetal growth.
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Measurements were taken by 4 examiners, Eran Kassif, T.W,
A.M., and E.H. using a Voluson E10 ultrasound machine (GE
Healthcare) with an abdominal RM6C 2–6MHz convex probe or
a vaginal RIC 6–12MHz probe (both probes, GE Healthcare) as
appropriate. A transvaginal approach was used up to 17 weeks of
gestation, and a transabdominal approach, from 18 weeks in a
nonvertex presentation.

To acquire a standardized image, we obtained a midsagittal
plane of the fetal brain through the anterior fontanelle. The
image was magnified so that the fetal head would occupy 70% of
the screen. The probe was angled until the CC was horizontal
with clear edges. The anterior-posterior length of the CC was
measured.

The identification of the early CC was supported by 3 imaging
criteria: 1) the appearance of a hypoechogenic structure, 2) cross-
ing the midline of the brain, and 3) located beneath the perical-
losal artery and above the echogenic tela choroidea (Fig 1 and
Online Videos 1 and 2). The pericallosal artery was demonstrated
using color Doppler sonography. Slow Flow Doppler was used
when the pericallosal artery was not clear or continuous on color
Doppler.

We performed an additional pilot study assessing the repro-
ducibility of CC measurements. Fifty-nine fetuses were assessed
for intraobserver variability, and 37, for interobserver variability.
For intraobserver variability, 2 measurements were taken by the
same operator on 2 different images. For interobserver variability,
a second operator measured the CC length on a newly acquired
image.

Postnatally, we contacted patients in whom the fetal corpus
measurement was found to be#5th centile. This was identified

in retrospect after the normal corpus
growth chart was constructed. The
patients were queried about the details
of their pregnancy, delivery, postnatal
period, and the development of the
children, focusing on the Maternal
Child Health Care Clinic visits.

Maternal Child Health Care Clinic
Developmental Assessment
The Maternal Child Health Care Clinic
is a national health care service in Israel
that serves children from birth to 6
years of age, providing vaccines and
conducting routine growth and devel-
opmental examinations. The Maternal

Child Health Care Clinic assessments are performed regularly dur-
ing scheduled visits at 1, 2, 4, 6, 9, 12, 18, 24, 36, 48, and 60 months
of age. A structured age-based developmental assessment is per-
formed using a standardized protocol addressing 4 developmental
domains: gross motor, fine motor, language, and personal-social.23

This protocol was validated on a large Israeli pediatric population
in a recent study.24

The study protocol was approved by Sheba Medical Center
ethics committee (5344–18-SMC). All participating patients were
informed and consented.

Statistical Analysis
Statistical analyses were performed using SPSS Statistics, Version
20 (IBM), and Excel 2016 software (Microsoft). All tests were 2-
tailed, and a P value of ,.05 was considered statistically signifi-
cant. The intra- and interobserver variability was assessed using
the Bland-Altman plot limits of agreement (SD, 1.96).25 The sta-
tistical analysis used to calculate the modeled centiles was based
on a method previously described.26-28

After assessment of normal distribution using the Shapiro-
Wilk test, the fitted mean and SD were calculated using the regres-
sion models as a function of gestational age (GA) of the raw data
(y ¼ a1 b � GA 1 b1 � GA21 b2 �GA3). The r2 statistic was
studied to assess the best quality of fit.

The modeled centiles for a given GA were calculated as follows:
centile GA¼mean GA1 K� SDGA, where K is the correspond-
ing centile of the Gaussian distribution (for example, determination
of the 10th and 90th centiles requires K¼61.28; determination of
the fifth and 95th centiles requires K ¼ 61.645, and so forth). An
additional z score for assessing model fit was measured by the fol-
lowing formula: z score= (YGA –MGA) / SDGA. Normal distribu-
tion of the z scores using the Shapiro–Wilk W test was calculated
as well.

RESULTS
One hundred eighty-seven fetuses of low-risk pregnancies were
included. All cases met our strict inclusion criteria. Maternal
characteristics are summarized in Table 1. The Pearson correla-
tion coefficient showed a positive and significant correlation
between CC length and GA (Table 2).

FIG 1. Imaging criteria for early CC identification. A, A hypoechogenic structure (double arrows)
crossing the midline of the brain above the echogenic tela choroidea (single arrow), located
beneath the pericallosal artery (black arrows, B).

Table 1: Maternal characteristicsa

Characteristics n = 187
Age (yr) 32.3 (SD, 4.6)
IVF 16.5% (31/187)
Prepregnancy weight (mean) (Kg) 63.8 (SD, 12.6)
Height (mean) (cm) 163.15 (SD, 6.6)
BMI (mean) 24 (SD, 4.1)
Gravidity (mean) 2.5 (SD, 1.6)
Parity 1 (SD, 1.1)

Note:—IVF indicates in vitro fertilization; BMI, body mass index.
a Data are presented as mean or percentage (n/N).
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Intra- and Interobserver Variability
A high interclass correlation was achieved for both intra- and
interobserver variability: 0.997 (0.995–0.998, 95% CI) and 0.998
(0.996–0.999, 95% CI), respectively, indicating an excellent level
of agreement.

The Nomograms
The raw data were best correlated with GA by a cubic polynomial
regression formula. The correlation coefficient (r2) was 0.929
(P, .001). After we aggregated the mean and SD for each week,
CC length was best fitted according to a cubic polynomial regres-
sion formula for the mean CC for GA in weeks.

Table 3 provides the predicted CC length in centiles for each
GA. The mean absolute z score between measured and predicted
values was 0.127 of 0. The Shapiro-Wilk test indicated a normal
distribution with P values of .313.

Corpus Callosum during the 13th Week of Gestation
The appearance of a developing CC was sought in 25 fetuses at 13
weeks of gestation. A biometry concordant for 13 weeks was

confirmed in all cases. Of these, in 80% (20/25), the early CC was
clearly demonstrated and measured. In 5 cases, the margins of the
CC were not clear enough for a precise measurement.

Demonstration of CC Growth
Figure 2 shows the gradual growth of the CC between 13 and 18
weeks. In each image, the CC and tela choroidea of the third ven-
tricle are marked.

Short Early CC
We evaluated the outcome of 6 cases that were found to have a short
CC (#5th centile). In 2 of the cases, subsequent measurements of the
CC during the second and third trimesters were consistently#5th
centile as an isolated finding. Both patients refused further investiga-
tion due to personal religious beliefs. All patients were contacted
postnatally, and they reported having had an uneventful pregnancy
and delivery. Currently, these infants are between 7 and 15 months
of age. Five infants are developing appropriately, as per the Maternal
Child Health Care Clinic developmental assessment. A sixth infant, 7
months of age, was reported as healthy and normally developing by
his parents and has never visited the Maternal Child Health Care
Clinic, according to the parents’ preference. The medical record of
this patient was reviewed, confirming normal physical and neuro-
logic development by his pediatrician and also by attending physi-
cians during a hospital admission for a viral infection.

Pathologic Cases. By applying the imaging criteria, we identified
2 pathologic cases. We evaluated the sonographic appearance of
the early fetal brains in these cases.

Absent Early CC
The patient was referred for an early
anomaly scan at 14.4 weeks. The lateral
ventricles appeared prominent, and the
choroid plexuses were disproportion-
ately small. On the coronal plane, the
midline structure of the tela choroidea
was not apparent, resulting in an
unroofed third ventricle (Fig 3A). On
the midsagittal plane, the hypoechoic
structure of the early CC could not be
demonstrated (Fig 3B). At 16 weeks, a
fetal brain MR imaging confirmed the
diagnosis of an absent CC (Fig 3C, -D).
Repeat neurosonogram findings at 17
and 21 weeks remained consistent with
the diagnosis. Chromosomal microarray
and whole exome sequencing results
were normal.

Short and Dysgenetic Early CC
The patient was referred for a targeted
scan at 19 weeks of gestation due to
mild ventriculomegaly and mega cis-
terna magna. The CC appeared dysge-
netic (Fig 4) and measured below the
first centile of the new reference chart.
On follow-up at 22.4 weeks, the

Table 2: CC length—correlation with fetal characteristics
Pearson Correlation

Coefficient (r) P Value
GA 0.948 ,.001
Head circumference 0.964 ,.001
Abdominal
circumference

0.948 ,.001

Femur length 0.377 ,.001
Estimated fetal weight 0.960 ,.001

Table 3: Corpus callosum length (mm)a

Week No. 1st 3rd 5th 10th 25th 50th 75th 90th 95th 97th 99th
13 20 1.16 1.33 1.43 1.57 1.81 2.08 2.34 2.58 2.72 2.82 3.00
14 43 1.22 1.49 1.63 1.86 2.23 2.64 3.06 3.43 3.66 3.80 4.08
15 30 1.74 2.14 2.35 2.67 3.21 3.81 4.41 4.96 5.28 5.49 5.90
16 28 2.80 3.35 3.64 4.08 4.83 5.66 6.49 7.24 7.68 7.97 8.54
17 23 4.45 5.18 5.57 6.16 7.16 8.26 9.36 10.35 10.95 11.33 12.09
18 23 6.78 7.72 8.21 8.98 10.26 11.69 13.11 14.39 15.16 15.65 16.63
19 20 9.83 11.02 11.64 12.61 14.23 16.02 17.81 19.43 20.40 21.02 22.25

aModeled are the first 99th centiles and reference range from the 13th to 19th week of gestation.

FIG 2. The growing early CC between 13 and 18 weeks. Marked in each image are the tela choroi-
dea (black arrowhead) and CC (white arrowheads). W indicates weeks.
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dysgenetic CC again measured below the first centile.12 Additional
findings included delayed sulcation, a falciform sinus, posterior
fossa malformation, an enlarged gallbladder, and rotated, low-set
ears. Microarray findings were normal; however, whole exome
sequencing revealed a mutation in the CREBBP gene, correspond-
ing to Rubinstein-Taybi syndrome.

DISCUSSION
Malformation of the CC may result in neurocognitive impairment
of various degrees.4-6,29 The availability of high-resolution ultra-
sound machines provides an opportunity for an early diagnosis. The
present study provides a nomogram of the early fetal CC between
13 and 19 weeks, displaying linear growth with advancing gestation.
The findings of the study support the novel observation that the CC
can be demonstrated and measured on prenatal ultrasound as early
as 13 weeks. Presented are sonograms and MR images of the earliest
prenatally diagnosed case of CC agenesis published so far.

Previous prenatal studies have established nomograms of the
fetal CC8,12-14,30 but none included the range of 13–15weeks of
gestation and only 2 included 16–17 gestational weeks.7,30 One had
a small sample size and was performed.20 years ago using sonog-
raphy machines of lower resolution compared with contemporary
machines.7 The second study used a transabdominal approach,30

with an inherent limited resolution.

The current study offers imaging
criteria to support early CC identifica-
tion (Fig 1). In the earlier weeks, before
the development of the cavum septum
pellucidum and callosal sulcus, the
small hypoechogenic CC may be diffi-
cult to discern from its surrounding.
The pericallosal artery provides a sup-
portive landmark of the early CC. The
use of the pericallosal artery at early
gestation as an indirect marker of nor-
mal CC development has been previ-
ously studied and validated.31-33 By 18
weeks of gestation, the cavum septum
pellucidum and callosal sulcus have
developed, facilitating the visualization
of the CC (Fig 2).34

A recent pioneering publication by
Birnbaum et al21 depicted the development of the early CC from
14 weeks using a 3D multiplanar technique. This study showed
the evolution of the developing CC between 14 and 17 weeks of
gestation, showing a bidirectional growth of the CC. Similar to
the current study, Birnbaum et al recognized the early CC as a
small hypoechogenic midline structure in the anterior part of the
fetal brain, bounded by the pericallosal artery superiorly and the
tela choroidea inferoposteriorly.

The current study is the second to address the sonographic
demonstration of the developing CC. Furthermore, it extended
the lower limit of in vivo sonographic CC demonstration to 13
weeks. This observation is supported by embryologic studies
showing the crossing of decussating cingulate, neocortical, and
callosal fibers across the midline at 13 weeks.2,35 The decussation
of callosal fibers is guided by specialized glial cells that form the
“glial sling,” a temporary structure serving as a bridge across the
midline.34 In the absence of the glial sling, callosal fibers do not
cross over, traveling, instead, parallel to the midline.35

Short Early CC
A short early CC under the fifth centile was observed in 3% (6/198)
of cases. In 2 cases, the CC was observed to be consistently short yet
well-formed throughout pregnancy, supporting the validity of the
early CC growth chart.

FIG 4. A, Short and dysgenetic CC in Rubinstein-Taybi syndrome at 19.3 weeks. The rostrum is
absent, the genu is underdeveloped (single arrow), and the splenium is short (double arrow), ter-
minating prematurely at the anterior aspect (vertical line) of the massa intermedia (star). B, A nor-
mal CC at 19 weeks for comparison. The rostrum and genu (double arrow) are apparent and
splenium (single arrow) is observed to extend beyond the posterior border (vertical line) of
massa intermedia (star).

FIG 3. Absent early CC. A, In the coronal plane of the third ventricle and thalami, structures crossing the midline are not apparent, resulting in
an unroofed third ventricle (star). B, In the midsagittal plane, a prominent unroofed third ventricle (star) is observed in the designated location
of the absent CC. C, Fetal MR imaging at 161 6 gestational weeks in the sagittal plane demonstrating the absence of the CC, resulting in an
unroofed third ventricle (star) with the partial volume effect of the interthalamic adhesion and the anterior portion of the postcommissural for-
nix (white arrows). D, MR imaging in the coronal plane shows the unroofed third ventricle (black star) and the adjacent thalami (white stars).
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All patients reported an uneventful pregnancy and delivery of
an apparently healthy offspring. Moreover, 5/6 cases were reported
to achieve expected milestones at the Maternal Child Health Care
Clinic assessment, implying that a short early CC may be a normal
variant. This observation is supported by previous studies demon-
strating that children with a short but completely formed CC may
have normal neurodevelopment.5,6

Early Detection of Pathologic Cases
Our study presents 2 early pathologic cases: complete agenesis
(Fig 3) and a short dysgenetic CC (Fig 4). These cases suggest
that some callosal pathologies may be apparent in early gestation,
contrary to claims in the current literature of a later detection of
callosal anomalies.4,19,32,36 The availability of informative images
of these pathologic cases enhances our understanding of normal-
versus-abnormal early brain development. Additional cases are
needed to confirm these preliminary observations.

An in-depth review article by Raybaud35 addressing the nor-
mal and abnormal development of the forebrain commissures
considered commissural agenesis a constellation of features, of
which the most prominent is the absence of an apparent interhe-
mispheric connection, as seen in the current agenesis of the CC
case. In his review, Raybaud suggested that the term “CC agene-
sis” was inaccurate because histologic evidence shows that the CC
fibers have, in fact, developed but are heterotopic. Unable to cross
the midline, the CC fibers reroute parasagittally in a bundle com-
monly known as Probst bundles, named after Moriz Probst, an
Austrian neuroanatomist who first described them in 1901.35

Previous neuropathologic studies of CC agenesis included cases
from the midtrimester, reporting late-appearing signs such as
Probst bundles, widely spaced lateral ventricles, and the absence
of the cavum septum pellucidum.33,35,36 Although the current
study details only a single case of CC agenesis at 14 weeks, the
early signs described herein may aid in raising clinicians’ aware-
ness of signs on the early anomaly scan in future cases.

Strengths and Limitations
There are several limitations to address. First, as an in vivo study
of viable fetuses, it lacks histologic correlation to support our ob-
servation of an early CC. This is partially overcome by the se-
quential demonstration of the growing CC, week by week, from a
minute curved structure to the characteristic shape of the CC
bridging the cavum septum pellucidum, confirming its identity.
A second limitation of the study is the absence of follow-up meas-
urements later in pregnancy in all short early CC cases. This was
discovered in hindsight after the construction of the reference
chart.

The strengths of the study are its novelty in measuring the
growth of the CC during early gestation and studying its
gradual appearance from the earliest week assessed so far.
Moreover, presented is the earliest prenatally diagnosed case
of agenesis of the CC, providing an in vivo demonstration of
the appearance of the fetal brain in this condition both on
ultrasound and MR imaging (Fig 3). Additional strengths of
the growth chart include prospective recruitment, strict inclu-
sion criteria, reproducibility, and a well-sized cohort of weekly
measurements.

CONCLUSIONS
The developing CC can be demonstrated and measured as early
as 13 weeks of gestation using high-resolution sonography. Some
major callosal pathologies can be identified at this stage. In an era
striving for early detection of fetal anomalies, it is imperative to
maximize the potential of early screening and to challenge the
limits of existing diagnostic tools. The nomogram of the early fe-
tal corpus callosum and the pathologic cases presented in this
study may enhance our understanding of normal and abnormal
patterns of callosal development.
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ABSTRACT

BACKGROUND AND PURPOSE: Congenital diaphragmatic hernia is associated with high mortality and morbidity, including evidence
suggesting neurodevelopmental comorbidities after birth. The aim of this study was to document longitudinal changes in brain bi-
ometry and the cortical folding pattern in fetuses with congenital diaphragmatic hernia compared with healthy fetuses.

MATERIALS AND METHODS: This is a retrospective cohort study including fetuses with isolated congenital diaphragmatic hernia
between January 2007 and May 2019, with at least 2 MR imaging examinations. For controls, we used images from fetuses who
underwent MR imaging for an unrelated condition that did not compromise fetal brain development and fetuses from healthy
pregnant women. Biometric measurements and 3D segmentations of brain structures were used as well as qualitative and quantita-
tive grading of the supratentorial brain. Brain development was correlated with disease-severity markers.

RESULTS: Forty-two fetuses were included, with a mean gestational age at first MR imaging of 28.0 (SD, 2.1) weeks and 33.2 (SD, 1.3)
weeks at the second imaging. The mean gestational age in controls was 30.7 (SD, 4.2) weeks. At 28 weeks, fetuses with congenital
diaphragmatic hernia had abnormal qualitative and quantitative maturation, more extra-axial fluid, and larger total skull volume. By
33 weeks, qualitative grading scores were still abnormal, but quantitative scoring was in the normal range. In contrast, the extra-
axial fluid volume remained abnormal with increased ventricular volume. Normal brain parenchymal volumes were found.

CONCLUSIONS: Brain development in fetuses with congenital diaphragmatic hernia around 28 weeks appears to be delayed. This
feature is less prominent at 33 weeks. At this stage, there was also an increase in ventricular and extra-axial space volume.

ABBREVIATIONS: CDH ¼ congenital diaphragmatic hernia; FETO ¼ fetal endotracheal occlusion; GA ¼ gestational age; SRR ¼ super-resolution reconstruc-
tion; TFLV ¼ total fetal lung volume

Congenital diaphragmatic hernia (CDH) is a severe birth
defect, occurring in approximately 1 in 3000 live-born neo-

nates.1 Despite neonatal treatment, the disease is associated with

high mortality, and survivors often have short- and long-term
morbidities.1 These include respiratory, gastrointestinal, and neu-
rologic impairments.2 Neurodevelopmental delays as well as be-
havioral difficulties have been linked to CDH in the past, and
certain risk factors have been suggested, including gestational age
at birth, disease severity, associated anomalies, the requirement
for extracorporeal membrane oxygenation, and long stays in the
neonatal intensive care unit.2-7

In infants with CDH, imaging studies have demonstrated sev-
eral abnormalities, including increased extra-axial space, delayed
sulcation, and white matter injury, but the exact mechanisms
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remain unclear.8 As for other congenital malformations with an
increased risk for neurodevelopmental abnormalities, parents
may ask whether these are already present at the time of prenatal
diagnosis or are more likely to be postnatally acquired. This issue
will become even more important with the advent of effective
fetal therapy,9-11 which treats fetuses with the more severe forms
of CDH. Those parents and physicians likewise will want to
understand whether brain development in CDH is already altered
prenatally and, when present, if this would be severity-depend-
ent.12 Currently, there are limited data on in utero brain develop-
ment in fetuses with CDH.8,12,13 Radhakrishnan et al12 described
enlargement of the extra-axial space and congestion of the venous
sinuses in the third trimester. A further study reported a correla-
tion between cerebellar and vermian dimensions and the severity
of lung hypoplasia (evidenced by lower fetal lung volume).
Recently, we reported, on the basis of sonography, changes in cer-
ebellar growth, in particular after 32 weeks’ gestation. We also
correlated these to disease severity.14 The objective in the present
study was to use MR imaging data to document cortical folding
as well as the dimensions and volume of given brain structures in
comparison with findings in healthy fetuses, again, in particular,
late in gestation.

MATERIALS AND METHODS
This retrospective cohort study included all consecutive fetuses
diagnosed with isolated CDH at the University Hospitals Leuven,
Belgium, between January 2007 and May 2019 (n ¼ 283) and for
whom at least 2 MR imaging examinations were available (n ¼
48 fetuses). Isolated CDH was defined as the presence of normal
findings on prenatal genetic testing (conventional karyotyping or
comparative genome-wide hybridization array analysis15) and the
absence of a major structural anomaly. Fetuses with poor-quality
brain images due to motion artifacts were excluded (n ¼ 6). For
controls, we used images from fetuses that underwent MR imag-
ing for an unrelated condition, which was presumed not to
involve brain development, assessed between 20 and 37weeks’
gestational age (GA) (n ¼ 26). The precise indications for MR
imaging assessment are provided in the Online Supplemental
Data. All brain examinations were reported as showing normal
appearances for GA, and no abnormal neurodevelopmental out-
come was reported after birth. We added to this control cohort
additional fetal images (n ¼ 30) obtained by our collaborators
from King’s College London (Robert Steiner MR Imaging Unit in
Hammersmith Hospital, London, UK) between November 2007
and May 2013 in healthy pregnant women who had normal neu-
rodevelopmental follow-up. These data were included in a previ-
ous study.16 Selected patients were chosen to be equally distributed
across the same GA period.

MR Imaging Examination
At the University Hospitals Leuven, MR imaging was performed
as part of standard clinical care using a 1.5T system (Aera;
Siemens). Two small body coils were placed adjacent to each
other over the mother. The mother was positioned in the supine
or left lateral decubitus position. Before September 2015, mater-
nal sedation (flunitrazepam, 0.5 mg taken orally 20–30 minutes
before the examination) was used when the GA was ,30 weeks,

a practice that was abandoned.17,18 The protocol includes T2-
weighted HASTE sequences, obtained in 3 orthogonal planes rel-
ative to the fetal head (coronal, axial, and sagittal). Scanning
parameters are reported elsewhere.19 In addition, T2-weighted
HASTE sequences, obtained in 3 orthogonal planes relative to the
fetal body (coronal, axial, and sagittal) were performed. Scanning
parameters were TE¼ 90 ms; TR¼ 1000ms; section thickness ¼
3.0–4.0mm; absence of an intersection gap; FOV ¼ 300 � 300–
380� 380mm. During the study period, the scanner received
several software updates that had no influence on the image qual-
ity of T2-weighted sequences. However, additional sequences
were added to the routine protocol (eg, T2*-weighted sequences
and diffusion-weighted imaging), but these are not relevant to
this study. Parameters from the MR imaging examination in
controls scanned at the Robert Steiner MR Imaging Unit in
Hammersmith Hospital, London, UK, were similar and can be
found in Kyriakopoulou et al.16 These examinations were per-
formed using a 1.5T MR imaging system (Achieva; Philips
Healthcare) with a 32-channel cardiac array coil. The mother was
positioned in a left lateral tilt, and no sedation was used. The
images used for this study included T2-weighted images in trans-
verse, sagittal, and coronal planes.

Assessment of Brain Development and Severity of
Pulmonary Hypoplasia
Biometric measurements were obtained on standard T2-
weighted images and included brain and skull biparietal diame-
ter and fronto-occipital diameter, atrial width, and transverse
cerebellar diameter (Online Supplemental Data).17 Head cir-
cumference and extra-axial space percentiles were calculated
according to Kyriakopoulou et al.16 Fetal cortical development
was scored using the grading system described by Pistorius et al20

and measured following Egaña-Ugrinovic et al.21 We earlier
demonstrated that scoring has a good interobserver reproduci-
bility.22 All measurements were performed by D.E. (with limited
experience in fetal MR imaging) under direct supervision of M.A.
(with .5 years’ experience in fetal MR imaging with .2000 fetal
MR imaging examinations) after training in scoring the fetal
brain on MR imaging with the qualitative and quantitative grad-
ing system in 15 cases. The following brain regions were scored
subjectively: frontal, parietal, temporal, mesial, insular, and occi-
pital cortex.20 Selected primary sulci and gyri were graded and/or
measured, including the parieto-occipital fissure; the central, cal-
carine, superior temporal, cingulate sulcus; and, for the opercula-
rization, the Sylvian fissure.20,21 In addition to the Sylvian fissure
depth, which reflects the distance between the inner part of the
skull and the insular cortex, the insular depth was also measured,
ie, the distance from the midline to the insular cortex.22 The sum
of all the graded fissures provides a total grading score for each
hemisphere and the whole brain.22

3D super-resolution reconstruction (SRR) volumes were cre-
ated from the standard T2-weighted 2D stacks displaying the fetal
brain, using NiftyMIC (https://github.com/gift-surg/NiftyMIC),
a publicly available and state-of-the-art SRR algorithm.23 The
SRR volumes were automatically segmented for white matter, the
ventricular system (lateral ventricles, third ventricle, fourth
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ventricle, and aqueduct), the cavum septi pellucidi and cavum
vergae, extra-axial space, and cerebellum with manual correction
when necessary (D.E. supervised by M.A.). A deep learning algo-
rithm for the automatic segmentation of white matter, the ven-
tricular system, and cerebellum was used for the first volumes
that were processed.24 As the number of volumes segmented for
the extra-axial space increased, we trained a new deep learning–
based segmentation algorithm25 based on a partially supervised
learning method that automatically segments white matter, the
ventricular system, the cerebellum, and the extra-axial space.
These segmentations were used for volumetric analysis when the
quality of the SRR volume allowed further analysis (determined
by D.E. and supervised by M.A. and L.F.) (Fig 1).

In all cases in which the fetus underwent fetal endotracheal
occlusion (FETO), the date was noted and the time interval
between the operation and second MR imaging was documented.
The severity of pulmonary hypoplasia in fetuses with CDH was
assessed on MR imaging by measuring the right, left, and total fetal
lung volume (TFLV), the fetal body volume, liver position, intra-
thoracic liver volume, and thoracic volume, again measured man-
ually (D.E. supervised by M.A.). From those, we calculated the
observed over expected ratio TFLV ratio26 and the liver-to-thoracic
volume ratio.27 The latter ratios provide biometric measurements
in the index case that are independent of GA and/or fetal weight.

Statistics
Data were analyzed with Analyze-it
(Analyze-it for Microsoft Excel 4.81.4;
https://analyse-it.com/). Data were
checked for normality using the
Shapiro-Wilk test for normality. All
data are expressed as mean (SD) or
median (interquartile range), depend-
ing on normality; subclassifications
were illustrated as number (percent-
age). Regression analysis of the differ-
ent variables in healthy fetuses allowed
calculation of normal ranges in corre-
lation with GA for each parameter.

This allowed us to calculate an expected value for each observa-
tion in the CDH population. Differences between the CDH popu-
lation at the first and the second time points and the controls
were studied with the Wilcoxon-Mann-Whitney test, using the
observed/expected ratios based on the reference cohort. To ana-
lyze the evolution with time, we performed a Wilcoxon hypothe-
sis test on the difference in the observed/expected ratio between
both time points. Correlations were assessed using the Pearson
correlation coefficient, and the Bonferroni correction for multiple
comparisons was performed.

Ethics Approval
This study was approved by the Ethics Committee of the
University Hospitals Leuven (S56786).

RESULTS
Study Population
Twenty-eight fetuses had left, 12 had right, and 2 had bilateral
CDH (n ¼ 42; Table). The mean GA at the first MR imaging was
28.0 (SD, 2.1) weeks, and at the second, it was 33.2 (SD, 1.3)weeks.
The mean difference between the 2 measurements was 4.8 (SD,
1.9)weeks. FETO was performed in 40 fetuses (95%) with a mean
GA at FETO of 29.3 (SD, 1.5)weeks. The mean number of days
between FETO and the second MR imaging was 26.45 (SD,
11.76). Balloon removal was performed at a mean GA of 33.5 (SD,
1.1) weeks. The mean GA in controls was 30.7 (SD, 4.2) weeks.
SRR for volumetric analysis was possible in 25 (60%) fetuses at the
first time point and in 23 (55%) at the second time point. Further
details of success rates for volumetric measurements at the first
and second time points and the number of available measures
from paired data are shown in the Online Supplemental Data. In
controls, 52 (93%) reconstructions were possible.

Measurement at the First Time Point
The fetal brain and skull biometry were not different between
fetuses with CDH and those without. The extra-axial space and
atrial width in fetuses with CDH were within the normal range,
except for 1 fetus having mild ventriculomegaly (11mm). The
total brain cortical grading for fetuses with CDH was significantly
lower than in controls (P, .003) (Online Supplemental Data).
When we compared the brain grading of each hemisphere, the
difference was present on both sides (both P, .003). The opercu-
larization was delayed on the left side (P ¼ .011), but not on the

FIG 1. T2-weighted images in the axial (A), coronal (B), and sagittal (C) planes illustrating auto-
mated segmentations of the extra-axial space (yellow), white matter (red), ventricular system
(green), and cerebellum (blue).

General characteristics of the congenital diaphragmatic hernia
group

General Characteristics
Left/right/bilateral 28 (66.7%)/12 (28.6%)/2 (4.8%)
o/e TFLV at first MR imaging
,15% 6 (14.2%)
16%–25% 13 (31%)
26%–45% 22 (52.4%)
.45% 1 (2.4%)

Liver herniation 40 (95.2%)
Liver/thorax ratio 30.13 (9.67)
Fetal position at MR imaging 1
(cephalic/breech/transverse)

28 (67%)/13 (31%)/1 (2%)

Fetal position at MR imaging 2
(cephalic/breech/transverse)

37 (88%)/5 (12%) / 0

GA at MR imaging 1 (mean) 28.0 (SD, 2.1)
GA at MR imaging 2 (mean) 33.2 (SD, 1.3)
Individual interval 4.83 (1.85)
Fetal endoluminal tracheal
occlusion

40 (95%)

Note:—o/e indicates observed over expected ratio.
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right (P¼ .057). There was a reduced depth of the parieto-occipi-
tal fissure (P, .003 on the right and P¼ .003 on the left) and cin-
gulate fissure (left and right, P, .003), but the depth of the
calcarine fissure was normal on both sides (P. .05) compared
with controls. The Sylvian fissure was just significantly deeper
only on the right (P ¼ .042), but not on the left (P ¼ .055) in
fetuses with CDH. The insular depth in fetuses with CDH was
within the normal range (P. .05). There was no difference in
volume of the total skull, extra-axial space, ventricular system,
white matter, or cerebellum between fetuses with CDH and
healthy controls (Online Supplemental Data).

Measurement and Change at the Second Time Point
At the second time point, most measurements were within the
normal range, except for the atrial width (P, .003), the ventricu-
lar volume (P ¼ .024), and the extra-axial space volume (P ¼
.005), which were larger than normal. The total brain cortical
grading was lower than normal (P ¼ .011) on both sides (P ¼
.019 and P ¼ .035), and the opercularization was within the nor-
mal range (P. .05) (Fig 2). The Sylvian fissure depth was deeper
(both P, .003), but all other fissures were comparable with those
in controls. Compared with findings on the initial scans, the atrial
width increased further, and the brain fissures that were initially

less deep measured within the normal range. The depth of the
Sylvian fissure, which was normal earlier, became abnormally
deeper; also, the left-brain hemisphere cortical grading score was
abnormal, but significantly less so than at the first time point.
Although the difference in brain scoring between the CDH popu-
lation and the controls was less at the second time point, this was
not significantly different from the first time point (Online
Supplemental Data).

Correlation with Severity Indicators of Lung Hypoplasia
No correlation was found at either time point between the liver-
to-thorax ratio or the observed over expected ratio TFLV on one
side or the total brain grading, skull and brain fronto-occipital di-
ameter, atrial width, ventricular volume or extra-axial space vol-
ume, cerebellar volume, or total intracranial volume on the other
side. No significant difference was found in the variables men-
tioned above when comparing fetuses with left and right CDH.

DISCUSSION
Danzer et al8 reported a lower total maturation score in infants
with CDH after birth.6 Along the same lines, Lucignani et al28

reported reduced cortical maturation in extended brain areas of

FIG 2. Graphs demonstrating the paired observations of the total skull volume, total brain grading, extra-axial space volume, cerebellar volume,
atrial width, and ventricular volume. The provided P value is the significance level of the Wilcoxon-Mann-Whitney test comparing the observa-
tions at the second time point in fetuses with congenital diaphragmatic hernia with that in healthy controls. The mean values of the control
populations (full red line) with the 95% confidence intervals (dashed red line) are also shown.
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neonates with CDH compared with healthy controls. In earlier
prenatal studies, fetuses with CDH had brain sulcation scores that
are indicators of prenatal brain maturation, within the normal
range between 20 and 37 weeks.12,29 One study on infants who
had both pre- and postnatal imaging reported signs of brain injury
(eg, hemorrhage, white matter injury. . .) on postnatal but not on
prenatal MR imaging. In that study, the injury score correlated
with the degree of pulmonary hypoplasia without an indication of
delayed sulcation in those fetuses.29

Conversely, our study demonstrates that fetuses with CDH
have indications of atypical brain development, ie, with a signifi-
cant delay at 28 and 33weeks of gestation (Fig 3). By 33 weeks,
the quantitative scores were in the normal range. However, quan-
titative scoring was performed on primary and not on secondary
sulci, limiting the detection of subtle folding abnormalities.30 The
qualitative scoring system we used allows a thorough scoring of
brain sulcation throughout a wide GA range, because it evaluates
the primary formation as well as the presence of secondary and
tertiary sulcation.20 We were not able to compare our morpho-
logic findings with the postnatal clinical neurobehavioral assess-
ment. In infants with CDH, 9% (4%–14%) have abnormal
opercularization, which translates later into language and speech
abnormalities.7 In our study, grading of the operculum was sig-
nificantly lower at the first time point and at the second time
point, though only left-sided. It remains unclear whether the

abnormalities we found are related to any of the reported func-
tional consequences observed in infants with CDH or other
abnormalities. In earlier studies, scores using the same system
correlated well with the Neonatal Behavioral Assessment Scale,31

though this correlation was in fetuses with isolated nonsevere
ventriculomegaly or late-onset growth restriction.14,22 The func-
tional impact of our observations in fetuses with CDH remains to
be elucidated. Moreover, one must take into account that any ab-
normality observed postnatally may as well have been acquired
after birth.

Irrespective of the functional impact, the cause of atypical
brain folding that we observed in fetuses remains unclear. One
factor may be a degree of hemodynamic dysfunction. We have
previously reported a decline in the systolic velocity of the MCA
peak, hence in brain perfusion in fetuses with CDH.14,32 One
may recognize similarities to circulatory disturbances in fetuses
with congenital heart defects, which coincide with signs of abnor-
mal brain development. In hypoplastic left heart syndrome, a
lower blood flow velocity has been associated with lower brain
volume.33,34 Furthermore, fetuses with this and other congenital
heart defects had delayed brain maturation in the late second and
early third trimesters, and again, this has been linked to abnormal
hemodynamics and oxygen delivery.35 Lucignani et al28 also used
this theory to explain their recent findings of altered cortical mat-
uration in neonates with CDH.

FIG 3. Three orthogonal T2-weighted spin-echo images in a healthy fetus (A–C) and a fetus with a left-sided diaphragmatic hernia (D–F), both at
a GA of 30weeks 4 days. In the axial plane (A and D), the enlarged pericerebral space is evident (arrowheads). The difference in gyrification is
most evident in the parietal area and best seen in the coronal plane (circle in B and E) and to a lesser extent in the sagittal plane (arrows in C
and F). The enlarged pericerebral space in the coronal and sagittal planes is marked with arrowheads.
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The significant increase in the volume of all fluid compart-
ments at 33 weeks’ gestation in CDH that we observed (Fig 3) is
in line with work of Radhakrishnan et al.12 Because fetuses had
normal biometry of the cerebral hemispheres and lacked major
parenchymal abnormalities, the authors questioned the clinical
relevance of these findings. Recently, the importance was shown
of a diagnostic algorithm that helps to discriminate fetuses with
enlargement of the extra-axial space with self-limiting delays
from those at risk of a persistent delay.36 Abnormal intracranial
fluid volumes have been previously explained by a change in car-
diac output in CDH caused by herniation of abdominal struc-
tures in turn leading to mild or moderate cardiac hypoplasia in
left-sided CDH or cardiac compression, compromising venous
return.29,37 This may, in turn, cause venous congestion and lead
to decreased CSF resorption38 and an overall increase of intracra-
nial fluid. It may be useful to assess cardiac function and hemo-
dynamics in more detail in fetuses with CDH to study whether
there is a link with brain development.

We are the first to document in utero brain development in
fetuses with CDH using a structured brain evaluation. For this
evaluation, we used fetal brain MR imaging because this allows a
standardized and reproducible in-depth analysis, as illustrated by
other studies.21,22 Our analysis was not limited to a qualitative, ie
subjective, analysis of the brain maturation but also included a
quantitative scoring method.20,21 Furthermore, we used a sophisti-
cated segmentation technique25 based on high-resolution motion-
corrected 3D volumes.23 Because all examinations were performed
around the time the fetus was assessed for FETO, the GA range in
our population is also relatively narrow and at a point at which
cortical maturation has already progressed far enough to illustrate
subtle differences. Additionally, this range means that the infor-
mation from our study is from a relevant time point in pregnancy
with respect to fetal therapy.

Nevertheless, we acknowledge several limitations. First, its ret-
rospective design may result in selection bias because we included
only fetuses with .1 good-quality MR imaging examination and
in whom we were able to create a good-quality 3D SRR recon-
struction. Second, because we are a fetal surgery center, the group
of fetuses with severe hypoplasia is over-represented, and most
fetuses (40/42, 95%) underwent FETO between MR imaging
examinations. Hence, there may have been an effect of fetal sur-
gery on the second MR imaging because FETO changes the natu-
ral history.9-11,39 Third, we have no standardized postnatal
follow-up information on these cases because many patients do
not deliver at our center.

Our results mandate further investigation into the sulcation
pattern beyond 34 weeks in fetuses with CDH, including quanti-
tative methods, eg, analysis of cortical folding patterns,40 cortical
thickness, and the local gyrification index,28 as well as earlier in
fetuses not undergoing fetal therapy.

CONCLUSIONS
We report delayed brain development in fetuses with CDH
around 28weeks, which becomes less prominent at 33 weeks.
With the advent of fetal surgery,9,10 this might become more rele-
vant because it suggests altered brain development in utero in
these fetuses. Of note, there was no correlation between brain

development and the severity of lung hypoplasia in this highly
selected group. We also observed an increase in extra-axial space
and also in ventricular volume in the third trimester.

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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Common Neuroimaging Findings in Bosch-Boonstra-Schaaf
Optic Atrophy Syndrome

N.K. Desai, S.F. Kralik, J.C. Edmond, V. Shah, T.A.G.M. Huisman, M. Rech, and C.P. Schaaf

ABSTRACT

SUMMARY: Bosch-Boonstra-Schaaf optic atrophy syndrome (BBSOAS) is a rare autosomal dominant syndrome secondary to muta-
tions in NR2F1 (COUP-TF1), characterized by visual impairment secondary to optic nerve hypoplasia and/or atrophy, developmental
and cognitive delay, and seizures. This study reports common neuroimaging findings in a cohort of 21 individuals with BBSOAS that
collectively suggest the diagnosis. These include mesial temporal dysgyria, perisylvian dysgyria, posterior predominant white matter
volume loss, callosal abnormalities, lacrimal gland abnormalities, and optic nerve volume loss.

ABBREVIATIONS: BBSOAS ¼ Bosch-Boonstra-Schaaf optic atrophy syndrome; COUP-TFI ¼ chicken ovalbumin upstream promoter transcription factor 1

Bosch-Boonstra-Schaaf optic atrophy syndrome (BBSOAS,
Online Mendelian Inheritance in Man 615722) is a rare auto-

somal dominant disorder primarily characterized by visual
impairment from optic hypoplasia and/or atrophy and neurocog-
nitive and developmental delay.1 A wide variety of additional
clinical phenotypes has been reported in the literature in subsets
of patients, including hypotonia, oromotor dysfunction, hearing
abnormalities, seizures, autism spectrum disorder, and personal-
ity disorders such as attention deficit/hyperactivity disorder and
obsessive compulsive disorder.2

BBSOAS is caused by mutations, nearly all de novo, in the
nuclear receptor subfamily 2 group F member 1 (NR2F1) gene
responsible for encoding the NR2F1 protein, which is also known
as the chicken ovalbumin upstream promoter transcription factor
1 (COUP-TFI). This protein stimulates initiation and regulation
of transcription but also serves as a nuclear hormone receptor.
NR2F1 is important for myriad central nervous embryologic
developments that include ocular globe and optic nerve devel-
opment as well as cortical development, axonal guidance, neuro-
genesis and neuronal arborization, hippocampal volume, and
functional organization.3-9

In this report, we describe readily identifiable, common neu-
roimaging findings of BBSOAS that strongly suggest this genetic
diagnosis.

CASE SERIES
Case Selection
A clinical database of multi-institutional (18 total) patients geneti-
cally diagnosed with BBSOAS was queried after institutional review
board approval at Baylor College of Medicine. This database
included patients seen at a single institution during the historic dis-
covery of this unique genetic entity. A total of 51 individuals with
BBSOAS were documented at a single institution, having under-
gone genetic and clinical evaluation. Neurologic and ophthalmo-
logic information was recorded. Brain MR imaging examinations of
patients were centrally collected and were available for 21 patients.

Imaging Evaluation
All imaging was performed on 1.5T or 3T MR imaging units. All
studies included standard departmental multiplanar T1-weighted,
T2-weighted, FLAIR, and DWI sequences of the brain and orbits
with expected variations in the protocols per the multiple institu-
tions. Most of the studies were performed without contrast. In a
small number of patients in whom intravenous contrast was admin-
istered, the T1-weighted postcontrast imaging was reviewed but
was noncontributory in all cases and will not be discussed further.
Brain MR imaging examinations of all patients were collectively
consensus-reviewed by 2 board-certified pediatric neuroradiologists
(N.K.D. and S.F.K.), each with 10 years of experience. Neuroimaging
findings of the orbit, optic nerve apparatus, cortical gray and hemi-
spheric white matter of the cerebrum, cerebellum, vermis, central
gray matter, and midline structures were categorically reviewed and
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recorded. For the corpus callosum, qualitative and quantitative eval-
uations were performed. Quantification included measurement of
the overall callosal anterior-posterior dimension (also called callosal
length) as well as segmental thickness of the genu, body, isthmus,
and splenium. Callosal measurementsof # 3rd percentile or$ 97th
percentile were deemed abnormal compared with the previously
published reference measurements by Garel et al.10 Pertinent data-
based medical history was retrospectively reviewed, including demo-
graphics, clinical signs and symptoms, as well as the results of a
detailed neuro-ophthalmologic evaluation.

RESULTS
Demographic and Clinical Findings
The mean age of the children at MR imaging was 4.5 years (range,
0.33–16 years) with 12/21 (57%) being female. A variety of de

novo pathogenic variants in NR2F1 were present in this cohort,
most commonly missense mutations in NR2F1, present in 9/21
(43%) patients (Table 1).

Ophthalmologic abnormalities are a hallmark of BBSOAS
with general visual impairment present in 19/21 (90%) patients of
this cohort, of which many (1 patient without specific documen-
tation) were found to have cerebral visual impairment (10/20,
50%). A cerebral visual impairment diagnosis was based on clini-
cal examination by 2 pediatric neuro-ophthalmologists of visual
behavior not consistent with anterior visual pathway dysfunction
(ie, optic nerve abnormality) alone and clinically observed fea-
tures (vision inattention, low-light gazing, difficulty with visual
complexity) consistent with a cerebral visual impairment diagno-
sis. Furthermore, a cerebral visual impairment diagnostic screen-
ing questionnaire was given to all patients’ families. Optic nerve
atrophy, optic nerve hypoplasia, or both were noted in 18/21
(86%) and 8/20 (40%) patients, respectively (1 patient did not
have specific documentation on the presence or absence of optic
nerve hypoplasia). Nystagmus and alacrima (decreased tear pro-
duction) were seen in 12/20 (60%) (1 patient without specific
documentation) and 15/19 (79%) patients (2 patients without
specific documentation), respectively (Table 2). Detailed
ophthalmologic findings will be discussed in a forthcoming
publication.

Developmental data were available for 19/21 (90%) patients.
Intellectual, and speech delay were common in the group, seen
in 16/19 (84%) and 17/19 (89%) patients. Autistic features were
present in 16/19 (84%) patients. Most interesting, despite such
delays, 14/17 (82%) patients were clinically reported to have
unusually strong long-term memory ability (2 patients without
specific documentation). Motor impairment including general
motor delay, oromotor dysfunction, and hypotonia were simi-
larly present with high frequency in 15/19 (79%), 16/19 (84%),
and 18/19 (95%) patients, respectively. Seizures or infantile
spasms were present in 12/19 (63%) patients (Table 3). Detailed
genotypic-phenotypic findings have been previously published
by this group.11

Ophthalmologic Imaging
Eighteen of 21 patients (86%) demonstrated bilateral symmetric
volume loss consistent with optic atrophy and/or hypoplasia of
the optic apparatus, including of the optic nerves, chiasm, and
optic tracts (Fig 1). Such volume loss was subjectively noted to be
of variable severity from mild to moderate to severe. These find-
ings correlated with the presence or absence of optic nerve hypo-

plasia and/or atrophy in all patients. Of
the 3/21 (14%) patients with normal
optic nerves on imaging, 1/3 patients
(67%) had abnormal ophthalmologic
examination findings with atrophy.
Data on optic nerve hypoplasia were
not available in 1/21 (5%) patients.

An interesting clinical hallmark
reported in 15/19 (79%) patients in this
cohort is alacrima or decreased tear pro-
duction. Thirteen of 21 (62%) patients
had hypoplastic bilateral lacrimal glands

Table 1: Pathogenic variants in NR2F1
Pathogenic Variant No.

Missense mutation in DNA binding domain of NR2F1 9/21 (43%)
Deletions (variable including, among others, NR2F1,
FAM172AA, KIAA0825)

4/21 (19%)

Translation initiation mutation of NR2F1 3/21 (14%)
Missense in ligand binding domain or exon 3 of
NR2F1

3/21 (14%)

Frameshift mutation of NR2F1 1/21 (5%)
Nonsense mutation in exon 3 of NR2F1 1/21 (5%)

Table 2: Ophthalmologic phenotypes
Phenotype No.

General visual impairment 19/21 (90%)
Cerebral visual impairmenta 10/20 (50%)
Optic atrophy/optic disc pallor 18/21 (86%)
Optic nerve hypoplasia/small optic nervea 8/20 (40%)
Nystagmusa 12/20 (60%)
Alacrima or decreased tear productiona 15/19 (79%)

a Incomplete data.

Table 3: Neurocognitive phenotypes
Phenotypea No.

Developmental/intellectual delay 16/19 (84%)
Speech delay 17/19 (89%)
Autism spectrum disorder or features 16/19 (84%)
Unusually strong long-term memory 14/17 (82%)
Motor delay 15/19 (79%)
Oromotor dysfunction 16/19 (84%)
Hypotonia 18/19 (95%)
Seizures, infantile spasms 12/19 (63%)

a Each row in column 1 has incomplete data.

FIG 1. Coronal T2WI in multiple patients with BBSOAS. Bilateral, symmetric, severe optic nerve
volume loss in patient 19, a 6-year-old boy (A) (black arrows); mild-to-moderate volume loss in
patient 18, a 3-year-old girl (B) (black arrows); and normal optic nerves in patient 11, a 4.7-year-old
girl (C) (black arrows).
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on MR imaging, and 8/21 (38%) patients had normal lacrimal
glands. Data on tear production were not available in 2/21
(10%) patients. One of 19 (5%) patients with hypoplastic lacri-
mal glands did not have abnormal tear production. Three of 19
(16%) patients with normal lacrimal glands on imaging had
normal tear production. Five of 19 (26%) patients with normal
lacrimal glands on imaging had decreased tear production. Ten
of 19 (58%) patients with hypoplastic lacrimal glands had absent
or decreased tear production (Fig 2).

Midline Imaging
Fourteen of 21 (67%) patients had an abnormal corpus callosum
(Fig 3). We observed several different imaging phenotypes:

1) Thickened genu and body, thinned splenium with normal
callosal length (1/21) (5%)

2) Thickened body and normal callosal length (1/21) (5%)
3) Thickened body and splenium with normal callosal length

(1/21) (5%)
4) Thickened genu and body and normal callosal length (1/21)

(5%)
5) Thinned splenium with normal callosal length (3/21) (14%)
6) Thinned body with normal callosal length (1/21) (5%)
7) Thinned splenium with decreased callosal length (2/21)

(10%)
8) Thinned body, isthmus, and splenium with decreased cal-

losal length (1/21) (5%)
9) Normal thickness with isolated decreased callosal length (1/21)

(5%)
10) Thickened genu and body and thinned spleniumwith decreased

callosal length (1/21) (5%)
11) Thickened body and thinned splenium with decreased cal-

losal length (1/21) (5%)
12) Normal corpus callosum (7/21) (33%)

All patients had a normal septum pellucidum and hypothala-
mic pituitary axis. One of 21 (5%) patients had a hypoplastic left
olfactory bulb. One of 21 (5%) patients demonstrated subjective

FIG 2. Patient 2, an 0.8-year-old girl. Coronal T1WI of the orbits demon-
strates hypoplastic lacrimal glands (arrows) (A). Patient 11, a 4.7-year-old
girl. Coronal T2WI image of the orbits demonstrates normal lacrimal
glands (arrows) in comparison (B).

FIG 3. Midline sagittal T1WI in multiple patients with BBSOAS. Patient 5, a 0.5-year-old boy. Decreased callosal length with a thinned body, isth-
mus, and splenium of the corpus callosum (A). Patient 20, a 5-year-old boy. Decreased callosal length with thinning of the isthmus (B). Patient 8,
a 2-year-old boy. Decreased callosal length with a thickened genu and body but a thinned splenium (C). Patient 21, a 6-year-old girl. Normal cal-
losal length, thickened genu and body with a thinned splenium (D). Patient 14, a 0.6-year-old girl. Normal callosal length with a thinned splenium
(E). Patient 9, a 6-year-old boy. Normal corpus callosum. Incidental note is made of a retrocerebellar arachnoid cyst (F).
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decreased volume of the pons. A separate patient, 1/21 (5%), dem-
onstrated a vermian cleft. One of 21 (5%) patients, an 8-month-
old infant (patient 15), demonstrated T2 hyperintensity of the
bilateral central tegmental tracts. Otherwise, midline posterior
fossa anatomy, including the brainstem and vermis, was normal
in all patients.

Lobar Imaging
Twenty-one of 21 (100%) patients had dysgyria, defined as an
abnormal gyral pattern with abnormal sulcal depth or orientation
but with normal cortical thickness and normal gray-white matter
differentiation along the bilateral mesial temporal lobes. Perisylvian
dysgyria was present in 15/21 (71%) patients, occurring bilaterally

in 14/15 (93%) patients. Perisylvian dys-
gyria in our cohort group included a va-
riety of different radiologic phenotypes.
These principally included $1 of the
following: craniocaudal elongation of
the temporal lobes, lateral temporal dys-
gyria, and posterior perisylvian dysgyria
involving the inferior parietal lobule
with posterior elongation of the Sylvian
fissure or other generally dysmorphic
Sylvian fissures including, for example,
underopercularization and steep cranio-
caudal angulation of the Sylvian fissure
axis (Figs 4–6). There were no abnor-
malities of myelination to suggest leu-
kodystrophy. None of the patients had
gray matter heterotopia or cortical
dysplasia.

Decreased cerebral white matter vol-
ume was present posteriorly in 11/21
(52%) patients. Decreased anterior and
posterior cerebral white matter volume
was present in 3/21 (14%) patients
(Fig 7). Twelve of 14 (86%) patients
with lobar white matter volume loss had
abnormalities of the corpus callosum.
Of the 18/21(86%) patients with optic
nerve abnormalities on imaging, 12/18
(67%) demonstrated lobar white matter
volume loss.

One of 21 (5%) patients had a cav-
ernous malformation.

FIG 5. Patient 6, a 16-year-old boy. Coronal 3D T1WI demonstrates dysmorphic Sylvian fissures
(stars, A). The anterior temporal lobes appear large with signficant dysgyria (A) and craniocaudal
elongated morphology. Dysgyria is noted in the bilateral mesial temporal lobes (boxes, B). Dysgyria
broadly involves the posterior right lateral temporal lobe, appearing as gross overgyration with
small gyri and shallow sulci (C), with right mesial temporal lobe dygyria still noted. The right Sylvian
fissure is signficantly asymmetric to the left (arrows), with an exaggerated upslope (C).

FIG 4. Coronal 3D T1WI (A–C) demonstrating normal anatomy of the temporal lobes as a refer-
ence. PHG indicates parahippocampal gyrus; CS, collateral sulcus; OTG, occipitotemporal gyrus;
OTS, occipitotemporal sulcus; ITG, inferior temporal gyrus; ITS, inferior temporal sulcus; MTG, mid-
dle temporal gyrus; STS, superior temporal sulcus; STG, superior temporal gyrus; SF, Sylvian fissure.

FIG 6. Patient 21, a 6-year-old girl. Axial T2WI demonstrates dysgyria of the mesial temporal lobes (stars, A). Coronal T2WI demonstrates dysgy-
ria of the mesial temporal lobes (box, B). Dysgyria broadly involves the posterior right lateral temporal lobe. Both temporal lobes appear elon-
gated craniocaudally. The right Sylvian fissure is signficantly asymmetric to the left (arrows), with an exaggerated upslope (B). Bilateral
perisylvian dysgyria is present. Normal findings on axial and coronal T2WI are shown for comparison (C–D). An enlarged perivascular space is inci-
dentally noted on the right (arrow, C). Note the normal, mostly horizontal axis of the Sylvian fissures and the normal anatomy of the temporal
lobes and perislyvian parenchyma (arrows) (D).
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DISCUSSION
BBSOAS is a rare autosomal dominant disorder due to loss-of-
function mutations in NR2F1, also known as COUP-TF1, origi-
nally described in 2014 by Bosch et al.1 Patients are characterized
by visual and neurocognitive deficits but may also manifest addi-
tional clinical symptoms of hypotonia, seizures, autism spectrum
disorders, oromotor dysfunction, and hearing abnormalities.

Neuroimaging findings in BBSOAS have been partially reported
in the literature to date. Thinning of the corpus callosum has been
reported by multiple authors, including 8/15 patients by Chen et
al.2,12 We similarly discovered abnormalities in the corpus cal-
losum in 67% patients. However, callosal abnormalities were
quite heterogeneous with variable combinations of the following
findings: normal or decreased anterior-posterior callosal length
and segmental thinning and/or thickening. All patients in this
study had a normal septum pellucidum and a normal hypothala-
mic pituitary axis.

Thinning of the optic apparatus has also been expectedly
reported in previous literature, corresponding with ophthalmologic
findings common to these patients.2,13,14 Nearly all of the patients
in our group (86%) demonstrated bilateral optic nerve volume loss
of variable severity with all other patients demonstrating normal
optic nerves. Additional orbital findings in our patient population
included subjectively hypoplastic (13/21) lacrimal glands, which, in
a subset of patients, did correlate with alacrima.

As noted, NR2F1 is important for myriad central nervous
embryologic developments that include cortical development,
axonal guidance, neurogenesis and neuronal arborization, and
hippocampal volume and functional organization.3-9 Recently,
Bertacchi et al12 reported altered gyration, described as being pol-
ymicrogyria-like in the supramarginal and angular gyrus of only
the left inferior parietal lobule. These authors also reported elon-
gation of the right superior occipital gyrus and prominent occipi-
tal gyration in a separate patient. We, similarly, found abnormal
gyration and sulcation of the perisylvian parenchyma in 15/21
(71%) patients, of which 14/15 (93%) were bilateral, but we also
report more common similar findings in the mesial temporal
lobes bilaterally in 21/21 (100%) patients. These imaging findings
are best termed dysgyria, defined as an abnormal gyral pattern
with abnormal sulcal depth or orientation but with normal corti-
cal thickness and normal gray-white matter differentiation.

While Bertacchi et al12 described this
anomalous gyration as polymicrogyria-
like, the findings are not polymicrogyria
(as they note), given the lack of cortical
thickening as evidenced by the sample
images in their publication. None of the
patients in our cohort had findings of
cortical dysplasia or gray matter hetero-
topia, and this has not been reported
elsewhere, to our knowledge. As
Bertacchi et al noted, much work is
needed to better understand the role of
NR2F1 in human cortical folding pat-
terns, gyri and sulci positioning, and the
effect of NR2F1 on progenitor subtypes
that ultimately lead to the neuroradio-

logic phenotypes discussed here and their eventual clinical pheno-
typic expressions.12

Mesial temporal dysgyria is not specific to BBSOAS. In fact, it
has been well-reported with other, unrelated entities, including, for
example, Apert syndrome due to mutations in FGFR2. Similarly,
achondroplasia, thanatophoric dysplasia, and hypochondropla-
sia, all of which are due to mutations in FGFR3, are typified by
such dysgyria.15,16 Furthermore, perisylvian dysgyria, an entity
seldom reported in the literature, is not specific to BBSOAS,
having recently been described in individuals with the ACTA2
gene mutation.17 Dysgyria, in general, has also been described
in patients with microtubule mutations.18 Thematic to dysgyria
in these examples, however, is the linkage of mutations in genes
important for axonal guidance and neuronal migration.

Many of our patients (14/21) demonstrated subjective posterior
or anterior and posterior cerebral white matter volume loss, with
12/14 (86%) patients with lobar white matter volume loss having
abnormalities of the corpus callosum. Similarly, of the 18/21 (86%)
patients with optic nerve abnormalities on imaging, 12/18 (67%)
demonstrated lobar white matter volume loss.

A limitation of our study is the heterogeneous imaging per-
formed in the cohort, because patients and therefore imaging
were collected from a variety of institutions. Most imaging per-
formed was, therefore, nonvolumetric conventional 2D imaging,
thwarting our ability to perform systematic volumetric analysis of
the whole and ultrastructural brain. Given our findings and those
already in the literature, volumetric analysis would be of special
interest at the level of the temporal lobes and the limbic system.
Most interesting, unusually strong long-term memory was found
in 82% of patients, despite most demonstrating intellectual disabil-
ity, indicating that additional quantification of brain volumetry
may provide insights into this disorder. Similarly, advanced imag-
ing including DTI or functional MR imaging was not uniformly
available to evaluate the microstructural white matter architecture
or connectivity of the brain. Such analyses may prove revealing in
the deeper understanding of NR2F1 gene function as it relates to
the human brain. In Nr2f11/� mice, MR imaging has already
demonstrated decreased hippocampal volumes and increased vol-
ume of the caudate nucleus, putamen, and neocortex, with pre-
served neuronal cell density foreshadowing the potential of these
MR imaging techniques.19

FIG 7. Patient 1, an 8 year-old girl. Axial T2WI demonstrates signficant posterior white matter vol-
ume loss (stars, A). Note the thinning of the splenium of the corpus callosum (arrow), similarly
seen on the sagittal T1 image (B). Coronal T2WI demonstrates dysmorphic Sylvian fissures bilater-
ally, with an exaggerated upslope of the fissures bilaterally. Bilateral perisylvian dysgyria is present
with craniocaudal elongated temporal lobes bilaterally (arrows, C).
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CONCLUSIONS
Patients with BBSOAS commonly manifest abnormalities of the
optic pathway, lacrimal glands, corpus callosum, and dysgyria of
the temporal lobes and perisylvian cortex, which, in combination,
can suggest this disorder and indicate a need for genetic testing.

Disclosure forms provided by the authors are available with the full text and
PDF of this article at www.ajnr.org.
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Fully Automatic Method for Reliable Spinal Cord
Compartment Segmentation in Multiple Sclerosis

C. Tsagkas, A. Horvath-Huck, T. Haas, M. Amann, A. Todea, A. Altermatt, J. Müller, A. Cagol, M. Leimbacher,
M. Barakovic, M. Weigel, S. Pezold, T. Sprenger, L. Kappos, O. Bieri, C. Granziera, P. Cattin, and K. Parmar

ABSTRACT

BACKGROUND AND PURPOSE: Fully automatic quantification methods of spinal cord compartments are needed to study patho-
logic changes of the spinal cord GM and WM in MS in vivo. We propose a novel method for automatic spinal cord compartment
segmentation (SCORE) in patients with MS.

MATERIALS AND METHODS: The cervical spinal cords of 24 patients with MS and 24 sex- and age-matched healthy controls were
scanned on a 3T MR imaging system, including an averaged magnetization inversion recovery acquisition sequence. Three experi-
enced raters manually segmented the spinal cord GM and WM, anterior and posterior horns, gray commissure, and MS lesions.
Subsequently, manual segmentations were used to train neural segmentation networks of spinal cord compartments with multidi-
mensional gated recurrent units in a 3-fold cross-validation fashion. Total intracranial volumes were quantified using FreeSurfer.

RESULTS: The intra- and intersession reproducibility of SCORE was high in all spinal cord compartments (eg, mean relative SD of
GM and WM: # 3.50% and #1.47%, respectively) and was better than manual segmentations (all P, .001). The accuracy of SCORE
compared with manual segmentations was excellent, both in healthy controls and in patients with MS (Dice similarity coefficients
of GM and WM: $ 0.84 and $0.92, respectively). Patients with MS had lower total WM areas (P, .05), and total anterior horn
areas (P, .01 respectively), as measured with SCORE.

CONCLUSIONS: We demonstrate a novel, reliable quantification method for spinal cord tissue segmentation in healthy controls
and patients with MS and other neurologic disorders affecting the spinal cord. Patients with MS have reduced areas in specific spi-
nal cord tissue compartments, which may be used as MS biomarkers.

ABBREVIATIONS: AMIRA ¼ averaged magnetization inversion recovery acquisitions; bSSFP ¼ balanced steady-state free precession; DSC ¼ Dice similarity
coefficient; EDSS ¼ Expanded Disability Status Scale; HC ¼ healthy control; HD ¼ Hausdorff distance; MDGRU ¼ multidimensional gated recurrent units;
RSD ¼ relative SD (also known as coefficient of variation); SC ¼ spinal cord; SCWM ¼ spinal cord WM; SCGM ¼ spinal cord GM; SCORE ¼ automatic spinal
cord compartment segmentation; TIV ¼ total intracranial volume

The spinal cord (SC) is an important part of the CNS, and SC
involvement is seen in various neurologic disorders of diverse

pathophysiology (eg, genetic, inflammatory, demyelinating, degen-
erative, infectious, and so forth).1,2 In MS, focal SC lesions are the
result of inflammatory demyelinating events,3,4 whereas diffuse

tissue volume loss (also known as atrophy) also occurs and reflects
an independent neurodegenerative process.5,6 This heterogeneous
SC injury is seen to various extent with nonuniform involvement
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of the SC GM andWMwith regard to both lesions and atrophy.7-9

Therefore, structural measures of the SC compartments can
improve our understanding of SC pathology in MS and may con-
tribute substantially to patient management in the future.

MR imaging is the principal tool for the evaluation of SC dam-
age in research settings and clinical routine.10 However, accurate
volumetric measurements of SCGM and SCWM have been chal-
lenging using “conventional” SC MR imaging. To that end, the
averaged magnetization inversion recovery acquisitions (AMIRA)
approach was suggested for morphometry-dedicated MR imaging
of the cervical SC, which allows excellent SCGM/WM contrast
in clinically feasible acquisition times of 51 seconds/slice.11

Moreover, fully automatic segmentation methods using different
approaches were able to reliably segment SCGM and WM in
healthy subjects in the past few years.12-16 Most recently, multidi-
mensional gated recurrent units (MDGRU) neural segmentation
networks17 of SCGM/WM have demonstrated highly accurate
and reproducible results in healthy cervical SC AMIRA images.18

However, an accurate and reproducible segmentation method in
patients with MS is more challenging due to the presence of SC
lesions.16

In this study, we developed a fully automated cervical SC com-
partment segmentation (SCORE) method for quantification of the
SCGM (as well as its subdivisions: anterior/posterior horns and
gray commissure), WM, and lesions in patients with MS and
healthy controls (HCs). Our approach used MDGRU neural seg-
mentation networks for postprocessing of AMIRA images. We
then validated the reproducibility and accuracy of SCORE and did
an explorative analysis of SC measurements in patients with MS.

MATERIALS AND METHODS
Subjects and MR Imaging Acquisition
Twenty-four patients with MS from an ongoing prospective multi-
center cohort study19 (14 women; 15 relapsing-remitting, 6 sec-
ondary-progressive, and 3 primary-progressive MS cases; mean
age, 41.2 [SD, 11.9] years; mean disease duration, 12.0 [SD, 8.6]
years); and 24 sex- and age-matched HCs with no history of neuro-
logic, psychiatric, or other medical disorders (15 women; mean
age, 40.2 [SD, 10.8] years) were recruited from July 2017 until
October 2018. The diagnosis of MS was made in accordance with
the established criteria of an international panel,20 and patients
underwent a clinical examination including the Expanded
Disability Status Scale (EDSS; median score, 2.25 [SD, 1.84]; relaps-
ing-remitting MS, 1.5; progressive MS, 4.0, P, .01). Experimental
procedures conformed to the Declaration of Helsinki, and the local
ethics committee approved the study (EKNZ-BASEC 2016–
01461). All participants signed an informed consent.

All participants were scanned in two 3T whole-body MR
imaging systems: Cervical SC MR imaging was performed on a
Magnetom Prisma (Siemens) system, whereas brain images were
acquired on a Magnetom Skyra (Siemens) system (as part of the
above-mentioned prospective multicenter cohort study19). HCs
enrolled in this study were scanned 3 times in a test-retest fashion.
The first 2 MR images were obtained back-to-back without reposi-
tioning to allow intrasession comparisons. The third scan was
obtained after subject repositioning to allow intersession compari-
sons. Patients with MS underwent a single MR imaging scan.

In each scan, we acquired 12 axial AMIRA slices (FOV¼ 128�
128 mm2, slice thickness ¼ 8mm, 4-mm slice overlap, in-plane
resolution¼ 0.67� 0.67 mm2, TE bSSFP¼ 2.14ms, TR bSSFP¼
5.13ms, no signal averaging, acquisition time ¼ 51 seconds per
slice, total acquisition time ¼ 10minutes 12 seconds) over a 52-
mm SC segment, extending approximately from the C2 to C5 ver-
tebral level.11,16,18 The most rostrally acquired slice was placed
with its lower surface adjacent to the most rostral surface of the
C2/C3 intervertebral disc. For precise positioning of each individ-
ual slice and its orthogonal angulation to the course of the SC, a
strongly T2-weighted TSE sequence with high contrast between
CSF and SC was used as a reference. For each slice, the AMIRA
approach acquired 8 images of considerably different tissue con-
trast among SCGM, WM, and CSF with effective TIs ¼ 97.1,
158.7, 220.2, 281.8, 343.3, 404.9, 466.5, and 528.0ms (Fig 1).
Averaging of the first 5 images yielded MR images with an
enhanced GM/WM contrast-to-noise ratio, whereas averaging of
the last 3 images generated MR images with a highWM/CSF con-
trast-to-noise ratio.

The cervical SC protocol also included a TSE sequence and a
high-resolution 3D MPRAGE sequence. Brain MR imaging pro-
tocol also included a high-resolution 3D MPRAGE sequence
(Online Supplemental Data).

Postprocessing of MR Images
The SCORE method was developed as follows: Three experienced
raters segmented the SC/CSF, SCGM/WM, as well as lesional/non-
lesional SC tissue borders in all AMIRA slices of the HCs (only the
first of 3 scans) and patients with MS. Interrater reproducibility of
manual segmentations is shown in and the Online Supplemental
Data. One rater also segmented all HCAMIRA slices to allow intra-
session and intersession agreement comparisons between manual
and automatic segmentations (Online Supplemental Data). A man-
ual consensus from the 3 raters was reached using majority voting
for each segmentation.

Subsequently, as proposed in a previous study,18 manual seg-
mentations were used to train MDGRU neural segmentation net-
works for SCGM and WM as well as MS lesions. In short,
MDGRU is a generalization of a bidirectional recurrent neural net-
work that can process medical images in multiple dimensions. It
achieves this task by treating each direction along each of the spa-
tial dimensions independently as a temporal direction. MDGRU is
fed by individual 2D AMIRA slices without stacks of consecutive
slices. MDGRU processed each 2D image using 2 convolutional
gated recurrent units for each image dimension, 1 in a forward
and 1 in a backward direction, and then combined all individual
results. The MDGRU framework offers on-the-fly data augmenta-
tion. A model diagram regarding network architecture as well as
detailed analysis of MDGRU was published previously by
Andermatt et al.17 Furthermore, the manual hyperparameter
search for the MDGRU framework was described in detail in a
previous conference article reporting a preliminary version of our
method.18 All hyperparameters are used unchanged for all models
in this work. Each MDGRU neural network was trained by the
manual segmentations of a single rater.

To prevent “inverse crime,” we applied 3-fold cross-validation
in the following manner: During training of MDGRU neural
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networks for SC GM-WM as well as MS lesions, our manual
segmentations were separated into 3 mutually disjointed sub-
sets; then, two-thirds of our manual segmentations were used as
training data sets, and the “left-out” one-third, as test data sets.
For the networks trained on the HC data, all 3 acquisitions of
each subject were used, but all 3 scans of each HC were used
within only 1 subset. This process was repeated for each combi-
nation of subsets (3 times in total). By means of this method,
AMIRA images from all patients with MS and HCs were
automatically segmented once as “unseen” or independent test
data sets, and no subject or slice of the test data set was ever
used for the training of an MDGRU network during the entire
development of SCORE. This process was performed separately
for segmentations of each SC compartment, as well as separately
for HCs and patients with MS. In the end, SC compartments in
each AMIRA slice from all patients with MS and HCs were
automatically segmented as test data sets 3 times, 1 for each
trained neuronal network originating from each of the 3 raters
performing manual segmentations. A validation step for tuning
parameters was performed as described previously.18 Finally, a
MDGRU consensus of these 3 segmentations was then reached

using majority voting (Fig 1), which was then used as the final
SCORE segmentation.

In a second step, using the SCORE SCGM segmentations, one
experienced rater delineated the borders of the spinal canal area
as well as between the anterior horns (approximately laminae
VI–IX), posterior horns (approximately laminae I–V), and gray
commissure (approximately lamina X), as proposed before in
manual delineations of the SCGM (Fig 1, right image in the lower
row).21,22 Again, these manual segmentations (in combination
with SCORE SCGM segmentations) were used to train neural
segmentation networks with MDGRU in a 2-fold cross-validation
fashion (Fig 1). The full code of MDGRU is available on https://
github.com/zubata88/mdgru (Horvath et al18). No manual cor-
rections of SCORE segmentations were performed. SCORE seg-
mentations were visually inspected for quality, and segmentation
failures were excluded from our analysis.

The estimated total intracranial volume (TIV) was extracted
from brain MPRAGE image in an automatic fashion using the
longitudinal stream in FreeSurfer (Version 6.0.0; http://surfer.
nmr.mgh.harvard.edu) (Online Supplemental Data)23 for further
use as a normalization factor for SC measurements.

FIG 1. Schematic illustration of the automatic SCORE method using AMIRA images and subsequent segmentation of all SC compartments using
MDGRU in HCs and patients with MS. A, Median slice of a TSE sequence with indications of the acquired AMIRA slices in green. B, Stack of
AMIRA slices; each slice constitutes an average of all inversion images. C, AMIRA inversion images of 1 representative slice acquired at different
inversion times. D, Different averages of selected inversion images. Manual segmentations were performed using the 1–5 AMIRA average for the
SC GM/WM and MS lesion borders, and the 6–8 AMIRA average for the SC/CSF borders. These manual segmentations were used to train
MDGRU neural networks for automatic segmentation of the SC/CSF borders (gold), SC GM/WM (dark brown), SCGM subdivisions (anterior
horns, red; posterior horns, dark blue; gray commissure, dark green) and SC MS lesion borders (purple). MDGRU always used all 8 inversion
images simultaneously without averaging.
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Statistical Analysis
Relative SDs (RSDs) (also known as coefficients of variation),
Dice similarity coefficients (DSCs), and Hausdorff distances
(HDs) were used for assessment of the intra- and intersession
reproducibility in manual and SCORE consensus segmentations
as well as accuracy (SCORE versus manual) (Online Supplemental
Data). Because of non-normally distributed data, we performed a
Tukey ladder of powers transformation in RSD, HD, and DSC val-
ues before further statistical analysis.

Comparisons between SCORE and manual reproducibility
measures, between intra- and intersession measures, between SC
compartments among the axial slice levels (1–12), and between
accuracy measurements in HCs and patients with MS were inves-
tigated using multivariate analysis of variance with an additional
Tukey post hoc analysis of variance, as well as with paired, 2-sided
t tests corrected for multiple comparisons using the false discov-
ery rate approach. Correlations between areas of SC compart-
ments and TIV as well as spinal canal areas, age, and sex were
investigated using linear mixed-effects regression models using 2
random intercepts to allow variance among slice levels and sub-
jects. TIV, spinal canal areas, age, and sex were evaluated as nor-
malization factors for measurements of SC compartments, as
proposed in previous studies.24,25 The statistical formulas used for
normalization are shown in the Online Supplemental Data. The
normalization effect of a single or combination of normalization
factors was evaluated by comparing the RSD of the raw and nor-
malized values using the Feltz and Miller asymptotic test.26 By
means of linear mixed-effects regression models, differences
between patients with MS and HCs were evaluated and corrected
with multiple comparisons using the false discovery rate approach.
Hierarchic multiple linear regression analysis was performed to
investigate the associations between mean cross-sectional areas of
cervical SC compartments (calculated using linear mixed-effects
regression models) and the EDSS, using a backward elimination
procedure.

RESULTS
Each scan was performed a total of 3 times for each HC and once
for each patient with MS, and 12 slices were acquired per scan.
Hence, in total, 3 � 12 � 24 ¼ 864 slices from 24 HCs and 12 �
24 ¼ 288 slices from 24 patients with MS were acquired. Nine of
864 and 1/288 axial cervical SC slices acquired in HCs and patients
with MS, respectively, were excluded from further analysis because
of severe image artifacts. Subsequently, SCORE successfully seg-
mented 96% (817/855) and 94% (271/287) of the remaining slices
in HCs and patients with MS, respectively (Fig 2). In HCs, 4% of
all SCORE segmentations (34/855) failed because of poor image
quality (2/855) or contact of the cervical SC with the posterior ver-
tebral arch (32/855), which reduced the contrast between the SC
and the CSF. In patients with MS, 6% of all SCORE segmentations
failed because of mild image artifacts (5%, 14/287) and misclassifi-
cation of SC lesions (1%, 3/287) either as CSF or as SCGM (Online
Supplemental Data.). These failed SCORE segmentations involved
images of 5/24 (21%) HCs and 4/24 patients with MS (17%)
included in our study. Failed SCORE segmentations were excluded
from further statistical analysis. Reproducibility and accuracy

measurements including SCORE segmentation failures are shown
in the Online Supplemental Data.

Reproducibility
Individual intra- and intersession reproducibility measurements
of SCORE and manual segmentations as well as comparisons
between the 2 approaches and also between intra- and interses-
sion reproducibility in HCs are displayed in Fig 3 and the Online
Supplemental Data.

In HCs, both intra- and intersession reproducibility of
SCORE segmentations was high in all SC compartments except
for the gray commissure (all mean RSD# 5.54%, DSC $0.87,
HD# 0.60mm). Reproducibility of SCORE segmentations was
higher compared with manual segmentations (all, P, .001).
Both intra- and intersession reproducibility generally increased
in the following order: gray commissure , posterior horns ,
anterior horns � GM , WM , total SC, as measured by RSD
and DSC (all, P, .001). Intra- and intersession reproducibility
also slightly decreased in more caudally acquired SC slices (all,
P, .001).

In SCORE segmentations, intersession reproducibility was
slightly lower compared with intrasession reproducibility in all
SC compartments except for the anterior horns (total SC and
GM, P, .001; gray commissure, P, .01; WM and posterior
horns, P, .05).

Accuracy
Individual accuracy measurements of SCORE compared with
manual segmentations in HCs and patients with MS, comparisons
between patients with MS and HCs, and comparisons between
normal-appearing and total SC compartments are shown in the
Online Supplemental Data and Fig 4. Most analyzed AMIRA slices
in patients with MS (198 of 271; 73%) demonstrated SC lesions.
No lesions were found in any analyzed AMIRA slices in a total of
3/24 patients with MS (13%). Examples of MS lesion SCORE seg-
mentations are shown in the Online Supplemental Data.

In HCs and patients with MS, the accuracy of SCORE com-
pared with manual segmentations was high in all SC compart-
ments except for the gray commissure and lesions (HCs/patients
with MS: all, mean DSC$ 0.89/0.85, HD# 0.56/1.12mm, RSD#

6.29%/11.09%, respectively). Accuracy was slightly lower in
patients with MS compared with HCs in all homologous SC com-
partments except for the total SC and the normal-appearing poste-
rior horns (total posterior horns, P, .01; all other comparisons,
P, .001). In addition, the accuracy of SCORE compared with
manual segmentations varied between SC compartments. In HCs,
accuracy generally increased in the following order: GM,WM,

total SC (all, P, .001). In patients with MS, accuracy generally
increased in the following order: lesions, GM,WM� total SC
(all, P, .001). Because the borders between SCGM subdivisions
were delineated on SCORE SCGM segmentations, comparisons
between these SC compartments were evaluated separately.
Accuracy in the SCGM subdivisions of HCs generally increased in
the following order: gray commissure , posterior horns � ante-
rior horns (all, P, .001), and in MS in the following order: gray
commissure , posterior horns , anterior horns (all, P, .001,
except for posterior-versus anterior horns, P, .01). Moreover, in
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both HCs and patients with MS, accuracy also slightly decreased in
more caudally acquired SC slices (both, P, .001).

Furthermore, in patients with MS, accuracy was similar for nor-
mal-appearing and total areas of all SC compartments, except for
lower accuracy in the normal-appearing WM compared with total
WM (P, .01). Accuracy also decreased in patients with MS, with
higher EDSS scores (P, .001, Online Supplemental Data). Finally,
accuracy was similar in patients with relapsing-remitting and pro-
gressiveMS, except for the total GM (higher in relapsing-remitting)
and normal-appearing posterior horns (higher in progressive MS,
P, .001) (Online Supplemental Data).

Areas of SC Compartments and Normalization Strategies
SCORE versus Manual Segmentations. Areas of SC compart-
ments as measured by SCORE and manual segmentations as well
as comparisons between the 2 approaches in HCs and patients
with MS are shown in the Online Supplemental Data. Compared
with manual segmentations, SCORE slightly overestimated nor-
mal-appearing SCGM areas as well as normal-appearing and total
anterior horn areas and underestimated normal-appearing as
well as total posterior horn areas, normal-appearing gray com-
missure areas, and lesion areas in patients with MS (all, P, .001).

No other significant differences between manual and SCORE seg-
mentations were found in HCs and patients with MS.

Patients with MS versus HCs. In view of the results of the normal-
ization analysis (Online Supplemental Data), total SC and WM
areas were normalized using TIV. After multiple-comparison cor-
rection, patients with MS had measures lower than controls in
total SC (P, .05), total WM (P, .001 and P, .05), and the total
anterior horn (P, .01) (Online Supplemental Data). Total GM
areas and total gray commissure areas were similar between
groups. Patients with progressive MS had lower total GM and an-
terior horn areas compared with those with relapsing-remitting
MS (P, .05), but areas of all other SC compartments were similar
between these groups (Online Supplemental Data).

Correlation with Clinical Outcomes
Lower total WM and larger lesion areas were the most significant
independent predictors of higher EDSS scores in a multivariate
analysis (b wm ¼ �0.38, b lesion ¼ 0.40). Together with disease
duration and disease type as covariates, the final model accounted
for 81% of the EDSS variance.

FIG 2. Cross-sectional areas of all SC compartments in HCs and patients with MS. Representative SCORE segmentations of all AMIRA slices
acquired in one HC and one patient with MS. The SC/CSF borders are depicted in gold; the SC GM/WM borders, in dark brown; the anterior
horn borders, in red; the posterior horn borders, in dark blue; the gray commissure borders, in dark green; and the lesion borders, in purple.
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DISCUSSION
In this work, we propose a novel method, called SCORE, for fully
automatic quantification of cervical SC compartments in HCs
and patients with MS, combining the exquisite properties of the
AMIRA sequence to image the spinal cord and MDGRU neural
networks to segment GM/WM and MS lesions. We show that this
method is capable of accurate quantification of both the normal-
appearing and lesional SCWM and GM as well of the different
regions of the SCGM in MS. Moreover, we evaluated demographic
and skull- and spine-derived metrics that could be used in normal-
ization strategies to reduce intersubject variability in cervical SC
cross-sectional measures and then applied the best normalization
strategy to compare cervical SC compartments between patients
with MS and HCs.

The 2D AMIRA sequence provides a unique contrast as well as
low motion and flow sensitivity in 51 seconds/slice.11,16 In fact, only
,1% of the slices in this study were discarded due to motion arti-
facts, and generally, the scans were well-tolerated, even by patients
with MS with serious disability. Previously, we had also shown that
it was possible to provide reliable and reproducible segmentations of
the SC GM andWMusingMDGRU in healthy subjects.18

Our method demonstrated high reproducibility and accuracy
in HC data (Online Supplemental Data). Intra- and intersession
reproducibility in HC data was markedly higher in SCORE com-
pared with a reference of 3 expert manual segmentations.
Moreover, the new framework increased the quantification repro-
ducibility by approximately 50% in HCs compared with a previ-
ous approach using a different segmentation method.16 SCORE

FIG 3. Reproducibility of SCORE and manual segmentations in all SC compartments of HCs. A, Representative SCORE segmentations of respec-
tive AMIRA slices acquired in a scan-rescan fashion on a single HC. The SC/CSF borders (gold) are shown on the average of the last 3 TI AMIRA
images of each slice, whereas the SC GM/WM (dark brown) and SC GM subdivision borders (anterior horns, red; posterior horns, dark blue; gray
commissure, dark green) are shown on the average of the first 5 TI AMIRA images. The first 2 MR images were obtained back-to-back without
repositioning to allow intrasession comparisons. The third scan was obtained after patient repositioning to allow intersession comparisons.
Note the high agreement of SCORE segmentations between scans. Intra- and intersession reproducibility of manual (blue) and SCORE (red) was
measured by DSC (B).
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segmentations showed slightly better intra- than intersession
reproducibility for most spinal cord compartments. This finding
points to a marginal effect of patient repositioning in the MR
imaging scanner on our measurements, also possibly related to
our 2D imaging approach. However, because both intra- and
intersession reproducibility was high in all SC compartments, our
pipeline for quantification of SC compartments is promising for
longitudinal measurements in both research settings and clinical
routine. Pitfalls such as misclassification of lesions as CSF did not
occur, as was the case in the past.16 Furthermore, the current

algorithm demonstrated slightly higher intra- and intersession
reproducibility as well as accuracy in HC data (eg, mean DSC in
total SC: 0.98 versus 0.95; WM: 0.95 versus 0.90; GM: 0.92 versus
0.86) compared with a preliminary algorithm version applied in
the same HC MR imaging data,18 possibly due to the addition of
further raters for training of MDGRU neural networks.

A head-to-head comparison of previously published methods
with ours using the same data set is currently not possible due to
technical limitations. However, considering the raw numbers,
our method showed higher intersession reproducibility in HCs

FIG 4. Accuracy of SCORE versus manual segmentations in all SC compartments of HCs and patients with MS. A, Representative SCORE and
manual segmentations of AMIRA slices acquired in 1 HC and 1 patient with MS. The SC/CSF borders of manual and SCORE segmentations are
shown in aqua (dashed line) and gold, respectively. The SC GM/WM borders of manual and SCORE segmentations are shown in coral (dashed
line) and dark brown, respectively. The SC anterior horns, posterior horns, and gray commissure of manual and SCORE segmentations are shown
in orange, turquoise, lime (dashed lines), red, navy blue, and dark green, respectively. Finally, the lesion borders of manual and SCORE segmenta-
tions are shown in violet (dashed line) and dark purple, respectively. Note the high agreement between manual and SCORE segmentations. The
accuracy of SCORE versus manual segmentations was measured by DSC (B) and was generally high. Healthy, normal-appearing and lesional tissue
and normal-appearing tissue are shown separately for each SC compartment in red, blue, and yellow, respectively. SC MS lesions are shown sep-
arately in green. Note the high accuracy of SCORE compared with manual segmentations in all SC compartments except for the gray commis-
sure and lesions in both HCs and patients with MS.
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(eg, RSD for SCGM in Prados et al12 ¼ 7.4% [SD, 4.9%], cur-
rently proposed ¼ 3.50% [SD, 2.61%]; intraclass correlation coef-
ficient in Datta et al13 ¼ 0.88, currently proposed ¼ 0.89, not
shown in the analysis). In addition, accuracy was quite high when
SCORE segmentations were compared with the manual agree-
ment by 3 experienced raters. Indeed, our method showed higher
accuracy compared with the established iterative nonlocal simulta-
neous truth and performance level estimation (STAPLE) algo-
rithm by Asman et al,27 even with additional “tuning” of this
algorithm to our HC AMIRA data, as shown previously.28

Furthermore, preliminary work using MDGRU18 already showed
remarkable accuracy in HCs when tested on a different cohort (40
training data sets and 40 test data sets acquired at 4 different sites)
and compared with 8 methods for in vivo quantification of SCGM
including the 6 methods used in a recent SCGM segmentation
challenge.18,29-31 In addition, the current version of our automatic
segmentation method shows higher accuracy in HCs, though
tested in a different data set and with a different imaging approach
(eg, Perone et al,29 currently integrated in the Spinal Cord
Toolbox (https://spinalcordtoolbox.com/), for SCGM in HCs:
mean DSC ¼ 0.85 [SD, 0.04], mean HD ¼ 2.61 [SD, 2.15] mm;
currently proposed: mean DSC ¼ 0.92 [SD, 0.03], mean 0.53 [SD,
0.32] mm. Finally, our current method also demonstrated accu-
racy results comparable with those of a recent study evaluating the
accuracy of SCGM segmentations using the deep, dilated convolu-
tions approach of Perone et al on an ex vivo acquired image data
set.29 However, these comparisons should be considered with cau-
tion due to differences in the data sets, the number of participants,
MR imaging sequences, MR imaging scanners, and study design
included in these studies.

Regarding the performance of SCORE in cervical SC images
of patients with MS, accuracy was high in all SC compartments
despite the fact that the presence of lesions, the atrophic involu-
tion of GM and WM tissues, as well as difficulties to sustain pro-
longed scans could be challenging aspects for SC segmentation in
patients with MS (Online Supplemental Data). In addition,
SCORE demonstrated higher accuracy than a previously pro-
posed fully automatic segmentation algorithm applied in patients
with MS, though in a different patient cohort with a different
imaging approach (Prados et al12 for SCGM in patients with clin-
ically definite MS: mean DSC ¼ 0.74–0.79, mean HD ¼ 1.61–
1.44mm; currently proposed mean DSC ¼ 0.84, mean HD ¼
0.89mm). However, agreement with manual segmentations was
lower compared with that of HCs. The reason for this finding
probably lies, at least in part, in the presence of SC lesions affect-
ing both the SCGM and WM, diminishing the contrast between
the 2 SC compartments and posing additional challenges for
exact delineation of SCGM and WM. Moreover, the GM/WM
contrast reduction in lesions led to lower precision and higher
variability of the manual segmentations, which were then used
for subsequent algorithm training; this issue also possibly contrib-
uted to a worse SCORE performance in lesions. Another explana-
tion for this reduction of accuracy in patients with MS compared
with HCs is the smaller slice number used to train MDGRU neu-
ral segmentation networks in patients with MS because data from
3 MR imaging scans (acquired back-to-back for reproducibility
measurements) were available in HCs, whereas a single scan was

used in patients with MS. This notion is also supported by the
fact that the accuracy of spinal canal area SCORE segmentations
was also lower in patients with MS compared with HCs.

SCORE segmentations of cervical SC lesions demonstrate sig-
nificantly lower accuracy compared with other SC compartments
with a mean DSC of 0.69, and they underestimated SC lesion
areas compared with manual segmentations. However, these
results show higher accuracy compared with a recently developed
automated SC lesion-segmentation approach based on a sequence
of 2 convolutional neural networks using T2-weighted and T2*-
weighted SC images of patients with MS, which reached a median
DSC of 0.60, albeit on another patient cohort.32 These findings
should also be seen in the light of the big interrater variability in
manual segmentations of SC lesions, as previously reported.32

In previous MR imaging and histopathologic studies, contro-
versial results were shown with regard to whether GM and/or
WM atrophy drives SC volume loss in MS.7-9,33 Our patients with
MS showed a similar reduction in SCWM and GM (10% and 8%,
respectively) compared with HCs. Besides, both normal-appearing
as well as total SCWM and anterior horn areas were found to be
reduced in patients with MS. This finding indicates neuronal
injury that is, at least partially, not related to focal SC lesions and
possibly reflects the aftermath of a distinct neurodegenerative
pathomechanism. Most surprising, patients with MS had lower
anterior horn (14% reduction) but similar posterior horn areas
compared with HCs, especially at the cervical SC enlargement
(Fig 2 and Online Supplemental Data), a result that is in line with
a previous pathologic study demonstrating loss of interneurons
and lower motor neurons in the normal-appearing and lesional
anterior horns.34 Future studies should further investigate the ori-
gin of this finding. However, in our small MS cohort, smaller
SCWM areas and larger SC lesions were the most important inde-
pendent predictors of more neurologic deficits. Although SC
lesions are a well-established correlate of physical disability in
MS,7,35,36 the greater importance of SCWM, and not GM, contra-
dicts findings of previous studies in this field.7,9,33 However, this
contradiction may be caused by the small sample size of the pres-
ent MS cohort. Nevertheless, from the neuroanatomic standpoint,
the correlation between SCWM atrophy and clinical disability is
most probably related to demyelination and axonal loss occurring
in WM tracts related to sensorimotor functions.

Some limitations of our study should be mentioned.
Reproducibility was assessed only in HCs and not in patients
with MS because of the burden of repetitive spinal cord MR
imaging on our patients. Moreover, SCORE was trained in a rela-
tively small number of participants. However, in total, 1088 slices
were analyzed for algorithm development, whereas the 3-fold
cross-validation during the development of SCORE should have
increased the robustness of the method. In addition, SCORE is
currently capable of reliably segmenting only AMIRA images of
the cervical SC. Due to the distinct shape of the SCGM in differ-
ent regions of the SC (eg, cervical versus thoracic), SCORE might
not perform with the same reproducibility and accuracy demon-
strated in the current work. Hence, for segmentation of other SC
regions, separate MDGRU neural networks should be trained
and validated. Moreover, our results concerning differences
between patients with MS and HCs in areas of SC compartments
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should be considered with caution because of our small sample
size. To that end, further larger cross-sectional and longitudinal
analyses are required to confirm the presented findings. The cur-
rent study did not include a direct comparison between our seg-
mentation method and other established segmentation algorithms
(eg, the Spinal Cord Toolbox15) because this would require train-
ing of separate neural networks of other algorithms in our
AMIRA data set. However, the comparison of a previous version
of our SC segmentation algorithm with multiple other approaches
on an independent imaging data set of HCs (including images
originating from different imaging protocols with different
FOVs, size, and resolution) indicated a remarkable performance
of MDGRU neural networks.18 In addition, our patients were
recruited at a single institution and imaged on a single scanner,
which may limit the generalizability of our results. Thus, a com-
parison of different segmentation algorithms on a common multi-
centric MR imaging data set of patients with MS including
different imaging techniques should be considered in the future.
Finally, AMIRA is currently not fully available in clinical routine,
limiting the use of the proposed quantification method to research
settings for now.

CONCLUSIONS
In this work, we demonstrate a novel, reliable quantification
method in patients with MS and HCs for SC GM and WM, as
well as for subdivisions of the SCGM and MS lesions. This
method will allow future investigation of SC compartments in a
number of neurologic disorders, including MS, in both research
and clinical settings. As motivation for future scientific effort on
this matter, our patients with MS were found to have reduced
areas in specific SC compartments, which may be used as imaging
biomarkers in this disease.
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CLINICAL REPORT
SPINE

Patterns of Intrathecal Ossification in Arachnoiditis
Ossificans: A Retrospective Case Series

B. Thejeel, C.S. Geannette, M. Roytman, D.J. Pisapia, J.L. Chazen, and S.T. Jawetz

ABSTRACT

SUMMARY: Arachnoiditis ossificans is an uncommon end-stage appearance of chronic adhesive arachnoiditis. Imaging features of
arachnoiditis ossificans are characteristic and should be diagnosed to avoid unnecessary intervention and guide prognosis and manage-
ment. In this case series, we retrospectively analyzed CT and MR imaging of 41 patients to identify common patterns of intrathecal
ossification and present the common etiologies. Thirty-two patients had a confirmed history of spinal instrumentation, 7 were discov-
ered on imaging without prior surgical history, 1 had a history of ankylosing spondylitis, and 1 had trauma. The most frequent site of
ossification was at the conus and cauda equina. Four patterns of ossification were identified, including central, nerve root encasing,
weblike, and peripheral. Arachnoiditis ossificans is an important, likely under-recognized consideration in patients who present with
back pain. Diagnosis can be made readily on CT; MR imaging diagnosis is also possible but may be challenging.

ABBREVIATION: AO ¼ arachnoiditis ossificans

Chronic adhesive arachnoiditis is a spectrum of entities of vary-
ing severity and assorted imaging appearances. This patho-

logic entity involves the arachnoid mater layer of the meninges,
which is often inconspicuous on cross-sectional imaging and
becomes apparent in diseased states.1 Chronic adhesive arachnoi-
ditis predominates as thickening and scarring of the arachnoid
and pial surfaces and can also involve the nerve roots. The typical
features of chronic adhesive arachnoiditis include nerve root thick-
ening, nerve root clumping, nerve root peripheralization (empty
thecal sac), intradural soft-tissue masses, and thecal sac deformity,
all of which can be visualized on MR imaging.2,3 Chronic adhesive
arachnoiditis is not associated with a specific etiology but rather
can be seen following surgery, infection, inflammation, and/or
trauma.2,4 Some case reports have even demonstrated findings
after intrathecal administration of medications such as contrast or
chemotherapy.5,6

Arachnoiditis ossificans (AO) is an infrequent pathologic en-
tity that appears on the spectrum of chronic adhesive arachnoidi-
tis, often as the end-stage disease process.2,7 In 1982, Barthelemy8

published the first case of AO diagnosed on CT. Before this, AO
was often suspected radiologically; however, it was only diag-
nosed surgically or at postmortem examination. Since that time,
CT of the spine has allowed greater diagnosis of AO, with the
largest case series documenting 5 patients.3 The underlying histo-
pathology in AO is thought to be osseous metaplasia in the set-
ting of chronic arachnoid inflammation leading to intrathecal
ossification.9,10 However, despite chronic adhesive arachnoiditis
being easily seen on MR imaging, arachnoid ossification can be
inconspicuous and may, therefore, be overlooked or misdiag-
nosed. Although AO is a rare entity, it is likely more widespread
than previously thought. CT is considered a more accurate imag-
ing technique for AO because it can more accurately distinguish
intrathecal AO from the overarching diagnosis of chronic adhe-
sive arachnoiditis.3,11

The aim of this work was to identify patterns of ossification
on CT that are characteristic of AO and can assist radiologists in
making the correct diagnosis.

CASE SERIES
Institutional ethics review board at the Hospital for Special
Surgery and Weill Cornell University-New York Presbyterian
Hospital approval was obtained for this retrospective case series
from an orthopedic surgical hospital as well as a tertiary trauma
center for imaging studies performed between January 1, 2000,
and July 1, 2021. Cases were acquired through a search of an
institutional PACS, identifying patients with the diagnosis of AO
on either CT or MR imaging with histopathologic confirmation.
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The search yielded the following unique cases: 50 of AO, 383 of
chronic arachnoiditis, 7 of intrathecal ossification, and 3 of intra-
thecal calcification. Cases without CT or pathologic confirmation
were excluded. The electronic medical record was reviewed to
collect data on patient demographics. Prior relevant surgical and
medical history was acquired, including history of trauma, central
nervous system infection, and inflammatory disease.

MR imaging was performed on a 1.5T unit (Optima MR450w,
Discovery MR450, Signa HDxt; GE Healthcare) and on a 3T unit
(Signa Premier; GE Healthcare). CT was performed using a 64-
section scanner (Discovery 750 HD; GE Healthcare). Imaging
protocols can be reviewed in Tables 1 and 2.

The patients’ imaging studies were reviewed in consensus by
3 radiologists (a fellowship-trained musculoskeletal radiologist
with 10 years’ experience, a neuroradiologist with 2 years’ experi-
ence, and a musculoskeletal radiology fellow). Imaging was eval-
uated for the presence of meningeal ossification, location of the

ossification, associated spinal cord or nerve root distortion, and a
pattern of ossification. Common patterns of ossification were
described and categorized. When available, MR imaging was
reviewed to evaluate corresponding lesions as well as associated
signal abnormalities within the nerve roots and cord. The data
sets were collected and collated in de-aggregate form. A series of
41 cases of AO was identified. A summary of patient demo-
graphics and characteristics is included in Table 3.

Four major etiologic categories were identified with the follow-
ing frequency: 1 inflammatory, 1 posttraumatic, 7 idiopathic, and
32 postsurgical. A 38-year-old male patient with a remote history
of gunshot wound to the thoracic and lumbar spine with follow-
up imaging demonstrating lumbar spine AO (Fig 1) was included;
this patient did not undergo any spinal surgery because he was
hemiparetic at the time of injury. One patient with a history of
ankylosing spondylitis was included, and, in addition to findings
of AO, imaging demonstrated classic features of diffuse syndes-
mophyte ankylosis with a “bamboo spine” appearance, interspi-
nous ligament ossification, and intradiscal calcification (Fig 2).

In 7 patients, AO was found without a history of symptoms,
inciting events, or risk factors. One of these patients was a 24-year-
old female gymnast presenting with low back pain without a history
of known trauma, infection, or inflammatory disorder. Another
case was a 20-year-old man who presented for whole-spine CT fol-
lowing a suicide attempt, and AO was discovered at the distal-most
aspect of the thecal sac. AO was also found within the thoracic
spine on a CT scan of the chest in 2 patients imaged for screening
for lung nodules. In another patient, AO was found in the lumbar
spine on a CT scan of the pelvis performed for evaluation of the hip
joints. Pre-existing AO was found on 2 lumbar spine CT scans in 1
patient presenting for imaging in the setting of acute trauma and in
another patient being evaluated for multiple myeloma.

The largest subset of patients consisted of 32 cases with a his-
tory of spinal surgery. Two patients underwent tethered cord
release, 8 patients underwent laminectomy only, and 22 patients
underwent combined laminectomy and instrumented arthrodesis
(Fig 3). The diagnosis of AO was made in patients with a history of

Table 1: CT protocol used in spine imaging of the 41 patients included in the case series
CT Protocol

kV(peak) 120
mAs AutomA and SmartmAs with maximum dose 400 mA
Section thickness 0.625-mm section thickness, Bone Plus Algorithm
Reformations Multiplanar reformations, 2-mm reformats in sagittal and coronal planes and to disc levels and in soft-tissue windows

Table 2: MR imaging protocol used in spine imaging of the 41 patients included in the case series

2D Sagittal T2 2D Coronal T2 2D Axial T2 2D Sagittal T1 2D Sagittal T2 FLEX
TR (ms) 3500 4000 3500 620 5500
TE (ms) 110 104 110 10 110
Flip angle 180° 90° 180° 90° 142°
FOV (mm2) 260 280 280 280 260
Matrix 512 � 256 512 � 256 416 � 224 512 � 256 416 � 224
NEX 1.5 1 1.5 1 1
Receiver bandwidth (MHz) 683.33 6195.31 683.33 6195.31 6244.14
Section thickness (mm) 3.5 3.5 3.5 3.5 3.5
Echo-train length 14 12 12 3 16
Acquisition time (min) 3–4 3–4 4–5 3–4 3–4

Note:– FLEX indicates 2-point Dixon fat-suppression.

Table 3: Demographics and characteristics of 41 patients with
confirmed diagnosis of AO

Demographics and Characteristics
Total patients 41
Age (yr) 63 (SD, 18.8); range, 16–92
Etiology
Postsurgical 32
Idiopathic 7
Inflammatory 1
Posttraumatic 1

Sex
Male 18
Female 23
Location
Lumbar spine 36
Thoracic spine 5
Follow-up duration 3.9 (SD 3.7) years; range,

8months to 14 years
No follow-up 18 patients
Patients with MR
imaging correlation

25
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surgery, on average, 13.4 (SD 14.7) years following the operation,
with a range of 1–47 years. Of these patients, 1 underwent spinal
fusion in the setting of a gunshot injury. All patients presenting fol-
lowing surgery had back pain. In 5 patients with history of spinal
fusion, consecutive CT demonstrated progression of ossification in
the setting of worsening of the patient’s symptoms (Fig 4).

One patient with a history of teth-
ered cord release developed lumbar
spine AO and subsequently underwent
surgical resection of the ossification.
Histopathologic analysis was performed
following staining with H&E. The resec-
tion specimen demonstrated peripheral
areas of osseous formation along the
margins of resected tissue, consisting of
meningothelial cells within leptomenin-
ges with scattered foci of calcification
(Fig 5).

Review of all imaging demonstrated
4 typical patterns of ossification seen in
our case series (Fig 6). Patients either
presented with a dominant pattern or
demonstrated a mixed presentation.
The first observed pattern was periph-
eral ossification along the border of the
thecal sac, which can be completely or
partially circumferential; this pattern
was observed in 8 patients. The second
observed pattern was central longitudi-
nal ossification within the thecal sac
with a filamentous morphology on sag-
ittal imaging, which was seen in 5

patients; depending on the location and appearance, this may rep-
resent ossification surrounding the filum terminale. The third
pattern was weblike ossification that fills the CSF space and insin-
uates throughout the thecal sac; 7 patients presented with this pat-
tern. Finally, a pattern in which the ossification encased$1 nerve
root was seen in 3 patients. In 18 patients, a mixed pattern of ossi-
fication was observed, which predominated as a combination of
central and peripheral as well as peripheral and weblike. In these
patients, the 2 patterns contributed equally to the overall appear-
ance of AO (Fig 7). In the 4 patients presenting with neurologic
symptoms of unilateral lower extremity weakness, numbness, and
neurogenic claudication, peripheral and nerve-encasing patterns
of ossification were seen.

Twenty-five patients had both MR imaging and CT of the
spine. MR imaging of the spine included sagittal and axial T1 and
T2, coronal T2, and sagittal STIR sequences; gradient-echo
sequences were not used and are not part of our routine nonsu-
pervised MR imaging of the thoracic and lumbar spine. Regions
of ossification demonstrated on CT corresponded to findings on
MR imaging predominating as areas of low-signal-intensity
thickening of the thecal sac and surrounding the nerve roots as
well as clumping up the nerve roots and contour distortion of the
thecal sac and nerve roots. Ossification was not reliably demon-
strated on MR imaging. The findings demonstrated on MR imag-
ing are not specific to AO and can be seen in the spectrum of
chronic adhesive arachnoiditis. Of 25 patients, 23 had a history of
spinal surgery, 1 had a gunshot injury, and 1 was in the incidental
group. In all except 1 patient, MR imaging was performed before
the CT scan. The only person who had a CT scan before MR
imaging had sustained a gunshot wound to the thoracic spine.
In the patients with a history of spinal instrumentation, all

FIG 2. CT images from a 66-year-old female patient with back pain
and stiffness. Sagittal (A and B) and axial (C) CT demonstrate features
of spinal ankylosis relating to inflammatory spondyloathropathy (blue
arrows). AO is evident by thick peripheral ossification of the
meninges most prominent at the tip of the thecal sac; however, it
can also be seen in the thoracic spine (red arrows).

FIG 1. A 38-year-old male patient presenting 7 years following gunshot injury to the lumbar spine.
Imaging from the time of the injury was unavailable for review. Sagittal T2-weighted MR imaging
(A) demonstrates low signal thickening of the thecal sac as well as contour deformity of the the-
cal sac and its contents. Intermediate-signal tissue is present at the conus medullaris, relating to a
posttraumatic scar. CT image (B) demonstrates peripheral and weblike ossification within the the-
cal sac (white arrows), which is not definitively identified on MR imaging (white arrows). The web-
like ossification is better demonstrated on axial CT images (C and D), which also show multiple
foci of metallic debris related to the prior gunshot injury (red arrows).
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underwent MR imaging followed by CT. CT was acquired to bet-
ter evaluate fusion hardware and the cause of back pain.

DISCUSSION
Chronic adhesive arachnoiditis is a pathologic entity seen in the
spine that includes a spectrum of severity. The most severe type,
AO, is rare, and recognition is important in patients presenting
with back pain and neurologic deficits.2,12

This is the largest published series of patients diagnosed with
AO secondary to various etiologies. Within the published literature,
case reports and series of AO confirmed on imaging can be found
dating back to 1982.8 Most of the published literature is limited to

single case reports, with the largest case
series including 5 patients.3 The most
common etiology for AO in the litera-
ture was spinal instrumented arthrodesis.
Other etiologies included trauma, infec-
tion, spondyloarthropathy, intrathecal
drug administration, and remote intra-
thecal contrast administration. The lum-
bar spine was the most common
location for AO within the published
case reports, with the second most com-
mon location reported in the thoracic
spine;6-9,13-21 no cases of cervical spine
AO were reported. The most common
clinical presentations were lower extrem-
ity weakness and back pain. Given this
distribution, we believe that there is a
link between location and etiology.

This series of patients was largely consistent with the demo-
graphics and characteristics of patients in the literature. In this se-
ries, 78% of patients had undergone spinal surgery, most whom
underwent spinal decompression or fusion, which speaks to the
prevalence of AO in this patient population. Thus, recognition is
important given the increasing volume of spinal surgery.22,23

While there are proposed treatment options primarily designed to
restore CSF flow dynamics, such as attempts to lyse adhesions,
these attempts have demonstrated limited success; therefore, AO
should be considered a “do-not touch lesion”3,24 because interven-
tion does not lead to symptom improvement or prevent progres-
sion of the pathologic process. Like many pathologic processes
without robust treatment, we believe that correct diagnosis of AO

FIG 3. A 78-year-old man status post multiple lumbar surgeries. T2-weighted MR imaging of the lumbar spine including sagittal (A) and axial (D)
reformats demonstrates low signal thickening of the thecal sac and surrounding the nerve roots (red arrows), which manifests as weblike ossifi-
cation on sagittal (B) and axial (C) CT images (red arrows). MR images (A and D) depict the associated thecal sac distortion.

FIG 4. Comparison of CT scans of the lumbar spine of the same patient performed in 2008 with
follow-up in 2018 demonstrates progression of ossification (red arrows), which potentially con-
tributes to progression of pain and neurologic dysfunction.
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is important, even in the absence of definitive treatment, because
it may prevent unnecessary testing such as CSF sampling, biopsy,
and even surgery, thus stressing the importance of acknowledging
the various imaging appearances and patterns of AO to prevent
misdiagnosis.

Most interesting, this series had 7 cases of idiopathic AO in
patients who were reportedly asymptomatic. Given the retrospec-
tive nature of this study, clinical information in this group of
patients was limited; thus, data were not always available to con-
firm the presence or absence of symptoms. This finding can be

FIG 5. A 16-year-old female patient with a history of remote tethered cord release and posterolateral fusion. MR imaging T2-weighted images
in the sagittal (A) and axial (B) planes demonstrate low signal thickening of the thecal sac with peripheralization and clumping of the nerve roots.
C, H&E stains of the resection specimen from the thecal sac at the lumbar spine demonstrate meningothelial cells within the resected leptome-
ninges (black arrow), with ossification along the margin of the specimen (white arrowhead) as well as scattered foci of calcification (black
arrowheads), consistent with AO.
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interpreted in 2 major ways: One hypothesis is that not all
patients experience symptoms from these ossifications; alterna-
tively, the ossification may simply represent a “red herring” in the
work-up of patients who have a multitude of reasons for back
pain including failed back surgery. These findings further support
the importance of recognizing AO as a do not touch lesion.
Future prospective and longitudinal studies will be required to
answer this question.

The patterns of ossification seen in AO can be variable as
demonstrated in our series and within the literature. This vari-
ability may result in interpreters under-recognizing AO or mis-
taking it for another entity. In the literature, attempts have been
made to characterize and classify the patterns of ossification. In a
study by Domenicucci et al,25 the authors proposed a classifica-
tion system based on their review of 3 of their own case reports;
however, the analysis is limited due to the small sample size. The
large size of this series lends itself well to pattern analysis, and the

most common ossification patterns were
classified. The 4 main patterns of ossifi-
cation identified, including peripheral,
central, weblike, and nerve encasing, can
serve as a guide for the physician inter-
preting CT of the spine when faced with
meningeal ossification. Given the retro-
spective nature of this case series, it is dif-
ficult to associate the different patterns
with the severity of symptoms or the
presence of neurologic deficits. Most of
these patients presented with symptoms
of pain, with only 10% presenting with
neurologic deficits including weakness
and paresthesia. In patients with neuro-
logic deficits, peripheral and nerve-
encasing patterns of ossification were
seen. This observation suggests that
these patterns of ossification may corre-
late with patient symptoms. However,
larger prospective studies are needed to
determine this effect.

In 25 patients, MR imaging was
available for review. However, the diag-

nosis of AO was not possible prospectively from the MR imaging
nor were there specific MR imaging features to suggest AO.
Theoretically, given the underlying osseous metaplasia driving
AO, a centrally T1-hyperintense and peripherally hypointense
lesion may be considered to represent AO; however, in our expe-
rience, the MR imaging finding predominates as T1/T2 low signal
indicative of cortical bone. Allowing for the small size of the
ossific lesion, the lower spatial resolution and higher section
thickness of MR imaging can conceal the T1-hyperintense fatty
medullary component of AO, which can be readily seen on CT as
hypodensity. In these cases, MR imaging demonstrated low signal
thickening of the thecal sac and nerve roots as well as nerve root
clumping and contour distortion of thecal sac, all of which are
nonspecific for AO and can be seen in the spectrum of chronic
adhesive arachnoiditis.

CT remains the technique of choice for the diagnosis of AO.
However, in many patients with back pain and neurologic symp-
toms, MR imaging may be indicated for diagnosis; thus, in these
patients who undergo only MR imaging, AO may be underdiag-
nosed. Radiologists supervising these examinations may elect to
add sequences such as fat-suppressed 3D-FLASH sequences26 or
a T2-weighted gradient recalled-echo sequence27 for better imag-
ing of cortical bone. These sequences have been reliably used for
many years to image osseous morphology and are readily avail-
able at most imaging suites. Emerging techniques in MR imaging
may, in the future, allow better identification of AO. One such
technique is zero-TE, which allows better characterization of ossi-
fication and bone structures by acquiring signal immediately after
applying the radiofrequency pulse, resulting in near-zero TEs,
which allow imaging of structures with very short transverse
relaxation times (T2) such as bones.28 This technique is not cur-
rently widely used clinically and remains in the research phase;
however, many studies evaluating musculoskeletal structures,
specifically the spine,29,30 have shown promise.

FIG 6. In this series of 41 patients, 4 patterns of ossification that can be seen in AO were identified.
Ossification can occur as a combination of patterns, which was the most common in this series. CT
images demonstrate the 4 patterns. A, The central pattern demonstrates central ossification within
the thecal sac and can have the appearance of a dagger on the sagittal plane. B, Nerve root encase-
ment appears as circumferential ossification surrounding single or multiple roots of the cauda
equina. C, The peripheral pattern involves the walls of the thecal sac and can be circumferential or
discontinuous. D, The weblike pattern appears as ossification filling the thecal sac and insinuating
between the nerve roots. In all panels the red arrows point out the areas of ossification.

FIG 7. In some patients, a combined pattern of ossification was
observed. Axial CT images in 2 unique patients demonstrate 2 pat-
terns coexisting. A, The red arrow demonstrates the peripheral pat-
tern of ossification coupled with a central pattern as shown by the
white arrow. B. In this patient, the red arrow also indicates a region
of peripheral ossification, coupled with weblike ossification as indi-
cated by the white arrow.
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CONCLUSIONS
AO is an important consideration, likely underdiagnosed, in
patients who present with back pain following spine surgery. CT
is considered diagnostic for AO, and MR imaging is less reliable
for definitive diagnosis though it is complementary in evaluating
chronic adhesive arachnoiditis. Ossification can progress with
time, and it is important to consider with worsening pain/weak-
ness postoperatively. We present the largest series of patients with
AO during a 20-year period and demonstrate patterns of ossifica-
tion: peripheral, central, encasing nerve roots, and weblike.

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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LETTERS

Regarding “Rates of Epidural Blood Patch following Lumbar
Puncture Comparing Atraumatic versus Bevel-Tip Needles

Stratified for Body Mass Index”

We read with interest the article by Philip et al1 on postpro-
cedural complications after fluoroscopically-guided dural

puncture (fLP) because their results were dissimilar to those in
our own research.2 In our study of 2141 patients who underwent
fLP with Quincke needles, 0.8% (18/2141) required an epidural
blood patch (EBP) for postprocedural headache. In contrast, of
the 2258 patients who underwent fLP with Quincke needles in
the study by Philip et al, 4.3% (97/2258) required EBP. Of the
patients who underwent fLP withWhitacre spinal needles in their
study, 1.4% (30/2177) required EBP. We have several questions
for Philip et al that might help us to understand the higher rates
of EBP in their patients and may call into question their conclu-
sion that atraumatic needles result in lower rates of EBP from fLP
in overweight and obese patients.

Young age and female sex are predisposing factors for posi-
tional headaches following lumbar puncture, as confirmed in our
study.2 No data were provided in the article by Philip et al1

regarding the age and sex of patients. There might be a higher
percentage of young women among the patients treated with
Quincke needles or among their patient population overall com-
pared with our cohort.

We note in Table 3 of the article by Philip et al1 that the
P value for needle caliber was,.001 in patients with a body mass
index of .30, yet the 95% confidence interval of the odds ratio
encompasses unity. These statistics appear to be internally dis-
crepant. We note this particularly because in our study, we did
not find the needle caliber to be a predictive variable.

All procedures in our study were performed by a single expe-
rienced operator. Philip et al1 indicated that procedures in their
study were performed by radiologists, but they provided no infor-
mation about years in practice or number of cases performed by
each practitioner in a typical year. It is unclear whether trainees
were the primary operators in these procedures. Given that
Quincke needles are more steerable, might radiology residents

prefer them while the more experienced attending radiologists
prefer Whitacre needles? Needles were chosen by the operators in
this retrospective study, so operator preference, experience, and
expertise are important confounding variables that were not
included.

The advantages of atraumatic needles in unguided (blind)
dural punctures have been established in the neurology litera-
ture. It remains controversial, however, whether these advan-
tages are present when image guidance is used. The rate of EBP
in fLP is markedly lower than that for unguided punctures,
which may obviate any advantage of needle choice.

It is unclear to us why our rate of postprocedural EBP is sub-
stantially lower than that recorded by Philip et al.1 This rate may
reflect differences in technique, patient population, or operator
expertise. The work by Philip et al is interesting, but firm conclu-
sions regarding the relative advantages of needle type in fLP
should be based on literature that controls for patient characteris-
tics such as age and sex as well as operator characteristics such as
experience.

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

We appreciate the feedback from Branstetter et al. As with
any retrospective study, our study has limitations. One of

the main limitations of our study is that the lumbar punctures
(LPs) were performed by a variety of radiologists with variable
levels of experience, including trainees.1 While this feature intro-
duces potential confounding variables, we believe it is more indica-
tive of how LPs are performed in most radiology departments;
thus, it is a more accurate estimation of post–dural puncture head-
aches (PDPHs) necessitating an epidural blood patch (EBP). The
number of LPs performed in radiology has been increasing.2 They
are performed by a variety of practitioners with a variety of experi-
ence levels, including increasingly by nonphysician providers such
as in the study of Rodriguez et al.3 We believe our study is a “real-
world” estimation of EBP rates in a heterogeneous patient popu-
lation with a heterogeneous group of operators. Our study was
designed to examine whether there were differences in EBP rates
when comparing traumatic with atraumatic needles stratified to
the body mass index, not to determine whether there were differ-
ent EBP rates based on sex or age.

We do not know why our rates of EBP in the Quincke group
were higher than those found in the study of Rodriguez et al.3 A
different patient cohort certainly could be contributory. At the
institution where the data were collected, there was a relatively
low threshold to perform an EBP in patients with post-LP head-
aches, and there was a streamlined process for clinicians to refer
patients for EBP. Perhaps the threshold for performing an EBP
was different at the two institutions. The rate of post-LP “any
headache” was higher than the “severe headache” rate at 2.2% in
the study of Rodriguez et al.3 Our rate of EBP in the Quincke
group was well below that reported in the study from Hatfield et
al4 for fluoroscopically guided LPs with a 22-ga Quincke needle,
which was 15.2%.

We acknowledge an error in Table 3 of our article. As stated in
our results section, we found no statistically significant difference

in rates of EBP when comparing the 22-ga Quincke with the 20-ga
Quincke needle. The confidence interval in Table 3 is correct. The
corrected P value is .411.

We believe that our study and other studies involving both flu-
oroscopically guided and non-fluoroscopically guided LPs are
compelling in demonstrating an increased rate of PDPHs necessi-
tating an EBP when comparing traumatic-versus-atraumatic spinal
needles. However, these studies suffer from the inherent limita-
tions of retrospective studies. We believe a well-designed prospec-
tive randomized study would likely end any remaining debate.
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LETTERS

CAA-ri and ARIA: Two Faces of the Same Coin?

In their article, Cogswell et al1 offered a valuable critical reflection
on the past, present, and future challenges in the application of

detection and reporting recommendations for amyloid-related
imaging abnormalities (ARIAs) associated with amyloid b (Ab )-
lowering immunotherapy for Alzheimer disease (AD) in real-world
clinical settings. Increased evidence suggests that drug-induced
ARIAs are the iatrogenic manifestation of cerebral amyloid angiop-
athy–related inflammation (CAA-ri), a rare autoimmune encephal-
opathy associated with elevated CSF concentrations of sponta-
neous anti-Ab autoantibodies (autoAbs) and transient focal areas of
swelling (also known as ARIA-E in clinical trials) and CAA-related
microhemorrhage (also known as ARIA-H in clinical trials).2,3

In this framework, research and experience in the comparison
of ARIAs and CAA-ri in the past decade indicate 3 main critical
considerations: First, evidence from trials is limited to an extremely
well-selected and neuroradiologically monitored subpopulation of
patients with AD. Therefore, current results may have limited gen-
eralizability to the broadened community of AD in real clinical
settings. In fact, to minimize the occurrence of ARIA, common
exclusion criteria are$5 cerebral microbleeds (CMBs), irrespective
of their location, any cortical superficial siderosis (cSS), and a his-
tory of intracerebral hemorrhage (ICH) at baseline MR imaging.
However, CMBs, ICH, and cSS do not completely account for the
neuroradiologic semiology of small vessel diseases. Given the well-
known comorbidity of CAA in AD, further research evaluating the
combination of microhemorrhage and no hemorrhagic presenta-
tions to increase the sensitivity and specificity in the diagnosis and
prediction of ARIA may reveal a strategic issue, as recently reported
in the improved Boston criteria 2.0 for the diagnosis of CAA.4

Second, the acronym ARIAs was intended to strictly define the
occurrence of neuroimaging abnormalities, not to provide infor-
mation concerning the associated clinical manifestations. Indeed,
current rating systems for ARIA have demonstrated no correspon-
dence between the severity of ARIAs and clinical status and a poor
capacity in advising about continuing treatment in patients pre-
senting with mild and asymptomatic ARIA-E. The recent natural
history study of CAA-ri in a large, multicenter, prospective longi-
tudinal cohort from a real clinical practice highlighted the tran-
sient and potentially remitting nature of ARIA-E, with 84% of
clinical and neuroimaging recovery within, respectively, 3 and 6
months and 38% of recurrences within 2 years, which were more
common when intravenous corticosteroid therapy was suddenly
discontinued without a slow oral tapering.2,3

Third, given the lack of samples and data in trials for independ-
ent research, the pathophysiologic mechanisms of ARIAs remain
largely unknown. According to the ARIA paradox pathophysiologic
model, ARIA-E is a complex and multifactorial phenomenon
resulting from the imbalance between the autoantibodies-mediated
removal of Ab from plaques and the downstream effects that an
excessive mobilization of the protein can cause on intramural peri-
arterial drainage pathways and neuroinflammation. This hypothesis
has been recently investigated in a longitudinal case series of CAA-
ri showing a regional and temporal association between ARIA-E
and microglial activation and the CSF levels of autoAbs.2 Most
interesting, this study also showed that current ARIA-E rating sys-
tems alone might not fully capture the complex underlying biology
of the phenomenon, suggesting that the combination of MR imag-
ing markers and fluid-based biomarkers can increase the capacity
to perform a correct diagnosis. To this end, high levels of autoAbs
at baseline may constitute a risk factor, and the CSF testing for
autoAbs may meet the specific requirement of companion diagnos-
tic biomarkers for drug tailoring based on the individual risk for iat-
rogenic CAA-ri. Taken together, this evidence suggests that
iatrogenic ARIA-E can be part of the increasingly recognized
inflammatory spectrum in Ab -driven pathologies of aging and
that the current diagnosis of spontaneous and iatrogenic CAA-ri
can be missed if not properly investigated.4

Increased understanding of the biology of ARIA should reveal a
strategic area of research because it could advance the design of sec-
ond generations of therapeutics and the discovery of the safety and
response-to-treatment biomarkers to improve how we currently
report, treat, and manage spontaneous and iatrogenic CAA-ri.

Then, a multidisciplinary and interdisciplinary joint effort
among neuroradiology, clinical, and translational researchers has
never been so important. A common research strategy for ARIA
and CAA-ri could reveal strategic information to advance current
knowledge gaps and issues in the field, including providing con-
vincing plans for the treatment and management of ARIA when
these drugs enter real clinical practice. Only by working together
will we really make progress.

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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